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Preface

Environmental managers, engineers, and scientists who have had experience with industrial and 

hazardous waste management problems have noted the need for a handbook series that is compre-

hensive in its scope, directly applicable to daily waste management problems of specific industries, 

and widely acceptable by practicing environmental professionals and educators. Taylor & Francis 

and CRC Press have developed this timely book series titled  Advances in Industrial and Hazardous 

 Wastes Treatment, which emphasizes an in-depth presentation of environmental pollution sources, 

waste characteristics, control technologies, management strategies, facility innovations, pro-

cess alternatives, costs, case histories, effluent standards, and future trends for each industrial or 

commercial operation, and an in-depth presentation of methodologies, technologies, alternatives, 

regional effects, and global effects of each important industrial pollution control practice that may 

be applied to all industries. 

 Control of Heavy Metals in the Environment, Volumes 1 to 3, is an independent mini-series 

in the  Advances in Industrial and Hazardous Wastes Treatment series and is the second edition 

of an old book,  Heavy Metals in the Environment. The importance of metals, such as lead, chro-

mium, cadmium, zinc, copper, nickel, iron, and mercury, is discussed in detail in the mini-series. 

They could be important constituents of most living animals, plants, and microorganisms and many 

nonliving substances in the environment. Some of them are essential for the growth of biological 

and microbiological lives. Their absence could limit the growth of small microorganisms to large 

plants or animals. However, the presence of any of these heavy metals in excessive quantities will 

be harmful to human beings and will interfere with many beneficial uses of the environment due 

to their toxicity and mobility. Therefore, it is frequently desirable to measure and control the heavy 

metal concentrations in the environment. 

In a deliberate effort to complement other industrial waste treatment and hazardous waste 

management texts published by Taylor & Francis and CRC press, this book,  Control of Heavy 

 Metals in the Environment, Volume 2,  covers the subjects of (a) metals and trace elements on 

earth; (b) strategies for bioremediation of industrial effluents contaminated with heavy metals; 

(c) surface engineering of colloidal quaternary chalcogenide nanocrystals via ligand exchange for 

photo-induced charge separation applications for water remediation; (d) removal of arsenic, oil 

and grease, chemical oxygen demand, and color from stormwater runoff by continuous dissolved 

air flotation and filtration; (e) utilization of fungal bioprocess in treating heavy metal-contami-

nated water; (f) depletion of hexavalent chromium to trivalent chromium from tannery industry 

effluent using natural bacterial biomass; (g) reduction of high color, humic substances, turbidity, 

coliform bacteria, trihalomethane maximum formation potention, UV absorbance, cysts, chlorine 

demand, and metals from unpredictable water sources by dissolved air flotation and filtration; (h) 

treating tannery waste using stack flue gas recycle, sulfide precipitation, chromium removal, fer-

rous sulfide recycle, ferrous ion recycle, filtration, flotation, membrane, and bioreactor; (i) sludge 

drying bed technology; (j) ecologically sustainable industrial development, solid and hazardous 

waste management, and dissolved air flotation landfill leachate pretreatment; (k) removal of iron, 

copper, coliform bacteria, and hardness from cooling tower water by dissolved air–ozone flota-

tion; (l) recycling and disposal of hazardous solid wastes containing heavy metals and other toxic 

substances; (m) environmental management of electroplating and metal-finishing operations; (n) 

reduction of color, turbidity, odor, humic acid, metals, 1. 2-dibromoethane, coliform, and total 

trihalomethane by adsorption, flotation, and filtration; and (o) control and management of air emis-

sions from the transportation industry. 

This book’s first sister book , Control of Heavy Metals in the Environment, Volume 1,  covers the 

following subjects: (a) innovative process systems, including dissolved air flotation, protein sepa-

ration, flue gas reuse, sulfide precipitation, and chromium removal for tannery waste treatment; 
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(b) titanium dioxide recovery, filler retention, and white water treatment using flotation and mem-

brane filtration; (c) adsorptive amputation of hexavalent chromium from aqueous solution and 

textile wastewater by  Heinsia crinita seed coat biomass; (d) protection of biosystem organisms 

in environments contaminated with heavy metals by using molecular hydrogen; (e) application of 

ion exchange resin in the removal of pollutant from wastewater; (f) treatment of nickel-chromium 

plating wastes; (g) heavy metal pollution resulting from industrial wastes used for soil stabiliza-

tion in groundwater; (h) sustainable water and wastewater treatment systems consisting of magne-

sium coagulation–precipitation, dissolved air flotation, recarbonation, and filtration; (i) urban area 

sludge treatment using pressurized oxygenation–ozonation, dissolved gas flotation, and dewater-

ing; (j) hazardous wastewater treatment in the petroleum refining industry using best available 

flotation and filtration technologies; (k) using electroflotation and filtration for lake restoration, 

pollution prevention, and environmental conservation; (l) pretreatment or total treatment of scallop 

processing wastewater by independent physicochemical wastewater treatment systems; (m) treat-

ment of cold, low alkalinity, and super-high turbidity industrial waters using polymeric metallic 

coagulants; (n) chemical oxygen demand determination and cleaning solution preparation using 

potassium permanganate for hazardous waste minimization; (o) an innovative process system con-

sisting of dissolved air flotation, recarbonation, and filtration and using lime and sodium aluminate 

for removal of hardness, iron, and manganese from groundwater; and (p) electro-Fenton, heteroge-

neous electro-Fenton process, for treatment of non-biodegradable wastewater. 

This book’s second sister book,  Control of Heavy Metals in the Environment, Volume 3,  is still 

in the planning stage and may cover the following subjects: (a) metal research trends in the environ-

mental field; (b) toxicity and sources of Pb, Cd, Hg, Cr, As, and radionuclides in the environment; 

(c) environmental behavior and effects of engineered metal and metal oxide nanoparticles; (d) heavy 

metal removal with exopolysaccharide-producing cyanobacteria; (e) environmental geochemistry 

of high-arsenic aquifer systems; (f) nanotechnology application in metal ion adsorption; (g) bio-

sorption of metals onto granular sludge; (h) arsenic pollution: occurrence, distribution, and technol-

ogies; (i) treatment of metal-bearing effluents: removal and recovery; (j) management and treatment 

of acid pickling wastes containing heavy metals; (k) treatment and management of metal-finishing 

industry wastes; (l) use of biosorption of agro-industrial wastes and microorganisms for removal 

of potentially toxic metals; (m) management and removal of heavy metals from contaminated soil; 

(n) remediation of metal-finishing brownfield sites; (o) biological treatment of mercury-polluted 

wastewater; and (p) bioassay technology, terminologies, applications, and examples: heavy metals 

and phenol investigation. 

Special efforts were made to invite experts to contribute chapters in their own areas of exper-

tise. Since the area of hazardous industrial waste treatment is very broad, no one can claim to be 

an expert in all heavy metals and their related industries; collective contributions are better than a 

single author’s presentation for a book of this nature. 

The entire mini-series,  Control of Heavy Metals in the Environment, Volumes 1 to 3, is to be used 

as a college textbook as well as a reference book for the environmental professional. It features the 

major hazardous heavy metals in air, water, land, and facilities that have significant effects on public 

health and the environment. Professors, students, and researchers in environmental, civil, chemi-

cal, sanitary, mechanical, and public health engineering and science will find valuable educational 

materials here. The extensive bibliographies for each heavy metal or metal-related industrial waste 

treatment or practice should be invaluable to environmental managers or researchers who need to 

trace, follow, duplicate, or improve on a specific industrial hazardous waste treatment practice. 

A successful modern heavy metal control program for a particular industry will include not only 

traditional water pollution control but also air pollution control, soil conservation, site remediation, 

groundwater protection, public health management, solid waste disposal, and combined industrial and 

municipal heavy metal waste management. In fact, it should be a total environmental control program. 

Another intention of this mini-series is to provide technical and economical information on the 

Preface

ix

development of the most feasible total heavy metal control program that can benefit both industry 

and local municipalities. Frequently, the most economically feasible methodology is a combined 
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J. Paul Chen, Singapore
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1 Metals and Trace 

Elements on Earth

 Lawrence K. Wang and Mu-Hao Sung Wang

ACRONYMS

AA: 

Atomic absorption spectroscopy

BDL: 

Below detection limit

DAF: 

Dissolved air flotation

IX: 

Ion exchange

IX-SBR:  Ion exchange sequencing batch reactor

LIWT: 

Lenox Institute of Water Technology

MGD: 

Million gallons per day

ND: 

Not detected

NPDES:  National Pollutant Discharge Elimination System

SBR: 

Sequencing batch reactor

SIC: 

Standard Industrial Classification

USEPA:  US Environmental Protection Agency

WWTP:  Wastewater treatment plant

1.1 INTRODUCTION

1.1.1  PurPose and Coverage of this Book ChaPter

The main purpose of this book chapter is to review the US Environmental Protection Agency 

(USEPA) documents and literature in order to give a definition of “heavy metals” and answer the 

following questions:



a.  What are the toxic environmental heavy metals or trace elements legally regulated by the USEPA? 

b. What are the non-toxic environmental heavy metals or trace elements legally regulated by 

the USEPA? 



c. Are iron and manganese the heavy metals? 

d. Is arsenic a metal? 



e. Are precious metals, such as silver, gold, and platinum, heavy metals? 



f. Are there any radioactive heavy metals? 

g. Is beryllium a heavy metal? 

h. What is an acceptable academic definition of “heavy metal”? 

Supplemental purposes of this book chapter are as follows:

a. Review the USEPA effluent limitations for waste treatment in the ore mining and dressing 

industry. 

b. Review the wastewater characteristics and treatment technologies used in the ore mining 

and dressing industry’s subcategories of iron ore, aluminum, base and precious metals, 

uranium, ferroalloy, mercury, and titanium (the metal ore not elsewhere classified). 



c.  Recommend and present some terminologies used in the field of heavy metal and trace elements. 

DOI: 10.1201/9781003451754-1 
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1.1.2  summary

The metallic and metalloid trace elements on Earth are precious natural resources that support all 

life forms on the planet. They are normally found in low concentrations in the environment, such 

as air, soil, and water, and are nutrients needed for human, plant, or animal growth in low concen-

trations but can be toxic to humans, animals, and plants in high concentrations. Accordingly, the 

US Federal and State regulations have established standards for controlling certain toxic trace ele-

ments, known as “heavy metals”. The definition of “heavy metals”, however, is not clearly defined. 

The authors review the US Environmental Protection Agency (USEPA) documents and the litera-

ture and summarize their findings in this book. 

The USEPA case histories of ore mining and dressing industrial waste treatment are selected for 

a detailed review of regulations, analyses, monitoring, and removal technologies for heavy metals:  

(a) The US federal limitation regulations for the ore mining and dressing industry; (b) characteriza-

tion and treatment of iron ore subcategory wastewater; (c) characterization and treatment of alumi-

num subcategory wastewater; (d) characterization and treatment of base and precious metals (copper) 

subcategory wastewater; (e) characterization and treatment of uranium subcategory wastewater; 

(f) characterization and treatment of ferroalloy subcategory wastewater; and (g) characterization 

and treatment of titanium (metal ore not elsewhere classified) subcategory wastewater. Based on the 

review, it is concluded that the US federal regulations have established standards for controlling the 

following 13 most common “toxic environmental heavy metals (or trace elements)”: antimony (Sb; 

sg. 6.68), beryllium (Be; sg. 1.85), arsenic (As; sg. 5.7 at 14°C), chromium (Cr; sg. 7.16), cadmium 

(Cd; sg. 8.69), copper (Cu; sg. 8.96), lead (Pb; sg. 11.34), mercury (Hg; sg. 13.6 at 20°C), nickel (Ni; 

sg. 8.9), selenium (Se; sg. 4.81), silver (Ag; sg. 10.5), zinc (Zn; sg. 7.14), and thallium (Tl; sg. 11.86). 

It is noticed that arsenic (As; sg. 5.7 at 14°C) is a metalloid that has both properties of a metal and 

a nonmetal, although it is referred by the USEPA as a toxic heavy metal. Beryllium (Be; sg. 1.85) 

is a silver gray metal of very low density, moderately high melting point (1,287°C), and excellent 

stability in the atmosphere. Although beryllium density is about 30% less than that of aluminum, 

it is referred by the USEPA as one of the common 13 toxic heavy metals. Scientifically speaking, 

beryllium is a toxic trace element, not a toxic “heavy metal” due to its light density. 

The US federal regulations have established effluent limitations for controlling the following 

less common “regulated environmental metals or trace elements”: molybdenum (Mo; sg. 10.22), 

aluminum (Al; sg. 2.7), barium (Ba; sg. 3.59), calcium (Ca; sg. 1.55), magnesium (Mg; sg. 1.74), iron 

(Fe; sg. 7.87), manganese (Mn; sg. 7.4), potassium (K; sg. 0.89), sodium (Na; sg. 0.97), strontium 

(Sr; sg. 2.64), tellurium (Te; sg. 6.24), titanium (Ti; sg. 4.51), vanadium (V; sg. 6.11), radium (Ra; sg. 

5), thorium (Th; sg. 11.7), uranium (U; sg. 19.2), cobalt (Co; sg. 8.85), etc. The periodic table of the 

elements of the Lenox Institute of Water Technology (LIWT) [1], the USEPA documents concern-

ing the 13 toxic environmental heavy metals, and the less common environmental metals for trace 

elements are documented for reference to the readers [2]. 

The authors review the periodic table of the elements, the specific gravities (sg.) of concerning 

elements, the USEPA regulations [3], and many literatures [4–8] and conclude that the following metallic elements or metalloids are among the “heavy metals with atomic densities more prominent 

 than 4.5  g/cm 3” (specific gravity > = 4.5): arsenic (As; sg. 5.7 at 14°C), chromium (Cr; sg. 7.16), cadmium (Cd; sg. 8.69), copper (Cu; sg. 8.96), lead (Pb; sg. 11.34), mercury (Hg; sg. 13.6 at 20°C), 

molybdenum (Mo; sg. 10.22), nickel (Ni; sg. 8.9), selenium (Se; sg. 4.81), zinc (Zn; sg. 7.14), cobalt 

(Co; sg. 8.85), tin (Sn; sg. 7.76), antimony (Sb; sg. 6.68), uranium (U; sg. 19.2), plutonium (Pu; sg. 

19.8), radium (Ra; sg. 5), titanium (Ti; sg. 4.51), thallium (Tl; sg. 11.86), silver (Ag; sg. 10.5), gold 

(Au; sg. 19.3), platinum (Pt; sg. 21.45), iron (Fe; sg. 7.87), manganese (Mn; sg. 7.4), etc. 

It is noted that silver (Ag; sg. 10.5), gold (Au; sg. 19.3), and platinum (Pt; sg. 21.45) are  precious 

 heavy metals because they are very expensive and very heavy, with a specific gravity well over 4.5. 

Uranium (U; sg. 19.2), plutonium (Pu; sg. 19.8), and radium (Ra; sg. 5) are “radioactive heavy metals”. 

Iron (Fe; sg. 7.87), manganese (Mn; sg. 7.4), cobalt (Co; sg. 8.85), molybdenum (Mo; sg. 10.22), 

etc. are everywhere in the environment, very heavy (specific gravity greater than 4.5), and non-toxic; 

therefore, they are “natural non-toxic heavy metals”. 
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1.2  ENVIRONMENTAL METALS ON EARTH

The appendix shows all known metallic and non-metallic elements on Earth. Here, we are only con-

cerned about the environmental metals and metalloids that affect the humans, plants, and animals 

in our ecological system [1]. 

Table 1.1 indicates the minimum detection limits (μg/L) of toxic pollutants, in which 13 trace 

elements or heavy metals (antimony, arsenic cadmium, chromium, copper, lead, mercury, nickel, 

selenium, silver, thallium, and zinc) are included [3]. 

The candidates of environmental metals selected for review are also introduced in this section in 

alphabetical order using the information from the US Environmental Protection Agency (USEPA) [2]. 

Table 1.2 documents the USEPA technical information on the selected environmental metals and metalloids that affect water purification, wastewater treatment, air pollution control, land pollution 

TABLE 1.1

Minimum Detection Limits of Toxic Heavy 

Metals and Organic Compounds

Pollutant

Concentration, μg/L

Antimony

200

Arsenic

2

Beryllium

5

Cadmium

2

Chromium

20

Copper

10

Lead

50

Mercury

0.5

Nickel

20

Selenium

2

Silver

10

Thallium

100

Zinc

5

Asbestos, fibers/L

2.2 × 105

Cyanide

20

Phenol

2

Benzene

0.04

Diethyl phthalate

0.2

Bis (2-ethylhexyl) phthalate

0.2

Butyl benzyl phthalate

0.25

Di- n-butyl phthalate

0.3

Dimethyl phthalate

0.35

Methylene chloride

0.08

Toluene

0.35

Chloroform

0.05

Trichlorofluoromethane

0.1

Carbon tetrachloride

0.35

Ethylbenzene

0.1

Tetrachloroethylene

1.1

1,1,1-Trichlorethane

0.15

Beta-BHC

0.1

Gamma-BHC

0.1

Dichlorobromomethane

0.06

 Source:  USEPA; treatability manual, 1981 [3]. 

4

Control of Heavy Metals in the Environment

TABLE 1.2

Environmental Engineering Significance, Water Quality Criteria, Sampling, and Analyses 

of Metals and Metalloids

Antimony

 Parameter Group: Metals

 STORET Units: μg/L as Sb

 General: Natural antimony occurs chiefly as the sulfide or in oxide forms. Antimony is used in various industrial operations, especially in alloying as, for example, with lead for storage battery plates, with lead and tin in type metals, and with tin and copper as a bearing or antifriction material, and may be introduced into wastewaters from such sources, as well as the rubber, textile, explosives, paint, ceramic, and glass industries. Antimony has been reported to cause dermatitis and gastrointestinal disturbances in humans (it has long been used as an emetic) and has been found to shorten the life span of rats. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. This parameter will be regulated by BAT guidelines prescribed by the NPDES permits program. It is one of the Consent Decree pollutants. 

 Criterion: Not established

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 217.6 nm. 

In the presence of lead (1,000 mg/L), a spectral interference may occur at the 217.6 nm resonance line. In this case, the 231.1 nm antimony line should be used. Increasing acid concentrations decrease antimony absorption. To avoid this effect, the acid concentration in the samples and in the standards should be matched. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 500 μg/L; its detection limit is 200 μg/L. The optimum concentration range is 1,000–40,000 μg/L. In a single laboratory, using a mixed industrial-domestic waste effluent at concentrations of 5,000 μg and 15,000 μg Sb/L, the relative standard deviations were 1.6% and 66%, respectively. 

Recoveries at these levels were 96% and 97%, respectively. 

Aluminum

 Parameter Group: Metals

 STORET Units: μg/L as Al

 General: Aluminum, being the third most abundant element in the earth’s crust, occurs in minerals, rocks, and clays. 

Aluminum is found as a soluble salt, a colloid, or an insoluble compound in natural waters. Aluminum in wastewaters occurs from primary aluminum production and from secondary aluminum processes such as ingot cooling and shot 

quenching, scrubbing of furnace fumes during damaging, and wet milling of residues. Wash water from water treatment plants is another likely source, as are discharges from dyeing and cloth printing operation, paper mills, disinfectant operation, tanneries, viscose rayon plants, and many other industrial operations. Very little ingested aluminum is absorbed in the alimentary canal, so its presence does not normally pose a public health problem. Conflicting literature abounds on crop effects. An average daily dose of 2 mg aluminum has not harmed rats. This is a parameter which is regulated by BPT 

guidelines prescribed by the NPDES permits program. 

 Criterion: Not established

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 309.2 nm. Aluminum is partially ionized in the nitrous oxide-acetylene flame. This problem may be controlled by the addition of an alkali metal (potassium, 1,000 μg/mL) to both sample and standard solutions. For BPT NPDES purposes the measurement of this 

parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 1,000 μg/L; its detection limit is 100 μg/L. The optimum concentration range is 5,000–100,000 μg/L. At a concentration of 300 μg/L, the relative standard deviation is 22.2%, and the relative error is 0.7%. Precision and accuracy decrease markedly for decreasing concentrations. For example, in an interlaboratory study on trace metals analysis, at true values of 35 and 15 μg/L, the relative standard deviations were 309% and 1,120%, respectively, while the relative errors were 175% and 627%, respectively. 

( Continued)
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TABLE 1.2 ( Continued)

Environmental Engineering Significance, Water Quality Criteria, Sampling, and Analyses 

of Metals and Metalloids

Arsenic

 Parameter Group: Metals

 STORET Units: μg/L as As

 General: Mineral dissolution, industrial discharges, or the application of pesticides may lead to the occurrence of arsenic in water. Though most forms of arsenic are toxic to humans, arsenicals have been used in the medical treatment of spirochetal infections, blood dyscrasias and dermatitis. Arsenic and arsenicals have many diversified industrial uses such as hardening of copper and lead alloys, tannery operations, pigmentation in paints and fireworks, and the manufacture of glass and ceramics, cloth, electrical semiconductors, and petroleum products. Arsenicals are used in the formulation of herbicides for forest management and agriculture. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. This parameter will be regulated by BAT guidelines prescribed by the NPDES permits 

program. It is one of the Consent Decree pollutants. 

 Criteria:

•  50 μg/L for domestic water supplies (health)

•  100 μg/L for irrigation of crops

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric gaseous hydride method is recommended for determining total arsenic, using a wavelength of 193.7 nm. The method is applicable to most fresh and saline waters in the absence of high concentrations of chromium, copper, cobalt, mercury, molybdenum, nickel, and silver. A BAT NPDES method will be prescribed for this parameter in 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is approximately 2.5 μg/L; its detection limit is 2.0 μg/L. The working range of the method is 2.0–20 μg/L. At a concentration of 10 μg/L, the relative standard deviation is 6% and the relative error is 1%. Ten replicate solutions of o-arsanilic acid at the 5, 10, and 20 μg/L level were analyzed by a single laboratory. 

Relative standard deviations were 6%, 9%, and 5.5% with recoveries of 94%, 93%, and 85%, respectively. 

Barium

 Parameter Group: Metals

 STORET Units: μg/L as Ba

 General: Barium compounds are used in a variety of industrial applications including the metallurgical, paint and dye, glass, ceramic, and electronics industries, as well as for medicinal purposes, the vulcanizing of rubber, and explosives manufacturing. Barium naturally occurs only in trace amounts in water. Therefore, appreciable amounts of barium indicates undesirable industrial discharges. A barium dose of 550,000–600,000 μg is considered fatal to human beings. 

This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. 

 Criterion: 1 mg/L for domestic water supply (health)

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 553.6 nm. The use of a nitrous oxide-acetylene flame virtually eliminates chemical interference; however, barium is easily ionized in this flame and potassium must be added (1,000,000 μg/L) to standards and samples alike to control this effect. If the nitrous oxide flame is not available and acetylene-air is used, phosphate, silicon and aluminum will severely depress the barium absorbance. 

This may be overcome by the addition of 2,000,000 μg/L lanthanum. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 400 μg/L; its detection limit is 30 μg/L. The optimum concentration range is 1,000–20,000 μg/L. At a concentration of 500 μg/L, the relative standard deviation is 10%, and the relative error is 8.6%. In a single laboratory, using a mixed industrial-domestic waste effluent at concentrations of 400 and 2,000 μg Ba/L, the relative standard deviations were 10.8% and 6.5%, respectively. Recoveries at these levels were 94% and 113%, respectively. 

( Continued)
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TABLE 1.2 ( Continued)

Environmental Engineering Significance, Water Quality Criteria, Sampling, and Analyses 

of Metals and Metalloids

Beryllium

 Parameter Group: Metals

 STORET Units: μg/L as Be

 General: Beryllium is not likely to occur at significantly toxic levels in ambient natural waters. Beryllium could enter waters in effluents from certain metallurgical plants and discharges from industries dealing with atomic reactors, X-ray diffraction tubes, neon signs, aircraft and rockets, and missile fuel. This is a parameter which is regulated by BPT 

guidelines prescribed by the NPDES permits program. This parameter will be regulated by BAT guidelines prescribed by the NPDES permits program. It is one of the Consent Decree pollutants. 

 Criteria:

•  11 μg/L for the protection of aquatic life in soft fresh water

•  1,100 μg/L for the protection of aquatic life in hard fresh water

•  100 μg/L for continuous irrigation on all soils; except

•  500 μg/L for irrigation on neutral to alkaline fine-textured soils

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric or aluminum colorimetric methods are suitable. The latter requires either a spectrophotometer for use at 515 nm or a filter photometer equipped with a green filter having maximum transmittance near 515 nm; either must provide a light path of 5 cm. Sodium and silicon at concentrations in excess of 1,000,000 μg/L 

have been found to severely depress the beryllium absorbance. Bicarbonate ion is reported to interfere; however, its effect is eliminated when samples are acidified to a pH of 1.5. Aluminum at concentrations of >500 μg/L is reported to depress the sensitivity of beryllium. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. 

A BAT NPDES method will be prescribed for this parameter in 40 CFR 136. 

Cadmium

 Parameter Group: Metals

 STORET Units: μg/L as Cd

 General: Cadmium occurs in nature chiefly as a sulfide salt, frequently in association with zinc and lead ores. The salts of the metal also may occur in wastes from electroplating plants, pigment works, textile and chemical industries. Cadmium is also used in everyday items such as paint, some pottery pigments, plastics, and automobile tires. Cadmium is present as an impurity in the more common galvanized coatings. Biologically, cadmium is a nonessential, nonbeneficial element recognized to be of high toxic potential. The concentration and not the absolute amount determines the acute toxicity of cadmium. Cadmium and cadmium compounds produce acute or chronic symptoms varying in intensity from irritations to extensive disturbances resulting in death. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. This parameter will be regulated by BAT guidelines prescribed by the NPDES permits program. 

It is one of the Consent Decree pollutants. 

 Criteria:

•  10 μg/L for domestic water supply (health)

•  Aquatic Life:

Soft Fresh Water

Hard Fresh Water

0.4 μg/L

1.2 μg/L for cladocerans and salmonid fishes

4.0 μg/L

12.0 μg/L for other, less sensitive, aquatic life

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL

( Continued)
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TABLE 1.2 ( Continued)

Environmental Engineering Significance, Water Quality Criteria, Sampling, and Analyses 

of Metals and Metalloids

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 228.8 nm. For levels of cadmium below 20 μg/L, the extraction procedure is recommended. The dithizone procedure may also be used. It 

requires either a spectrophotometer for use at 518 nm or a filter photometer equipped with a green filter having a maximum light transmittance near 518 nm; either must provide a light path of at least 1 cm. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. A BAT NPDES method will be prescribed for this 

parameter in 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 250 μg/L; its detection limit is 2 μg/L. The optimum concentration range is 50–2,000 μg/L. At a concentration of 50 μg/L, for the AA method the relative standard deviation is 21.6% and the relative error is 8.2%, while for the dithizone method they are 24.6% and 6.0%, respectively. 

Chromium

 Parameter Group: Metals

 STORET Units: μg/L as Cr

 General: The primary source of chromium is industrial discharges. Chromium compounds are used in cooling water to inhibit corrosion and are employed in the manufacture of paint pigments, in chrome tanning, aluminum anodizing, and other metal cleaning, plating, and electroplating operations. Chromium in industrial wastes occurs predominately as the hexavalent form, but the trivalent form is also present, either as a result of partial wastewater treatment or from its direct use. Industries that use trivalent chromium directly in manufacturing processes include glass, ceramics, photography, and textile dyeing. It is not clear if chromium is an essential element to man. Hexavalent chromium has been considered a toxic metal for years. Trivalent chromium is less toxic, no reports of oral toxicity are known. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. This parameter will be regulated by BAT 

guidelines prescribed by the NPDES permits program. It is one of the Consent Decree pollutants. 

 Criteria:

•  50 μg/L for domestic water supply (health)

•  100 μg/L for freshwater aquatic life

 Preservation Method: Acidify all samples at the time of collection to keep the metal in solution and prevent plating out on the container wall; therefore, analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required;  100–200 mL

 Measurement: The AA spectrophotometric method is recommended for the determination of total chromium in water and wastewater samples The colorimetric method may be used for the determination of hexavalent chromium in potable water. 

Use a wavelength of 357.9 nm with the AA spectrophotometric method. The absorption of chromium is suppressed by iron and nickel. If the analysis is performed in a lean flame the interference can be lessened but the sensitivity will also be reduced. The interference does not exist in nitrous oxide-acetylene flame. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. A BAT NPDES method will be prescribed for this parameter in 40 CFR 136. 

Cobalt

 Parameter Group: Metals

 STORET Units: μg/L as Co

 General: Cobalt naturally occurs primarily as arsenide and sulfide, generally associated with iron, nickel, copper, and silver minerals. Cobalt is used in alloys for magnets, high hardness steels, cutting tools, heat resistant jet engine parts, etc., and may appear in discharges from these and other industrial sources, including nuclear technology, china and glass, ink, galvanoplating, and as a feed supplement in salt licks. Ingestion of cobalt salts may cause nausea or vomiting due to irritation, but it has a relatively low toxicity to man. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. 

 Criterion: Not established

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

( Continued)
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TABLE 1.2 ( Continued)

Environmental Engineering Significance, Water Quality Criteria, Sampling, and Analyses 

of Metals and Metalloids

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 240.7 nm. For levels of cobalt below 50 mg/L, the extraction procedure is recommended. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 200 μg/L; its detection limit is 30 μg/L. The optimum concentration range is 500–10,000 μg/L. In a single laboratory, using a mixed industrial domestic waste effluent at concentrations of 200, 1,000 and 5,000 μg Co/L, the relative standard deviations were 6.5%, 1.0%, and 1.0%, respectively. Recoveries at these levels were 98%, 98%, and 97%, respectively. 

Copper

 Parameter Group: Metals

 STORET Units: μg/L as Cu

 General: Oxides and sulfates of copper are used for pesticides, algicides, and fungicides. Copper is frequently incorporated into paints and wood preservatives to inhibit growth of algae and invertebrate organisms. Copper salts are used in water supply systems for controlling biological growths and for catalyzing the oxidation of manganese. Primary sources of copper in industrial wastewater are metal process pickling and plating baths; other sources involve mine drainage, pulp and paper mills, fertilizer manufacturing, petroleum refining, and certain rayon processes. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. This parameter will be regulated by BAT 

guidelines prescribed by the NPDES permits program. It is one of the Consent Decide pollutants. 

 Criteria:

•  1.0 mg/L for domestic water supplies (welfare). 

•  For freshwater and marine aquatic life, 0.1 times a 96-hour LC  as determined through nonaerated bioassay using a 50

sensitive aquatic resident species. 

 Preservation Method: Copper ion tends to be adsorbed on the surface of the sample container; therefore, analyze as soon as possible. If storage is necessary, use 0.5 mL 1 + 1 HCl per 100 mL of sample to prevent plating out. Alternatively, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  50–200 mL

 Measurement: The AA spectrophotometric and neocuproine methods are recommended because of their high degree of freedom from interferences. The latter requires either a spectrophotometer for use at 457 nm or a filter photometer equipped with a narrow-band violet filter having maximum transmittance in the 450- to 460-nm range; either must provide a light path of at least 1 cm. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. 

A BAT NPDES method will be prescribed for this parameter in 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 100 μg/L; its detection limit is 100 μg/L. Precision and accuracy decrease with concentration. At 1,000 μg/L, the relative standard deviation is around 11% and the relative error, 3%. At 300 μg/L, the relative standard deviation has increased to nearly 18%, at 70 μg/L, it is over 30%, and approaching 10 μg/L 

it exceeds 80%. Relative error has increased to nearly 16% at the last concentration. 

Iron

 Parameter Group: Metals

 STORET Units: μg/L as Fe

 General: Iron is an essential trace element required by both plants and animals. The ferrous, or bivalent (Fe++), and the ferric, or trivalent (Fe+++) irons, are the primary forms of concern in the aquatic environment. The ferrous (Fe++) form can persist in waters void of dissolved oxygen and originates from groundwaters or mines when these are pumped or drained. 

The ferric (Fe++) form is insoluble. Potential sources of dissolved iron species include discharges from mining operations, ore milling, chemical industries (organic, inorganic, petrochemical), dye industries, metal processing industries, textile mills, food canneries, tanneries, titanium dioxide production, petroleum refining, and fertilizers. Limitations in drinking water arise primarily from taste consideration. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. 

( Continued)
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TABLE 1.2 ( Continued)

Environmental Engineering Significance, Water Quality Criteria, Sampling, and Analyses 

of Metals and Metalloids

 Criteria:

•  0.3 mg/L for domestic water supplies (welfare)

•  1.0 mg/L for freshwater aquatic life

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. For precise determinations 3

of total iron, use a separate container for sample collection and treat with acid immediately to place the iron in solution and prevent adsorption or deposition on the container walls. 

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 248.3 nm. The 

orthophenanthroline method may be used for natural and treated waters. It requires either a spectrophotometer for use at 510 nm or a filter photometer equipped with a green filter having maximum transmittance near 510 nm; either must have a light path of at least 1 cm. In the presence of excessive amounts of organic constituents, the sample should first be digested to ensure complete dissolution of the iron. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 120 μg/L; its detection limit is 20 μg/L. The optimum concentration range is 300–10,000 μg/L. At a concentration of 300 μg/L, the relative standard deviation is 16.5%, and the relative error is 0.6%. For the colorimetric method at 300 μg/L Fe, the values were 25.5% and 13.3%, respectively, from a 44-laboratory test. Serious divergences have been found in reports of different laboratories because of variations in methods of collecting and treating samples

Lead

 Parameter Group: Metals

 STORET Units: μg/L as Pb

 General: Natural lead concentrations in surface waters may range up to 40 μg/L. Lead and its compounds may also enter water at any stage during mining, smelting, and processing. Lead is used in the manufacture of storage batteries, television tubes, printing, pigments, fuels, photographic materials, pesticides, and explosives. The dissolution of lead plumbing is another source. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. This parameter will be regulated by BAT guidelines prescribed by the NPDES permits program. It is one of the Consent Decree pollutants. 

 Criteria:

•  50 μg/L for domestic water supply (health)

•  0.01 times the 96-hour LC  value, using the receiving or comparable water as the diluent and soluble lead 

50

measurements (nonfilterable lead using a 0.45 μm filter), for sensitive freshwater resident species. 

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time.  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 283.3 nm. The analysis of this metal is exceptionally sensitive to turbulence and absorption bands in the flame. Therefore, care should be taken to position the light beam in the most stable, center portion of the flame. The dithizone colorimetric method may also be used. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 500 μg/L; its detection limit is 50 μg/L. The optimum concentration range is 1,000–20,000 μg/L. At a concentration of 50 μg/L, the relative standard deviation is 23.5%, and the relative error is 19.0%. At 25 μg/L, the relative error was 25.7% in a 60-laboratory test. 

( Continued)
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Environmental Engineering Significance, Water Quality Criteria, Sampling, and Analyses 

of Metals and Metalloids

Lithium

 Parameter Group: Metals

 STORET Units: μg/L as Li

 General: Lithium is present in fresh waters in concentrations be low 10,000 μg/L; brines and thermal waters may be higher. 

Lithium and its salts are used in dehumidifying units, as a deoxidizer and degasser for nonferrous castings, to form a protective atmosphere in furnaces, in medicinal waters, in metallurgical processes, in the manufacture of some types of glass and storage batteries, and as the hydride for many controlled organic reductions. In addition to these sources, lithium hypochlorite is used as a source of chlorine in some swimming pools. Lithium may have a toxic effect on plants and some forms of aquatic life, but little data exist documenting toxicity to man. 

 Criterion: Not established

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Pyrex bottle

 Sample Volume Required:  100–200 mL

 Measurement: The flame photometric method is often used, using a wavelength of 671 nm. Interferences in the photometric determination include barium, strontium, and calcium. These can be removed by the addition of a sodium sulfate-sodium carbonate solution. Digestion will be necessary if considerable organic matter is present. 

 Precision and Accuracy: The minimum detectable lithium concentration is approximately 100 μg/L. In a lithium range of 700–1,200 μg/L, an accuracy of ±0.1–200 μg/L can be obtained in the determination of the lithium concentration. 

Manganese

 Parameter Group: Metals

 STORET Units: μg/L as Mn

 General: Manganese and its salts are used in manufacturing steel alloys, dry cell batteries, glass and ceramics, paint and varnish, ink and dye, and matches and fireworks. Manganese is normally ingested as a trace nutrient in food. Very large doses of ingested manganese can cause some diseases and liver damage. Inadequate quantities of manganese in domestic animal food results in reduced reproductive capabilities and deformed or poorly maturing young. Manganese imparts objectionable and stubborn stains to laundry and plumbing fixtures. Low limits on domestic water supplies stem from these, rather than toxicological, considerations. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. 

 Criteria:

•  50 μg/L for domestic water supplies (welfare)

•  100 μg/L for protection of consumers of marine mollusks

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 279.5 nm. For levels of manganese below 25 μg/L, the extraction procedure is recommended. Analytical sensitivity is dependent on lamp current. 

For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 50 μg/L; its detection limit is 10 μg/L. The optimum concentration range is 100–10,000 μg/L. At a concentration of 50 μg/L, the relative standard deviation is 13.5%, and the relative error is 6.0%. 

These increase at decreasing concentrations. In a 55-laboratory test, at concentrations of 17 and 11 μg/L the relative standard deviations were 118% and 245%, respectively, and the relative errors were 22% arid 93%, respectively. 

( Continued)
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Environmental Engineering Significance, Water Quality Criteria, Sampling, and Analyses 

of Metals and Metalloids

Magnesium

 Parameter Group: Metals

 STORET Units: μg/L as Mg

 General: Magnesium salts are important contributors of hardness to water. Sources of magnesium include mining and ore processing, oxide production, metallurgy, refractories, iron and steel production, and its use in flash and incendiary products, signal flares, as a deoxidizer in the casting of metals, as a reagent in organic chemistry, and a host of other applications. Magnesium is an essential element to humans, the daily requirement being about 700 mg. Taste 

considerations, rather than toxicity, are paramount for magnesium in drinking water. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. 

 Criterion: Not established

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL. 

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 285.2 nm. The interference caused by aluminum at concentrations greater than 2 mg/L is masked by the addition of lanthanum. For BPT NPDES 

purposes the measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 0.007 mg/L its detection limit is 0.0005 mg/L. The optimum concentration range is 0.02–2 mg/L. At a concentration of 0.2 mg/L, the relative standard deviation is 10.5%, and the relative error is 6.3%. In a single laboratory, using a distilled water sample at concentrations of 2.1 and 8.2 mg/L, the relative standard deviations were 4.7% and 2.4%, respectively; recoveries at both of these levels were 100%. 

Mercury

 Parameter Group: Metals

 STORET Units: μg/L as Hg

 General: Mercury is widely distributed in the environment, and biologically is a nonessential or nonbeneficial element. 

Discharged mercury does not remain localized. Mercury can enter the environment by seeping up through layers of earth to the surface, outgassing of mercury from rock and soil, and transport by natural cycles. Most industrial mercury is eventually lost as waste into streams or the atmosphere. Uses of mercury include the electrical industry, chlor-alkali industry, industrial control equipment, paints, agriculture, dental preparations, pulp and paper industry, catalysts in chemical manufacturing processes, and general laboratory uses. The toxicity of mercury is attributed to its high affinity for sulfur-containing compounds. Toxic effects vary with the form of mercury and its mode of entry into the organism. 

This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. This parameter will be regulated by BAT guidelines prescribed by the NPDES permits program. It is one of the Consent Decree pollutants. 

 Criteria:

•  2.0 μg/L for domestic water supply (health)

•  0.05 μg/L for freshwater aquatic life and wildlife

•  0.10 μg/L for marine aquatic life

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time: 38 days (glass), 13 days (hard plastic)

 Container Type: Glass or hard plastic

 Sample Volume Required:  100 mL

 Measurement: The flameless AA spectrophotometric method is recommended. It is a physical method based on the absorption of radiation at 253.7 nm by mercury vapor. The mercury is reduced to the elemental state and aerated from solution in a closed system. The mercury vapor passes through a cell positioned in the light path of an atomic absorption ( Continued)
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Environmental Engineering Significance, Water Quality Criteria, Sampling, and Analyses 

of Metals and Metalloids

spectrophotometer. Absorbance is measured as a function of mercury concentrations. Possible interference from sulfide is eliminated by the addition of potassium permanganate. Copper has also been reported to interfere. Interference from certain volatile organic materials which will absorb at this wavelength is also possible. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: At a concentration of 0.4 μg/L, the relative standard deviation is 21.2%, and the relative error is 2.4%. In a single laboratory, using an Ohio River composite sample with a background mercury concentration of 0.35 μg/L, spiked with concentrations of 1, 3, and 4 μg/L, the standard deviations were ±0.14, ±0.10, and ±0.08, respectively. Standard deviation at the 0.35 level was ±0.16. Percent recoveries at the three levels were 89%, 87%, and 87%, respectively. 

Molybdenum

 Parameter Group: Metals

 STORET Units: μg/L as Mo

 General: Molybdenum occurs naturally as molybdenum sulfide and lead molybdate. Its chief use is in the production of alloy steels (especially corrosion-resistant stainless steels) where advantage is made of its marked passivity. Other possible sources include mining and ore processing operations, chemical production, some fertilizers, and metallurgical operations. 

Molybdenum has a relatively low order of toxicity. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. 

 Criterion: Not established

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 313.3 nm. With the nitrous oxide-acetylene flame, interferences of calcium and other ions may be controlled by adding 1,000,000 μg/L of a refractory metal such as aluminum. This should be done to both the samples and standards. For BPT NPDES purposes the 

measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 300 μg/L; its detection limit is 100 μg/L. The optimum concentration range is 500–20,000 μg/L. In a single laboratory, using a mixed industrial-domestic waste effluent at concentrations of 300, 1,500, and 7,500 μg Mo/L, the relative standard deviations were 2.3%, 1.3%, and 93%, 

respectively. Recoveries at these levels were 100%, 96%, and 95%, respectively. 

Nickel

 Parameter Group: Metals

 STORET Units: μg/L as Ni

 General: Nickel principally occurs in nature as sulfide. Its main industrial use is in electroplating, alloying, coin making, and in alkaline storage batteries. Other potential sources include silver refineries, basic steel works and foundaries, motor vehicle and aircraft industries, and printing operations. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. This parameter will be regulated by BAT guidelines prescribed by the NPDES 

permit program. It is one of the Consent Decree pollutants. 

 Criterion: 0.01 of the 96-hour LC  0 for freshwater and marine aquatic life. 

50

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 232.0 nm. The 352.4 nm wavelength is less susceptible to nonatomic absorbance and may also be used. The calibration curve is more linear at this wavelength; however, there is some loss of sensitivity. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 150 μg/L; its detection limit is 20 μg/L. The optimum concentration range is 300–10,000 μg/L. In a single laboratory, using a mixed industrial-domestic waste effluent at concentrations of 200, 1,000, and 5,000 μg Ni/L, the standard deviations were ±0.011, ±0.02, and ±0.04, respectively. Recoveries at these levels were 100%, 97%, and 93%, respectively. 

( Continued)
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Radium

 Trace Element

 Radium

 General: There are four naturally occurring radium isotopes: radium 223, radium 224, radium 226, and radium 228. 

Radium 226 has a half-life of 1,600 years. Ra-228 is a beta emitter; the others are alpha emitters. Although alpha particles cannot penetrate the skin, they are particularly dangerous when ingested and deposited within the body. The determination of radium by precipitation is a screening technique applicable in particular to drinking water. It includes all alpha emitting isotopes, and as long as concentrations are within standards for Ra-226, the need for examination by a more specific method is minimal. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES 

permits program. 

 Criterion: Not established

 Preservation Method: None

 Maximum Holding Time: Unknown, but prompt analysis is recommended. 

 Container Type: Plastic or glass

 Sample Volume Required:  1,000 mL

 Measurement: The recommended method is the determination of radium by precipitation. It involves the alpha counting of a barium-radium sulfate precipitate that has been isolated from the sample and purified. The method is also applicable to sewage and industrial wastes, provided that steps are taken to destroy organic matter and eliminate other interfering ions. A counting instrument is required. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: In a 20-laboratory study involving the analysis of four samples for total radium, all four results from two laboratories and two results from a third had to be rejected as outliers. Of the remainder, recoveries averaged higher than 95%. At the 95% confidence level, the precision was around 30%. 

Selenium

 Parameter Group: Metals

 STORET Units: μg/L as Se

 General: Selenium appears in the soil as basic ferric selenite, calcium selenate, and as elemental selenium. Selenium salts are used in many industries, including paint, pigment and dye producers, electronics, glass manufacture, insecticide sprays, electrical apparatus (rectifiers, semiconductors, photoelectric cells, etc.), rubber, and alloying. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. This parameter will be regulated by BAT guidelines prescribed by the NPDES permits program. It is one of the Consent Decree pollutants. 

 Criteria:

•  10 μg/L for domestic water supply (health)

•  For marine and freshwater aquatic life; 0.01 of the 96-hour LC  as determined through bioassay using a sensitive 50

resident species

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  50 mL

 Measurement: The AA spectrophotometric gaseous hydride method is recommended using a wavelength of 196.0 nm. The method is applicable to most fresh and saline waters, in the absence of high concentrations of chromium, cobalt, copper, mercury, molybdenum, nickel, and silver. The diaminobenzidine colorimetric method may also be used. For BPT NPDES 

purposes the measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is approximately 2.5 μg/L; its detection limit is 2 μg/L. The working range of the method is 2–20 μg/L. At a concentration of 10 μg/L, the relative standard deviation is 11% and the relative error is 0.0%. Ten replicate solutions of selenium oxide at the 5, 10 and 15 μg/L level were analyzed by a single laboratory. Relative standard deviations were 12%, 11%, and 19% with recoveries of 100%, 100%, and 101%. 

( Continued)
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Silver

 Parameter Group: Metals

 Parameter Group: Metals μg/L as Ag

 General: Silver ions cannot be expected to occur in significant concentrations in natural waters. As a solid metal, silver is used in the jewelry, silverware, metal alloy, and food processing industries. The solid metal produces very little soluble waste. Silver nitrate, which is soluble, is used in the porcelain, photographic, electroplating and ink manufacturing industries, and as an antiseptic. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES 

permits program. This parameter will be regulated by BAT guidelines prescribed by the NPDES permits program. It is one of the Consent Decree pollutants. 

 Criteria:

•  50 μg/L for domestic water supply (health)

•  For marine and freshwater aquatic life, 0.01 of the 96-hour LC  as determined through bioassay using a sensitive 50

resident species

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 328.1 nm. For BPT NPDES 

purposes the measurement of this parameter is prescribed by 40 CFR 136. A BAT NPDES method will be prescribed for this parameter in 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 60 μg/L; its detection limit is 10 μg/L. The optimum concentration range is 100–4,000 μg/L. At a concentration of 550 μg/L, the relative standard deviation is 17.5%, and the relative error is 10.6%. 

Sodium

 Parameter Group: Metals

 STORET Units: mg/L as Na

 General: Sodium is present in most natural waters and, as the cation of many salts used in industry, is one of the most common ions in industrial waters. A high sodium ratio has harmed soil permeability. Humans with certain diseases (cardiac, renal, and circulatory) require water with a low sodium concentration. Otherwise, taste considerations prevail as far as human ingestion is concerned. This is a parameter which is regulated by BPT guide lines prescribed by the NPDES 

permits program. 

 Criterion: Not established

 Preservation Method: Analyze as soon as possible. Add HNO , to pH of 2.5

3

 Maximum Holding Time:  6 months

 Container Type: Polyethylene bottles

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 589.6 nm. Low-temperature flames increase sensitivity by reducing the extent of ionization of this easily ionized metal. Ionization may also be controlled by adding potassium (1,000 mg/L) to both standards and samples. The flame photometric method may also be used. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 0.015 mg/L; its detection limit is 0.002 mg/L. The optimum concentration range is 0.03–1.0 mg/L. In a single laboratory, using distilled water samples at levels of 8.2 and 52 mg/L, the relative standard deviations were 1.2% and 1.5%, respectively. Recoveries at these levels were 102% and 100%. In a 35-laboratory test using the flame photometric method on a synthetic unknown at 19.9 mg/L Na, a relative standard deviation of 17.3% and a relative error of 4.0% were reported. 

( Continued)
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Strontium

 Parameter Group: Radiological

 STORET Units: Unspecified

 General: The radioactive nuclides of strontium produced in nuclear fission are Sr-89 and Sr-90. Strontium 90 is one of the most hazardous of all fission products. It has a half-life of 28 years. Strontium is concentrated in the bones if it is ingested. 

Ten percent of the occupational maximum concentration for Sr-90 in water is 100 pCi/L. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. 

 Criterion: Not established. 

 Preservation Method: None

 Maximum Holding Time: Unknown, but prompt analysis is recommended

 Container Type: Plastic or glass

 Sample Volume Required: Not determined

 Measurement: The recommended method involves the use of a “carrier” which is inactive strontium ions in the form of strontium nitrate. Precipitation is used to obtain strontium carbonate from the strontium carrier and the radionuclide of strontium. It is dried to determine recovery of the carrier and then measured for radioactivity. Radioactive barium interferes in the determination of radioactive strontium. A counting instrument is required. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: In a study of two sets of paired water samples containing known additions of radionuclides, 12 laboratories determined the total radiostrontium and 10 laboratories determined Sr-90. The average recoveries of total radiostrontium from the four samples were 99%, 99%, 96 %, and 93%. The average recoveries of added Sr-90 from the four samples were 90%, 96%, 80%, and 94%. 

Tin

 Parameter Group: Metals

 STORET Units: μg/L as Sn

 General: Tin does not occur in natural waters. It is used in dyeing of fabrics, decorating porcelain, glassworks, fingernail polishes, some lacquers and varnishes, fungicides, insecticides, antihelminthics, antifoulant marine coatings and, of course, the tinning of vessels, especially foodstuff containers. Other sources include iron and steel production and power plant and industrial boilers. Tin is not believed to be toxic to man or other life forms. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. 

 Criterion: Not established

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 286.3 nm. For BPT NPDES 

purposes the measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 4 mg/L; its detection limit is 800 μg/L. The optimum concentration range is 16,000–200,000 μg/L. In a single laboratory, using a mixed industrial-domestic waste effluent at concentrations of 4,000, 20,000, and 60,000 μg/L Sn, the relative standard deviations were 6.2%, 2.5%, and 8%, respectively. Recoveries at these levels were 96%, 101%, and 101%, respectively. 

Titanium

 Parameter Group: Metals

 STORET Units: μg/L as Ti

 General: Titanium ores and salts are abundantly distributed in the earth’s crust, constituting from 0.5% to 10% of soils. 

The metal is used chiefly in alloying, and its salts are used in paint, paper, and dyeing industries, in the manufacture of electronic components, and in glass and ceramic production. There is little evidence of harm to life forms from titanium. 

This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. 

( Continued)
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 Criterion: Not established

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 365.3 nm. A number of elements increase the sensitivity of titanium. To control this problem, potassium (1,000 mg/L) must be added to the standards and samples. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 2,000 μg/L; its detection limit is 300 μg/L. The optimum concentration range is 5,000–100,000 μg/L. In a single laboratory, using a mixed

industrial-domestic waste effluent at concentrations of 2,000, 10,000, and 50,000 μg/L. Ti, the relative standard deviations were 3.5%, 1.0%, and 8%, respectively. Recoveries at these levels were 97%, 91%, and 88%, respectively. 

Vanadium

 Parameter Group: Metals

 Parameter Group: μg/L as V

 General: Minerals containing vanadium are widespread in nature. In addition to its metallurgical uses, principally in steel alloying, its salts are used in the manufacture of glass, ceramics, ink, in photography, and in the dyeing and printing of fabrics. It is not considered toxic and, in fact, may play a beneficial role in reducing cholesterol, preventing heart disease and dental caries, and lowering the phospholipid content of the liver. Small quantities of vanadium may stimulate plant growth. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. 

 Criterion: Not established

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 318.4 run. High concentrations of aluminum and titanium increase the sensitivity of vanadium. This interference can be controlled by adding excess aluminum (1,000 mg/L) to both samples and standards. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 800 μg/L; its detection limit is 200 μg/L. The optimum concentration range is 1,000–100,000 μg/L. In a single laboratory, using a mixed industrial-domestic waste effluent at concentrations of 2,000, 10,000, and 50,000 μg/L V, the relative standard deviations were 5%, 1%, and 4%, respectively. 

Recoveries at these levels were 100%, 95%, and 97%, respectively. 

Zinc

 Parameter Group: Metals

 STORET Units: μg/L as Zn

 General: Zinc is usually found in nature as the sulfide. Zinc is used in galvanizing and in the preparation of alloys for dye casting. Zinc is also used in brass and bronze alloys, slush castings, photoengraving, printing plates, silver and stainless steel tableware, viscose rayon yarn, wood pulp, and newsprint paper. Other sources include mining areas, paint pigments, cosmetics, pharmaceutics, insecticides, and many more. Zinc is an essential and beneficial element in human metabolism. 

Excessive amounts of zinc affect growth rates and decrease both the weight and fat content of the liver. This is a parameter which is regulated by BPT guidelines prescribed by the NPDES permits program. This parameter will be regulated by BAT guidelines prescribed by the NPDES permits program. It is one of the Consent Decree pollutants. Zinc is a

 Criteria:

•  5,000 μg/L for domestic water supplies (welfare). 

•  For freshwater aquatic life, 0.01 of the 96-hour LC  as determined through bioassay using a sensitive resident species. 

50

 Preservation Method: Analyze as soon as possible. If storage is necessary, add HNO  to pH < 2. 

3

( Continued)
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 Maximum Holding Time:  6 months

 Container Type: Plastic or glass

 Sample Volume Required:  100–200 mL

 Measurement: The AA spectrophotometric method is recommended, using a wavelength of 213.9 nm. The air-acetylene flame absorbs about 25% of the energy at the 213.9-nm line. The sensitivity may be increased by the use of 

low-temperature flames. For BPT NPDES purposes the measurement of this parameter is prescribed by 40 CFR 136. 

A BPT NPDES method will be prescribed for this parameter in 40 CFR 136. 

 Precision and Accuracy: The AA method sensitivity is 20 μg/L; its detection limit is 5 μg/L. The optimum concentration range is 50–2,000 μg/L. At a concentration of 500 μg/L, the relative standard deviation is 8.2%, and the relative error is 0.4%. 

 Source:  USEPA; Areawide Assessment Procedures Manual, Cincinnati, Ohio, USA. 1976) [2]. 

control, solid waste disposal, and hazardous waste management. Each data sheet includes a metal’s 

(or metalloid’s) general environmental significance, water quality criterion, water sample preser-

vation method, maximum sample holding time, sampling container type, water sample volume 

required, analytical measurement method, and precision and accuracy. 

The environmental metals or metalloids reported in this section include antimony, aluminum, 

arsenic, barium, beryllium, cadmium, calcium, chromium, cobalt, copper, iron, lead, lithium, man-

ganese, magnesium, mercury, molybdenum, nickel, radium, selenium, silver, sodium, strontium, 

thallium, tin, titanium, vanadium, and zinc. It can be seen that the environmental metals or metal-

loids include both heavy and light (non-heavy) metals and both toxic and non-toxic metals. 

1.3  WASTE TREATMENT IN THE ORE MINING AND DRESSING INDUSTRY

1.3.1  the ore mining and dressing industry and the industry’s effluent limitations

The ore mining and dressing industry is identified as major group  10 in the Standard Industrial 

Classification (SIC) Manual, 1972. This industry category includes establishments engaged in mining 

ores for the production of metals and includes all ore dressing and beneficiating operations, whether 

performed at mills operating in conjunction with the mines served or at mills operated separately. 

These include mills that crush, grind, wash, dry, sinter, and leach ore or perform gravity separation or 

flotation operations. Based on similarities in types of processing, technology, wastewater, end products, 

and other factors, the following subcategories of the ore mining and dressing industry were established:

•  Iron ore (SIC Code 1011)

•  Aluminum (SIC Code 1051)

•  Base and precious metals (SIC Codes 1021, 1031, 1041, and 1044)

•  Uranium (SIC Code 1094)

•  Ferroalloy (SIC Code 1061)

•  Mercury (SIC Code 1092)

•  Metal ore not elsewhere classified (SIC Code 1099)

As mined, most ores contain valuable metals, whose recovery is sought and disseminated in a 

matrix of less valuable rock called gangue. The purpose of ore beneficiation is the separation of 

the metal-bearing minerals from the gangue to yield a product that is higher in metal content. To 

accomplish this, the ore must generally be crushed and/or ground small enough for each particle 

to contain either the mineral to be recovered or mostly gangue. Separation of the particles on the 
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basis of some difference between the ore mineral and the gangue can then yield a concentrate high 

in metal value, as well as waste rock (tailings) containing very little metal. The separation is never 

perfect, and the degree of success attained is generally described by two parameters: (a) percent 

recovery and (b) grade of the concentrate. Widely varying results are obtained in beneficiating dif-

ferent ores; recoveries may range from 60% or less to greater than 95%. Similarly, concentrates may 

contain less than 60% or more than 95% of the primary ore mineral. In general, for a given ore and 

process, concentrate grade and recovery are inversely related. (Higher recovery is achieved only by 

including more gangue, yielding a lower grade concentrate.)

Many ore and metal properties are used as the basis for separating valuable minerals from 

gangue, including specific gravity, conductivity, magnetic permeability, affinity for certain chemi-

cals, solubility, and the tendency to form chemical complexes. The separation processes that are 

used for concentrating metals from leaching solutions and for separating them from dissolved con-

taminants are (a) gravity concentration or separation; (b) magnetic separation and beneficiation; 

(c) electrostatic separation and beneficiation; (d) flotation; (e) leaching: (e1) amalgamation, (e2) cya-

nidation, (e3) solvent extraction, (e4) ion exchange, (e5) acid leaching, (e5) alkaline leaching, and 

(e6) combined acid-alkaline leaching; and (f) dredging and mine drainage [4–13]. 

Based on the industry’s subcategories (iron ore, aluminum ore, base and precious metals, ura-

nium, ferroalloy, mercury, and metal ore not elsewhere classified, such as titanium) and the tech-

nologies used for ore mining (gravity concentration, magnetic separation, electrostatic separation, 

flotation, amalgamation leaching, cyanidation leaching, solvent extraction leaching, ion exchange 

leaching, acid leaching, alkaline leaching, combined acid-alkaline leaching, dredging and mine 

drainage, etc.), the US Environmental Protection Agency (USEPA) has established the effluent 

limitation regulations for the ore mining and dressing industry, which is shown in Table 1.3. All of 

TABLE 1.3

Effluent Limitation Regulations for the Ore Mining and Dressing Industry (USEPA)

Daily Maximum, 

Average of 30 Consecutive 

Subcategory

Pollutant

mg/L

Daily Values, mg/L

Iron Ore

Mines and mine drainage

TSS

30

20

Fe (dissolved)

2.0

1.0

Physical/chemical Beneficiation

TSS

30

20

Fe (dissolved)

2.0

1.0

pH (= 6 to 9)

Magnetic/physical beneficiation

No dischargea

Aluminum Ore

TSS

30

20

Fe

1.0

0.5

Al

2.0

1.0

pH (= 6–9)

Base and Precious Metals

Open pit and underground mines

TSS

30

20

Cu

0.30

0.15

Zn

1.5

0.75

Pb

0.6

0.3

Hg

0.002

0.001

pH (= 6–9)

( Continued)
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TABLE 1.3 ( Continued)

Effluent Limitation Regulations for the Ore Mining and Dressing Industry (USEPA)

Daily Maximum,  Average of 30 Consecutive 

Subcategory

Pollutant

mg/L

Daily Values, mg/L

Flotation process

TSS

30

20

Cu

0.3

0.15

Zn

1.0

0.5

Pb

0.6

0.3

Hg

0.002

0.001

Cd

0.1

0.05

Cn

0.2

0.1

pH (= 6 to 9)

Amalgamation process

TSS

30

20

Cu

0.3

0.15

Zn

1.0

0.5

Hg

0.002

0.001

pH (= 6 to 9)

Cyanidation process

No dischargea

Gravity separation

Reserved

Dump, heap, in situ leach or vat leach 

No dischargea

processes

Uranium 

Mine drainage

TSS

30

20

COD 

200

100

Ra 226 (dissolved)b

10

3

Ra 226 (total)b 

30

10

U 

4

2

Zn 

1.0

0.5

pH (= 6 to 9)

Mills using acid leach, alkaline leach, 

TSS

30

20

combined leaching, including mill-mine 

COD

NL

500

facilities in-situ leaching methods

As

1.0

0.5

Ra 226 (dissolved)b 

10

3

Ra 226 (total)b 

30

10

NH

NL

100

3

Zn

1.0

0.5

pH (= 6 to 9)

Ferroalloy

Mine drainage from mines producing 

TSS

30

20

5,000 metric ton/year or more

Cd

0.1

0.05

Cu

0.3

0.15

Zn

1.0

0.5

Pb

0.6

0.3

As

1.0

0.5

pH (= 6 to 9)

Drainage from mines producing less than 

TSS

50

30

5,000 metric tons/year and mills 

pH (= 6 to 9)

processing less than 5,000 metric ton/year

( Continued)
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TABLE 1.3 ( Continued)

Effluent Limitation Regulations for the Ore Mining and Dressing Industry (USEPA)

Daily Maximum,  Average of 30 Consecutive 

Subcategory

Pollutant

mg/L

Daily Values, mg/L

Drainage from mills processing 

TSS

30

20

5,000 metric tons/year or more of 

Cd

0.1

0.05

ferroalloy ores by purely physical 

Cu

0.3

0.15

methods (e.g. crushing, washing, etc.)

Zn

1.0

O.S

As

1.0

0.5

pH (= 6 to 9)

Drainage from mills processing greater 

TSS

30

20

than 5,000 metric/ton year using flotation

Cd

0.1

0.05

Cu

0.3

0.15

Zn

1.0

0.5

As

1.0

0.5

CN

0.2

0.1

pH (= 6 to 9)

Mercury

Mine drainage

TSS

30

20

Hg

0.002

0.001

Ni

0.2

0.1

pH (= 6 to 9)

Mills – gravity separationa 

Mills – flotation separationa

Metal Ore Not Elsewhere Classified

 Titanium

Mine drainage

TSS

30

20

Fe

2.0

1.0

pH (= 6 to 9)

Mill beneficiating using electrostatic, 

TSS

30

20

magnetic, physical, or flotation methods

Zn

1.0

0.5

Ni

0.2

0.1

pH (= 6 to 9)

Mine drainage from dredge mining

TSS

30

20

Fe

2

1

pH (= 6 to 9)

NL, no effluent limits established. 

a  Discharge is allowed, if rainfall exceeds evaporation in the discharge area. Volume of discharge allowed is equal to the amount needed to equalize rainfall and evaporation. 

b  Picocuries/L. 

these industry’s subcategories and ore mining processes are presented in Section Terminologies of 

Metals on Earth, Heavy Metals, Ore Mining, and Dressing. This terminology presentation is not 

meant to be all-inclusive; rather, its purpose is to discuss the primary processes in current use in 

the ore mining and milling industry and, in turn, to study the heavy metals regulated and moni-

tored by the USEPA. 
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1.3.2  Case histories of WasteWater treatment

1.3.2.1  Characterization and Treatment of Iron Ore Subcategory Wastewater

This subcategory covers mining and/or milling operations involved in the excavation and extrac-

tion of iron ore and is classified as SIC 1011. Tables 1.4A–1.4D document the raw wastewater pol-

lutant concentrations by subcategories of the ore mining and dressing industry. The top section of 

Tables 1.4A–1.4D indicates the wastewater pollutant concentration ranges of iron ore subcategory. 

TABLE 1.4A

Raw Wastewater Pollutant Concentrations by the Ore Mining and Dressing Industry’s 

Subcategories [3]

Number of 

Number of 

Pollutant

Mines Sampled

Ranges

Mediana

Mines Sampled

Range

Mediana

Subcategory 1 – Iron Ore

 Classical Pollutants, mg/L

pH, pH units

8

7.2–8.4

7.4

6

7.3–9.5

7.9

COD

8

9.0–48

15

7

<1.0–22

18

TSS

8

2–48

6

7

12–55

22

TDS

8

210–1,300

860

7

200–2,800

360

 Inorganics, μg/L

Fe, total

8

<20–4,500

180

7

40–1,200,000

8,200

Fe, dissolved

8

<20–80

<20

7

<20–160

80

Manganese

8

<20–3,200

130

7

32–330,000

38,000

Subcategory 3 – Base and Precious Metals, Copperb

 Classical Pollutants, mg/L

pH, pH units

7

3.5–9,6

7.0

4

8.1–10

8.8

COO 

7

4–820

<10

TOC 

7

2.3–31

5

TSS

7

2–40

8

4

110,000–460,000

350,000

TDS

7

450–29,000

2,200 

4

400–4,300

2,700

Oil and grease

7

<1.0–17

1

4

<0.05–1

<0.6

 Toxic Metals and Inorganics, μg/L

Antimony

7

<200 to <500

<500

I

<500

Arsenic

7

<10 to <70

<70

2

<20 to <70

<50

Copper

7

500–92,000

1,900

4

150,000–910,000

280,000

Cyanide

4

BDL–170

BDL

Lead

7

BDL–<500

<100

4

BDL–21,000

1,400

Mercury

7

BDL–78

0.5

4

0.6–6.0

2.0

Nickel

7

<50–240

<100

1

2,800

Selenium

6

<3–96

25

1

<3.0

Silver

1

<100

Zinc

7

<50–170,000

2,800

4

4,800–310,000

8,000

 Other Inorganics, μg/L

Aluminum

1

<500

Boron

7

10–2,200

100

Cobalt

7

<40–1,900

60

1

1,700

Gold

1

<50

( Continued)
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TABLE 1.4A ( Continued)

Raw Wastewater Pollutant Concentrations by the Ore Mining and Dressing Industry’s 

Subcategories [3]

Number of 

Number of 

Pollutant

Mines Sampled

Ranges

Mediana

Mines Sampled

Range

Mediana

Iron

7

<400–2,000,000

6,000

4

550,000–

4,800,000

19,000,000

Manganese

7

<50–100,000

1,400

1

31,000

Molybdenum

7

<200-<500

<500

1

29,000

Strontium

7

90–120,000

830

1

1,200

Subcategory 3 – Base and Precious Metals, Lead/Zincc,d

 Classical Pollutants, mg/L

pH, pH units

7

3.0–8.0

3

7.9–11

COD

7

<10–630

TOC

7

<1–11

TSS

7

<2–1,000

3

21,000–270,000

TDS

7

260–1,700

Oil and grease

7

0–29

 Toxic Metals and Inorganics, μg/L

Cadmium

7

BDL–80

3

1,200–16,000

Chromium

7

BDL–420

3

9,800–400,000

Copper

7

<20–2,100

3

4,800–500,000

Lead

7

100–4,900

3

76,000–560,000

Mercury

7

BDL–0.13

Zinc

7

30–38,000

3

160,000–3,000,000

 Other Inorganics, μg/L

Iron

7

<20–22,000

3

2,900,000–

35,000,000

Manganese

7

<20–57,000

3

300,000–570,000

The case study results of an iron ore mine 1108 are presented in Table 1.5 [3]. A simple set-

tling pond (sedimentation process) was used for the mining wastewater treatment at a flowrate of 

15,800 m3/day (4.17 MGD), and its settling pond effluent was directly discharged to a surface water. 

It appears that the settling pond effluent quality met the USEPA effluent limitations (Total 

Suspended Solids (TSS) and pH) shown in Table 1.3 for the iron ore subcategory. It is noted that the toxic heavy metal pollutants monitored by the USEPA were the following 13 most common “toxic 

 environmental heavy metals (or trace elements)”: antimony (Sb; sg. 6.68), beryllium (Be; sg. 1.85), 

arsenic (As; sg. 5.7 at 14°C), chromium (Cr; sg. 7.16), cadmium (Cd; sg. 8.69), copper (Cu; sg. 8.96), 

lead (Pb; sg. 11.34), mercury (Hg; sg. 13.6 at 20°C), nickel (Ni; sg. 8.9), selenium (Se; sg. 4.81), silver 

(Ag; sg. 10.5), zinc (Zn; sg. 7.14), and thallium (Tl; sg. 11.86). The USEPA non-toxic heavy metal 

effluent limitations (dissolved total iron, Fe = 2 mg/L daily maximum = 1 mg/L average of 30 con-

secutive daily value) shown in Table 1.3 apparently were ignored. Iron is a non-toxic heavy metal. 

1.3.2.2  Characterization and Treatment of Aluminum (Bauxite) Subcategory Wastewater

The aluminum (bauxite) mining industry is classified as SIC 1051, which includes establishments 

engaged in mining and milling bauxite and other aluminum ores. However, no other aluminum ores 
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TABLE 1.4B

Raw Wastewater Pollutant Concentrations by the Ore Mining  

and Dressing Industry’s Subcategories

Number of 

Number of 

Pollutant

Mines Sampled

Ranges

Mediana

Mines Sampled

Range

Mediana

Subcategory 3 – Base and Precious Metals, Gold

 Classical Pollutant, mg/L

pH, pH units

2

3.3–6.2

4.8

COD

3

27–3,800

35

4

11–220

110

TOC

1

12

4

12–97

42

TSS

3

5–81

14

4

2–550,000

490,000

TDS

3

530–4,700

1,200

4

460–4,500

1,100

Oil and grease

3

<0.1–1.0

1

 Toxic Metals and Inorganics, μg/L

Antimony

1

BDL

Arsenic

2

30–80

55

3

50–3,500

<70

Beryllium

1

BDL

Cadmium

3

<20–40

25

4

<10–100

<20

Chromium

1

BDL

Copper

3

<20–700

56

4

30–2,000

480

Cyanide

3

BDL–440

BDL

4

BDL–81,000

2,600

Lead

2

<100–820

460

4

60 to <100

<100

Mercury

1

BDL

3

1.1–4.2

4.0

Nickel

2

60–100

80

Silver

1

20

Thallium

1

50

Zinc

3

<10–7,300

2,300

4

130–3,100

760

 Other Inorganics, μg/L

Aluminum

2

140 to <200

<170

Barium

1

<500

Boron

1

180

Calcium

1

87.000

iron (total)

3

1,200 to 260,000

25,000

4

<500 to 77,000

1,200

Magnesium

1

80,000

Manganese

2

140 to 12,000

Molybdenum

1

<200

Potassium

1

44,000

Sodium

1

80,000

Strontium

1

780

Tellurium

1

100

Titanium

1

<500

Vanadium

1

0

 Toxic Organics, μg/L

Phenol

1

<10

Subcategory 3 – Base and Precious Metals – Silver

 Classical Pollutants, mg/L

pH, pH units

1

8.0

COD

2

12–20

16

4

16–220

42

TOC

2

16–17

16

4

12–29

23

TSS

2

<2 to <2

<2

4

2–550,000

150,000

( Continued)
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TABLE 1.4B ( Continued)

Raw Wastewater Pollutant Concentrations by the Ore Mining  

and Dressing Industry’s Subcategories

Number of 

Number of 

Pollutant

Mines Sampled

Ranges

Mediana

Mines Sampled

Range

Mediana

TDS

2

500–620

560

4

470–1,200

770

OiI end grease 

2

2–4

3

TKN

1

<2.0

 Toxic Totals and Inorganics, μg/L

Antimony

2

BDL–BDL

3

BDL–1,900

BDL

Arsenic

2

<70 to <70

4

<70 to 3,500

<70

Beryllium

2

BDL–BDL

Cadmium

2

<20 to <20

4

<10–20

<20

Chromium

2

<100 to <100

Copper

2

<20 to <200

<110

4

30–780

240

Cyanide

2

BDL–BDL

Lead

2

<100–180

<140

4

60–560

<100

Mercury

2

BDL–2.0

1.2

4

0.8–150

3.2

TABLE 1.4C

Raw Wastewater Pollutant Concentrations by the Ore Mining and Dressing Industry’s 

Subcategories

Number of 

Number of 

Pollutant

Mines Sampled

Ranges

Mediana

Mines Sampled

Range

Mediana

Nickel

2

60–90

75

4

50–140

100

Selenium

2

68–130

100

2

140–150

140

Silver

2

<20 to <20

<20

3

<20 to <20

<20

Thallium

2

BDL–BDL

Zinc

2

<20 to <30

<25

3

20–370

170

 Toxic Organics, μg/L

Phenol 

2

<10 to <10

<10

 Other Inorganics, μg/L

Aluminum

2

<200 to <200

<200

Barium

2

<500 to <600

<550

Boron

2

90–110

100

Calcium

2

44,000–46,000

45,000

Iron (total)

2

330–2,000

1,200

Magnesium

2

28,000–32,000

30,000

Manganese

2

430–6,300

2,400

Molybdenum

2

<200 to <200

<200

4

50–540

<200

Potassium

2

8,000–14,000

11,000

Sodium

2

7,000–12,000

10,000

Strontium

2

150–210

180

Tellurium

2

<300 to <300

<300

3

<300 to <300

<300

Titanium

2

<500 to <500

<500

Vanadium

2

<200 to <200

<200
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TABLE 1.4C ( Continued)

Raw Wastewater Pollutant Concentrations by the Ore Mining and Dressing  

Industry’s Subcategories

Subcategory 4 – Uraniumd

Alkaline Process

Acid Process

Number 

Number 

Number 

of Mines 

of Mines 

of Mines 

Pollutant

Sampled

Range

Mediana Sampled

Range

Mediana Sampled

Range

Mediana

 Classical Pollutant, mg/L

COD

2

240–600

420

2

28–56

42

2

64–630

350

TOC

2

16–25

20

2

<1–450

220

2

6.2–24

15

TSS

1

300

2

110,000–

200,000

2

350,000–

440,000

290,000

520,000

 Toxic Inorganics, μg/L

Arsenic

2

330–1,400

860

2

130–2,300

1,200

Copper

2

<500–1,100

800

2

680–2,700

1,700

Lead

2

BDL–690

360

2

840–2,100

1,500

Nickel

1

520

1

1,400

Zinc

1

<500

1

<500

 Other Inorganics, μg/L

Aluminum

1

18,000

2

740,000–

1,200,000

1,600,000

Calcium

2

93,000–

110,000

1

32,000,000

1

220,000

120,000

Iron

2

230–470

350

2

920–1,600

1,300

1

320,000

Magnesium

2

36,000–

40,000

1

190,000

1

550,000

45,000

Manganese

2

<200–

19,000

1,210,000

110,000–

160,000

38,000

210,000

Molybdenum

2

500–530

520

1

<300

2

<300–

8,200

16,000

Radium, 

2

2,700,000– 3,000,000

2

110,000–

9,600

2

230,000–

460,000

picocuries/L

3,200,000

19,000,000

690,000

Thorium

1

<100

1

<100

Titanium

1

400

1

3,000

Uranium

1

12,000

2

3,900–

24,000

2

31,000–

100,000

44,000

170,000

Vanadium

2

500–1,000

750

2

500–17,000

8,800

2

120,000–

120,000

are being commercially exploited on a full-scale basis at present, and the bauxite mining industry 

serves as the sole representative of SIC 1051. 

Tables  1.4A–1.4D document the raw wastewater pollutant concentrations by subcategories of the ore mining and dressing industry, but the technical data of wastewater pollutant concentration 

ranges of aluminum subcategory are not reported. 

The case study results of an aluminum mine 5102 are presented in Table 1.6 [3]. A lime neutralization and settling pond (sedimentation) system was used for the mining wastewater treatment at a flowrate of 

41,600 m3/day (11 MGD), and its settling pond effluent was directly discharged to a surface water. 

It appears that the settling pond effluent quality met the USEPA effluent limitations (TSS and pH) 

shown in Table 1.3 for the aluminum subcategory. It is noted that the toxic heavy metal pollutants 
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monitored by the USEPA were the following 13 most common “toxic environmental heavy metals 

 (or trace elements)”: antimony (Sb; sg. 6.68), beryllium (Be; sg. 1.85), arsenic (As; sg. 5.7 at 14°C), chromium (Cr; sg. 7.16), cadmium (Cd; sg. 8.69), copper (Cu; sg. 8.96), lead (Pb; sg. 11.34), mercury 

(Hg; sg. 13.6 at 20°C), nickel (Ni; sg. 8.9), selenium (Se; sg. 4.81), silver (Ag; sg. 10.5), zinc (Zn; sg. 

7.14), and thallium (Tl; sg. 11.86). 

The USEPA non-toxic metal effluent limitations (a) dissolved total iron (Fe = 1  mg/L, daily 

maximum = 0.5  mg/L average of 30 consecutive daily values) and (b) dissolved total aluminum 

TABLE 1.4D

Raw Wastewater Pollutant Concentrations by the Ore Mining and Dressing Industry’s 

Subcategories

Number 

Number 

of Mines 

of Mills 

Pollutant

Sampled

Range

Mediana 

Sampled

Range

Mediana

Subcategory 5, Ferroalloy

 Classical Pollutants, mg/L

pH, pH units

4

4.5–7.3

6.8

2

3.5–8.6

6.0

COD

5

24–480

140

TSS

3

230–500,000

150,000

TDS

6

210–39,000

2,300

Oil and grease

3

1.0–14

2.0

6

1–94

3.7

Ammonia

2

0.12–0.15

0.14

2

160–1,400

780

 Toxic Metals and Inorganics, μg/L

Arsenic

4

<10 to <70

<40

6

10–350

<70

Cadmium

4

<5–70

<10

6

<10–740

40

Chromium

3

20–1,200

30

Copper

4

<20–3,800

<40

6

30–51,000

520

Cyanide (total)

4

BDL–450

15

Lead

3

60–190

140

6

50–980

<80

Zinc

4

50–7,000

280

5

<20–77,000

520

 Other Inorganics, μg/L

Calcium

1

210,000

Iron

5

260–1,300,000

24,000

Manganese

4

210–6,800

5,400

6

190–56,000

50,000

Molybdenum

4

<100–500

<100

6

<100–17,500

1,400

Vanadium

3

<500 to <500

<500

3

<500–31,000

<500

Subcategory 6, Mercuryd,e

 Classical Pollutants

pH, pH units

2

6.5–8.2

7.4

 Toxic Metals and Inorganics, μg/L

Antimony

2

<500–3,800

2,200

Arsenic 

2

20–380

200

Cadmium 

1

420

Copper 

1

1.300

Lead 

1

580

Mercury

1

28,0000

Zinc

2

140–1,000

570

( Continued)
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TABLE 1.4D ( Continued)

Raw Wastewater Pollutant Concentrations by the Ore Mining and Dressing Industry’s 

Subcategories

Number 

Number 

of Mines 

of Mills 

Pollutant

Sampled

Range

Mediana 

Sampled

Range

Mediana

 Other Inorganics, μg/L

Iron

2

<500–

1,500,000

2,900,000

Manganese. 

2

7,000–50,000

28,000

Tellurium

1

<80

 Source:  USEPA [3]. 

Analytic methods: V.7.3.23, Data sets 1, 2. 

BDL, below detection limit. 

a  Where only two samples are reported, the value reported in the median column is actually the mean concentration, b  Flow range for seven copper mines was 409–41,600 m3/day with a median of 3,270 m3/day; flow range for four copper mills was 19,300–278,000 m3/day with a median of 103,000 m3/day. 

c  The mines concerned use seepage and seepage plus drill cooling water combined, 

d  Median values not presented for lead/zinc mines and mills, uranium mines and mills, and mercury mills due to insufficient data. 

e  Water not used; surface and groundwater, if encountered, are not discharged, 

(Al = 2 mg/L, daily maximum = 1 mg/L average of 30 consecutive daily values) shown in Table 1.3 

were apparently ignored and not monitored. Iron is a non-toxic heavy metal, and aluminum is an 

environmental non-toxic light metal. 

1.3.2.3   Characterization and Treatment of Base and Precious 

Metals (Copper) Subcategory Wastewater

This subcategory of base and precious metals encompasses the mining and milling of copper, zinc, 

lead, gold, and silver, falling under SIC Codes 1021, 1031, 1041, and 1044. 

Tables 1.4A–1.4D document the raw wastewater pollutant concentrations by subcategories of the ore mining and dressing industry. The middle section Table 1.4A indicates the wastewater pollutant concentration ranges of the base and precious metals (copper) subcategory. 

The case study results of a copper mine 2120 are presented in Table 1.7 [3]. A lime neutraliza-

tion, pH adjustment, and settling pond (sedimentation) system was used for the mining wastewater 

treatment at a flowrate of 35,900 m3/day (9.5 MGD), and its settling pond effluent was directly dis-

charged to a surface water. 

It appears that the settling pond effluent quality met the USEPA effluent limitations, except 

effluent pH shown in Table 1.3 for the base and precious metals subcategory. It is noted that the toxic heavy metal pollutants monitored by the USEPA were the following 13 most common “toxic 

 environmental heavy metals (or trace elements)”: antimony (Sb; sg. 6.68), beryllium (Be; sg. 1.85), 

arsenic (As; sg. 5.7 at 14°C), chromium (Cr; sg. 7.16), cadmium (Cd; sg. 8.69), copper (Cu; sg. 8.96), 

lead (Pb; sg. 11.34), mercury (Hg; sg. 13.6 at 20°C), nickel (Ni; sg. 8.9), selenium (Se; sg. 4.81), silver 

(Ag; sg. 10.5), zinc (Zn; sg. 7.14), and thallium (Tl; sg. 11.86). 

The treated pond effluent pH was 3.4. The USEPA effluent limitations on effluent pH (6–9) were 

violated. It is concluded that the tested lime neutralization, pH adjustment, and settling pond system 

were not properly operated. The tested wastewater system should be technically feasible for treating 

the copper mining wastewater for direct surface water discharge, if a modern pH monitor controller 

is installed and properly operated. 
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TABLE 1.5

Wastewater Characterization and Treatability Investigation  

at Iron Ore Mine Mine/Mill 1108

Mine Wastewater Characterization

Pollutant

Settling Pond Influent

Settling Pond Effluent

Classical Pollutants, mg/L

pH, pH units

7.6

7.2

TSS

110,000

<1

VSS

80

<1

COD

96

4

TOC

22

11

Toxic Pollutants,  μg/L

Antimony

BDL

BDL

Arsenic

<10

BDL

Beryllium

<20

<20

Cadmium

<5

<5

Chromium

500

BDL

Copper

130

100

Lead

80

BDL

Mercury

BDL

BDL

Nickel

2,700

<20

Selenium

20

<5

Silver

20

BDL

Thallium

BDL

BDL

Zinc

500

30

Asbestos, fibers/L

2.3 × 1011

4.3 × 107

Total crysolite

3.8 × 1010

4.1 × 106

Total cyanides

<40

BDL

Total phenols

<4

6

Benzene

6.2

ND

Diethyl phthalate

55

ND

Bis(2-ethylhexyl)phthalate

ND

4.2

 Source:  USEPA [3]. 

Analytic methods = V.7.3.23, data set 1. 

ND, not detected; BDL, below detection limit. 

1.3.2.4  Characterization and Treatment of Uranium Subcategory Wastewater

The factors evaluated in consideration of subcategorization (SIC Code 1094) of the uranium, radium, 

and vanadium mining and ore dressing industry are end product, type of processing, ore mineral-

ogy, waste characteristics, treatability of wastewater, climate, rainfall, and location. Based upon an 

intensive literature search, plant inspections, NPDES permits, and communications with the indus-

try, this category is categorized by milling process and mineralogy (and, thus, product). The milling 

processes of this industry involve complex hydrometallurgy. Such point discharges, as might occur 

in milling processes (i.e., the production of concentrate), are expected to contain a variety of pollut-

ants that need to be limited. Mining for the ores is expected to lead to a smaller set of contaminants. 

While mining or milling of ores for uranium or radium produces particularly noxious radioactive 
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TABLE 1.6

Wastewater Characterization and Treatability Investigation  

at Aluminum Mine Mine/Mill 5102

Mine Wastewater Characterization

Pollutant

Treatment Pond Influent

Treatment Pond Effluent

Classical Pollutants, mg/L

pH, pH units

3.0

8.6

TSS

2.8

6

VSS

1.6

5

COD

<2

<2

TOC

2

4

Toxic Pollutants, μg/L

Antimony

BDL

BDL

Arsenic

BDL

BDL

Beryllium

<20

BDL

Cadmium

<5

<5

Chromium

30

25

Copper

60

50

Lead

BDL

BDL

Mercury

37

84

Nickel

60

BDL

Selenium

<5

<5

Silver

BDL

BDL

Thallium

BDL

BDL

Zinc

570

<20

Asbestos, fibers/L

5.5 × 106a

3.3 × 106a

Total cyanides

20

BDL

Total phenols

2

BDL

Phenol

ND

210

Bis(2-ethylhexy1) phthalate

ND

50

Butyl benzyl phthalate

ND

66

Di- n-butyl phthalate

ND

140

Diethyl phthalate

ND

1.9

Dimethyl phthalate

ND

3.1

 Source:  USEPA [3]. 

Analytic methods = V.7.3.23, data set 1

ND, not detected; BDL, below detection limit

a  Results of special verification analysis, Data set 5. 

pollutants, these are largely absent in an operation recovering vanadium only. The bottom section 

of Table 1.4C indicates the wastewater pollutant concentration ranges of the uranium subcategory. 

The case study results of a uranium mine 9411 are presented in Table 1.8 [3]. A barium chloride (BaCl ) co-precipitation, flocculation, and settling pond (sedimentation) system was used for the 

2

mining wastewater treatment at a flowrate of 13,600 m3/day (3.59 MGD), and its settling pond efflu-

ent was directly discharged to a surface water. 

The water quality data of both the raw mine wastewater and the treated mine effluent are reported 

in Table 1.8. It appears that the settling pond effluent quality met all the USEPA effluent limita-

tions (shown in Table 1.3), except that an important parameter residual uranium (U) concentration 
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TABLE 1.7

Wastewater Characterization and Treatability Investigation at Copper Mine  

Mine/Mill 2120

Plant Wastewater Characterization

Combined Treatment 

Tailings Pond 

Tailings Pond 

Pond Effluent and 

Treatment 

Treatment 

Pollutant

Influent

Recycle

Surge Pond Overflow

Pond Influent

Pond Effluent

Classical Pollutants, mg/L

pH, pH units

12

9.9

11

12

3.4

TSS

160,000

13

3

14

4

COD

3,210a

10

14

10

18

TOC

12a

10

17

19

12

Toxic Pollutants, μg/L

Antimony

BDL

BDL

BDL

BDL

BDL

Arsenic

3,600

BDL

20

40

30

Beryllium

30

BDL

BDL

BDL

BDL

Cadmium

120

<5

<5

<5

<5

Chromium

800

BDL

400

BDL

BDL

Copper

370,000

<20

120

500

80

Lead

18,000

BDL

BDL

BDL

BDL

Mercury

22

<1

<1

<1

1

Nickel

1,500

BDL

150

BDL

30

Selenium

1,000–1,700

<5

<5

<5

,<5

Silver

1,700

BDL

40

BDL

BDL BDL

Thallium

BDL

BDL

BDL

BDL

BDL

Zinc

27,000

<20

50

160

<20

Asbestos, fibers/L

1.3 × I0EI3

7.8 × I0E7

8.6 × I0E6

2.3 × I0E8

2.7 × I0E7

Total crysolite

1.7 × I0EI2

1.2 × I0E7

1.3 × I0E6

9.1 × I0E6

1.7 × I0E6

Total cyanides

BDL

BDL

BDL

BDL

BDL

Total phenols

10

20

10

.18

12

 Source:  USEPA [3]. 

Analytic method = V 7.3.28, Data set 2. 

ND, not detected; BDL, below detection limit. 

a  Combined mine/mi11 operation. 

was not measured. It is noted that the toxic heavy metal pollutants monitored by the USEPA were 

the following: (a) 13 most common “toxic environmental heavy metals (or trace elements)”: anti-

mony (Sb; sg. 6.68), beryllium (Be; sg. 1.85), arsenic (As; sg. 5.7 at 14°C), chromium (Cr; sg. 7.16), 

cadmium (Cd; sg. 8.69), copper (Cu; sg. 8.96), lead (Pb; sg. 11.34), mercury (Hg; sg. 13.6 at 20°C), 

nickel (Ni; sg. 8.9), selenium (Se; sg. 4.81), silver (Ag; sg. 10.5), zinc (Zn; sg. 7.14), and thallium (Tl; 

sg. 11.86) and (b)  radioactive heavy metals: radium 226 (Ra; sg. 5). Uranium (U; sg. 19.2), which 

is another radioactive heavy metal, should have also been included in the process monitoring and 

analysis. 

1.3.2.5  Characterization and Treatment of Ferroalloy Subcategory Wastewater

A subcategorization (SIC Code 1061) of the industry was developed by the USEPA after the col-

lection and review of initial data, based primarily on end product (e.g., tungsten, molybdenum, and 
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TABLE 1.8

Wastewater Characterization and Treatability Investigation 

at Uranium Mine/Mill 9411

Plant Wastewater Characterization

Pollutant

Raw Mine Water

Treated Mine Water

Classical Pollutants, mg/L

pH, pH units

8.0

8.2

TSS

280

7

VSS

28

1

COD

37

17

TOC

8

<1

Toxic Pollutants, μg/L

Antimony

BDL

BDL

Arsenic

3

BDL

Beryllium

<20

BDL

Cadmium

<5

<5

Chromium

50

25

Copper

40

<20

Lead

BDL

50

Mercury

3.8

BDL

Nickel

BDL

BDL

Selenium

5

10

Silver

BDL

BDL

Thallium

BDL

BDL

Zinc

60

30

Asbestos, fibers/L

2.3 × 109

5.7 × 108

Total crysolite

1.1 × 108

2.7 × 107

Total cyanides’

BDL

BDL

Total phenols

BDL

BDL

Bis(2-ethylhexyl) phthalate

47

2.4

Other pollutants, picocuries/L

Total radium 226

57a

<2a

Dissolved radium 226

60

NA

 Source:  USEPA [3]. 

Analytic methods = V.7.3.23, Data set 1. 

BDL, below detection limit. 

a  Within sensitivity limits; most Ra 226 is dissolved. 

manganese), with further division on the basis of process, in some cases. Further data, particularly 

chemical data on effluents and more complete process data for past operations, indicated that the 

process was the dominant factor influencing waste stream character and treatment effectiveness. 

Examination of the industry additionally showed that the size of operation could also be of great 

importance. The top section of Table 1.4D indicates the wastewater pollutant concentration ranges of the ferroalloy subcategory. 

The case study results of a ferroalloy mine 6102 are presented in Table 1.9 [3]. A wastewater treatment plant (WWTP) consisting of tailings pond, chlorination, electrocoagulation, and filtration 

was used for the mining wastewater treatment at a flowrate of 14,780 m3/day (3.91 MGD), of which 
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TABLE 1.9

Wastewater Characterization and Treatability Investigation  

at Ferroalloy Mine/Mill 6102

Plant Wastewater Characterization 

Pollutant

Mine Watera

Mill Tailingsa

Treated Effluenta

Classical Pollutants, mg/L

pH, pH units

6.4

11.0

6.4

TSS

550

430,000

1

VSS

<35

6,900

1

COD

34

38

5

TOC

3.5

14

3

Toxic Pollutants, μg/L

Antimony

BDL

BDL

BDL

Arsenic

BDL

76

BDL

Beryllium

14

38

BDL

Cadmium

28

140

<10

Chromium

65

2,200

25

Copper

740

9,400

<20

Lead

<65

5,600

<60

Mercury

<1

45

<1

Nickel

100

1,800

75

Selenium

<4.5

75

<5

Silver

<50

450

<50

Thallium

BDL

BDL

BDL

Zinc

1,700

19,000

25

Asbestos, fibers/L

6.0 × 109

1.4 × 1012

4.2 × 106

Total crysolite

9.6 × 108

3.7 × 1013

1.5 × 105

Total cyanides

BDL

320

48

Total phenols

9

<4

BDL

1,1,1-Trichlorethane

0.99

0.35

0.62

Chloroform

0.06

BDL

4.6

Methylene chloride

2.9

2.1

2.4

Beta-BHC

<10b

ND

ND

Diethyl phthalate

BDLb

BDLb

ND

Alfa-BHC

ND

<10(U)

ND

Trichlorofluoromethane

ND

BDLb

BDL

Toluene

ND

0.39

ND

Dichlorobromomethane

ND

ND

BDLb

Butyl benzyl phthalate

ND

ND

0.42

Di-n-butyl phthalate

ND

ND

BDL

Other Pollutants, μg/L

Molybdenum

9,200

140,000

5,500

 Source:  USEPA [3]. 

Analytic method = V.7.3.23, data set 1. 

ND, not detected; BDL, below detection limit; U, unconvinced. 

a  Average of two samples. 

b  One sample only. 
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about 75% of the WWTP effluent was discharged to a surface water, and the remaining 25% effluent 


flow was recycled to the mill for reuse. 

The water quality data of both the raw mine wastewater and the treated mine effluent are reported 

in Table 1.9. It appears that the settling pond effluent quality met all the USEPA effluent limitations (shown in Table 1.3) without exception. 

It is noted that the toxic heavy metal pollutants monitored by the USEPA were the following:  

(a) 13  most common “toxic environmental heavy metals (or trace elements)”: antimony (Sb; sg. 

6.68), beryllium (Be; sg. 1.85), arsenic (As; sg. 5.7 at 14°C), chromium (Cr; sg. 7.16), cadmium (Cd; 

sg. 8.69), copper (Cu; sg. 8.96), lead (Pb; sg. 11.34), mercury (Hg; sg. 13.6 at 20°C), nickel (Ni; sg. 

8.9), selenium (Se; sg. 4.81), silver (Ag; sg. 10.5), zinc (Zn; sg. 7.14), and thallium (Tl; sg. 11.86) and  

(b) a  non-toxic,   or not-legally toxic heavy metal: molybdenum (Mo; sg. 10.22). 

1.3.2.6   Characterization and Treatment of Metal Ore Not Elsewhere 

Classified (Titanium) Subcategory Wastewater

This group of metal ores was considered on a metal-by-metal basis because of the wide diversity 

of mineralogies, processes of extraction, etc. Most of the metal ores in this group do not have high 

production figures and represent relatively few operations. For this entire group, ore mineralogies 

and type of process formed the basis of subcategorization. The metal ores examined under this 

category are ores of antimony, beryllium, platinum, tin, titanium, rare earths (including monazite), 

and zirconium. 

This section only reports the wastewater treatment case history of titanium mining mill 9905. 

Table 1.10 documents the case study results of mill 9905 [3]. A simple settling pond system with a 

flowrate of 2,650 m3/day (0.701 MGD) was the mill’s wastewater treatment plant (WWTP). Most of 

the WWTP-treated effluent was discharged to a surface receiving water, and some treated effluent 

was recycled to the mill for reuse. 

The water quality data of both the raw mine wastewater and the treated mine effluent are reported 

in Table 1.10. It appears that the settling pond effluent quality met all the USEPA effluent limitations 

(shown in Table 1.3) without exception. 

TABLE 1.10

Wastewater Characterization and Treatability Investigation at Titanium  

Mine/Mill 9905

Plant Wastewater Characterization

Pollutant

Mine Pit Effluent

Raw Mill Water

Treated Mill Water to Recycle

Classical Pollutants, mg/L

pH, pH units

8.0

7.5

7.6

TSS

<1

58,000

<1

VSS

<1

<1

<1

COD

2

47

4

TOC

8

3

5

Toxic Pollutants, μg/L

Antimony

BDL

200

BDL

Arsenic

BDL

<10

BDL

Beryllium

BDL

BDL

BDL

Cadmium

<5

<5

<5

Chromium

BDL

740

BDL

( Continued)
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TABLE 1.10 ( Continued)

Wastewater Characterization and Treatability Investigation at Titanium  

Mine/Mill 9905

Plant Wastewater Characterization

Pollutant

Mine Pit Effluent

Raw Mill Water

Treated Mill Water to Recycle

Copper

20

880

100

Lead

BDL

50

BDL

Mercury

BDL

BDL

BDL

Nickel

BDL

630

40

Selenium

<5

15

<5

Silver

BDL

BDL

BDL

Thallium

BDL

BDL

BDL

Zing

20

3,500

20

Asbestos, fibers/L

1.9 × 106

7.1 × 109

1.5 × 108

Total crysolite

1.4 × 105

1.1 × 109

1.3 × 106

Total cyanides

BDL

BDL

BDL

Total phenols

30

10

10

Bis(2-ethylhexyl) phthalate

12

ND

7.4

Di-n-butyl phthalate

6.3

ND

ND

Chloroform

ND

ND

1.1

Methylene chloride

ND

ND

8

Toluene

ND

ND

0.44

Ethylbenzene

ND

7.2

ND

 Sour ce:  USEPA [3]. 

Analytic methods = V.7.3.23, data set 1. 

ND, not detected; BDL, below detection limit. 

It is noted from Tables 1.3 and 1.10 that the toxic heavy metal pollutants monitored and regulated by the USEPA were the following: (a) 13 most common “toxic environmental heavy metals (or trace 

 elements)” were monitored: antimony (Sb; sg. 6.68), beryllium (Be; sg. 1.85), arsenic (As; sg. 5.7 at 

14°C), chromium (Cr; sg. 7.16), cadmium (Cd; sg. 8.69), copper (Cu; sg. 8.96), lead (Pb; sg. 11.34), 

mercury (Hg; sg. 13.6 at 20°C), nickel (Ni; sg. 8.9), selenium (Se; sg. 4.81), silver (Ag; sg. 10.5), zinc 

(Zn; sg. 7.14), and thallium (Tl; sg. 11.86) and (b) a  non-toxic heavy metal was not monitored but 

was regulated: iron (Fe; sg. 7.87). It is recommended that all government-regulated water quality 

parameters, regardless of their toxicity, must be included in monitoring and analysis. 

1.4   TERMINOLOGIES OF METALS ON EARTH, HEAVY 

METALS, ORE MINING, AND DRESSING [1–16]

Amalgamation process: It is one of the leaching processes in the ore mining industry. In the amal-

gamation process, mercury is alloyed with some other metal to produce an amalgam. The process 

is applicable to free milling precious metal ores, which are those in which the gold is free, relatively 

coarse, and has clean surfaces. Lode or placer gold/silver that is partly or completely filmed with 

iron oxides, greases, tellurium, or sulfide minerals cannot be effectively amalgamated. Hence, prior 

to amalgamation, auriferous ore is typically washed and ground to remove any films on the pre-

cious metal particles. Although the amalgamation process has, in the past, been extensively used for 

the extraction of gold and silver from pulverized ores, it has, due to environmental considerations, 

largely been superseded, in recent years, by the cyanidation process. 

Metals and Trace Elements on Earth

35

Base metals: (a) Base metals are metals that are not considered precious. Unlike precious metals 

(such as gold or silver), base metals are readily available, relatively inexpensive, and tend to tarnish, 

oxidize, or corrode more easily when exposed to air or moisture. Common examples of base met-

als include copper, lead, tin, aluminum, nickel, and zinc; alloys of these elemental metals, such as 

brass and bronze, are also considered base metals. (b) There are at least three definitions of base 

metals: (b1) A base metal can be a common metal (element or alloy) with low value, not used as a 

basis for currency. Examples include bronze and lead; (b2) it can be the primary metal in an alloy. 

For instance, iron is the base metal in steel; (b3) it can also refer to a metal or alloy to which a plat-

ing or coating is applied. For example, steel or iron serves as the base for galvanized steel. Again, 

in the context of plated metal products, the base metal underlies the plating metal. For instance, 

copper underlies silver in Sheffield plate; (c) when industrial and economic significance in mining 

and economics is considered, base metals refer to industrial non-ferrous metals (excluding precious 

metals), such as copper, lead, nickel, and zinc. (d) The US Customs and Border Protection Agency 

has an inclusive definition, which includes metals like iron, aluminum, tin, tungsten, and several 

other transition metals as base metals. 

Battery metals: They play a crucial role in powering various devices, especially electric vehicles 

(EVs) and portable electronics. These battery metals are essential for achieving high-performance, 

long-lasting energy storage solutions. As the demand for EVs and renewable energy grows, research 

continues to improve battery technology and reduce reliance on scarce or environmentally sensitive 

metals. There are five important battery metals: (a) lithium (Li): (a1) lithium-ion batteries are widely 

used in consumer electronics, EVs, and renewable energy storage systems; (a2) lithium is the pri-

mary component of the battery’s anode (negative electrode); (a3) these batteries use lithiated metal 

oxides (such as cobalt, manganese, and nickel) as the cathode material; (a4) lithium-ion batteries 

are rechargeable and offer high energy density; and (a5) lithium metal batteries (non-rechargeable) 

also exist, but they use metallic lithium as the anode material; (b) cobalt (Co): (b1) cobalt is a criti-

cal component in lithium-ion batteries; (b2) it is part of the cathode material (usually lithium cobalt 

oxide or other cobalt-containing compounds); (b3) cobalt enhances battery stability and capacity; 

and (b4) however, due to ethical and environmental concerns related to cobalt mining, research-

ers are exploring alternatives; (c) nickel (Ni): (c1) Nickel is another essential cathode material in 

lithium-ion batteries; (c2) different nickel-based compounds (such as nickel-cobalt-manganese 

or nickel-cobalt-aluminum) are used; (c3) high-nickel cathodes improve energy density but may 

impact battery lifespan; and (c4) researchers are working on nickel-rich cathodes to balance perfor-

mance and durability; (d) graphite: (d1) graphite serves as the anode material in lithium-ion batter-

ies; (d2) it stores lithium ions during charging and releases them during discharge; and (d3) natural 

or synthetic graphite is commonly used due to its stability and conductivity; (e) manganese (Mn): 

(e1) manganese is part of some cathode materials (e.g., lithium manganese oxide); (e2) it provides 

stability and safety to the battery; and (e3) manganese-based batteries are less expensive but have 

lower energy density. 

Critical metals: Researchers have delved into the fascinating world of critical metals and their 

research trends in recent years because they are essential metals for various applications, including 

renewable energy, electronics, and transportation. Critical metals include precious metals (such as 

gold, silver, platinum, and palladium), transition metals (such as iron, cobalt, nickel, and lithium), 

and rare earth metals (such as lanthanum, yttrium, and neodymium). 

Critical metals identified by the US government: The US government has identified a list of 

critical minerals that are essential for the US economy and national security. These minerals are cru-

cial for various industries, including technology, defense, and renewable energy. The list is dynamic 

and subject to updates based on supply, demand, and policy priorities. The United States aims to 

reduce dependence on foreign sources for critical metals and recognizes their strategic importance. 

Here, ten critical metals are currently identified by the US government: (a) lithium (Li): lithium is 

a key component in lithium-ion batteries used in EVs, portable electronics, and renewable energy 

storage systems, and it plays a critical role in advancing clean energy technologies; (b) cobalt (Co):  
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cobalt is essential for lithium-ion batteries, particularly in the cathode material, although ethical 

and environmental concerns related to cobalt mining have led to research on alternatives; (c) nickel 

(Ni): nickel is another vital cathode material in lithium-ion batteries, and researchers are explor-

ing nickel-rich cathodes to balance performance and durability; (d) graphite: graphite serves as the 

important anode material in lithium-ion batteries because it stores lithium ions during charging 

and releases them during discharge; (e) rare earth elements (REEs): REEs include elements like 

neodymium, dysprosium, and terbium and are crucial for magnets, electronics, and defense applica-

tions; (f) platinum group elements (PGEs): PGEs, including platinum, palladium, and iridium, are 

essential for catalytic converters, electronics, and fuel cells; (g) aluminum (Al): aluminum is vital 

for aerospace, transportation, and infrastructure, and it contributes to lightweight materials and 

energy efficiency; (h) silicon (Si): silicon is used in semiconductors, solar panels, and electronics 

and is critical for technological advancement; (i) gallium (Ga): gallium is essential for semiconduc-

tors, LEDs, and photovoltaic cells because it enhances electronic performance; and (j) magnesium 

(Mg): magnesium alloys are used in aerospace, automotive, and defense applications due to its 

lightweight and strong characteristics. 

Cyanidation process: It is one of the leaching processes in the ore mining industry. In the cyani-

dation process, gold and/or silver are extracted from finely crushed ores, concentrates, tailings, and 

low-grade minerun rock in dilute, weakly alkaline solutions of potassium or sodium cyanide. The 

gold is dissolved by the solution and subsequently absorbed into activated carbon (“carbon-in-pulp” 

process) or precipitated with metallic zinc. The gold particles are recovered by filtering, and the 

filtrate is returned to the leaching operation. 

Essential metals: Some heavy metals (such as iron, zinc, copper, and manganese) are essential 

metals to the human health at low concentrations, but they become toxic heavy metals at higher 

concentration levels. 

Flotation: (a) It is a physicochemical process involving the use of gas bubbles for floating the 

targeted substance to the water surface; (b) if a collector, such as surfactant, is used to produce 

froth or foam for enhancement of flotation action, the process is called “froth flotation”; and (c) if 

gas bubbles are generated by “pressurization followed by de-pressurization”, the flotation process is 

called “dissolved air flotation” (DAF). 

Gangue: In ore mining operation, most ores contain valuable metals, whose recovery is sought, 

disseminated in a matrix of less valuable rock called gangue. The opposite of “gangue” is “value”. 

Gravity concentration processes: The processes utilize the differences in density to separate 

valuable ore minerals (values) from gangue. Several techniques (e.g., jigging, tabling, spirals, and 

sink/float separation) are used to achieve the separation. Each is effective over a somewhat limited 

range of particle sizes, the upper bound of which is set by the size of the apparatus and the need 

to transport ore within it, and the lower bound by the point at which viscosity forces predominate 

over gravity and render the separation ineffective. Selection of a particular gravity-based process 

for a given ore will be strongly influenced by the size to which the ore must be crushed or ground to 

separate values from gangue, as well as by the density difference and other factors. 

Heavy metals (non-toxic, or not-legally toxic environmental metals and metalloids): The US 

federal regulations have established effluent limitations for controlling the following “environmen-

 tal metals or trace elements”: molybdenum (Mo; sg. 10.22), aluminum (Al; sg. 2.7), barium (Ba; 

sg. 3.59), calcium (Ca; sg. 1.55), magnesium (Mg; sg. 1.74), iron (Fe; sg. 7.87), manganese (Mn; sg. 

7.4), potassium (K; sg. 0.89), sodium (Na; sg. 0.97), strontium (Sr; sg. 2.64), tellurium (Te; sg. 6.24), 

titanium (Ti; sg. 4.51), vanadium (V; sg. 6.11), radium (Ra; sg. 5), thorium (Th; sg. 11.7), uranium 

(U; sg. 19.2), cobalt (Co; sg. 8.85), etc. 

Heavy metals (toxic environmental heavy metals or trace elements): (a) The US federal regu-

lations have established standards for controlling the following 13 most common “toxic environ-

 mental heavy metals (or trace elements)”: antimony (Sb; sg. 6.68), beryllium (Be; sg. 1.85), arsenic 

(As; sg. 5.7 at 14°C), chromium (Cr; sg. 7.16), cadmium (Cd; sg. 8.69), copper (Cu; sg. 8.96), lead 

(Pb; sg. 11.34), mercury (Hg; sg. 13.6 at 20°C), nickel (Ni; sg. 8.9), selenium (Se; sg. 4.81), silver 
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(Ag; sg. 10.5), zinc (Zn; sg. 7.14), and thallium (Tl; sg. 11.86). It is noticed that arsenic (As; sg. 5.7 at 

14°C) is a metalloid that has the properties of both a metal and a nonmetal, although it is referred by 

the USEPA as a toxic heavy metal. Beryllium (Be; sg. 1.85) is a silver gray metal of very low den-

sity, moderately high melting point (1,287°C), and excellent stability in the atmosphere. Although 

beryllium density is about 30% less than that of aluminum, it is referred by the USEPA as one of 

the common 13 toxic heavy metals. Scientifically speaking, beryllium is a toxic trace element, not 

a toxic “heavy metal”; (b) it is a metallic element with a specific gravity greater than or equal to 4.5 

(sg. > = 4.5), such as cadmium (Cd), copper (Cu), lead (Pb), and zinc (Zn). (c) It is a metallic element 

or metalloid that has an atomic density more prominent than 4,500 kg/m3 (or 4.5 g/cm3). 

Heavy metals based on the density: The heavy metals are those metallic elements or metal-

loids having  atomic densities more prominent than 4.5 g/cm 3” (specific gravity > = 4.5), including 

arsenic (As; sg. 5.7 at 14°C), chromium (Cr; sg. 7.16), cadmium (Cd; sg. 8.69), copper (Cu; sg. 8.96), 

lead (Pb; sg. 11.34), mercury (Hg; sg. 13.6 at 20°C), molybdenum (Mo; sg. 10.22), nickel (Ni; sg. 

8.9), selenium (Se; sg. 4.81), zinc (Zn; sg. 7.14), cobalt (Co; sg. 8.85), tin (Sn; sg. 7.76), antimony (Sb; 

sg. 6.68), uranium (U; sg. 19.2), plutonium (Pu; sg. 19.8), radium (Ra; sg. 5), titanium (Ti; sg. 4.51), 

thallium (Tl; sg. 11.86), silver (Ag; sg. 10.5), gold (Au; sg. 19.3), platinum (Pt; sg. 21.45), iron (Fe; 

sg. 7.87), manganese (Mn; sg. 7.4), etc. 

Heavy metals, natural non-toxic: Iron (Fe; sg. 7.87), manganese (Mn; sg. 7.4), cobalt (Co; sg. 

8.85), molybdenum (Mo; sg. 10.22), etc. are everywhere in the environment, very heavy (specific 

gravity greater than 4.5), and non-toxic; therefore, they are “natural non-toxic heavy metals”. 

Heavy metals, precious metals: Silver (Ag; sg. 10.5), gold (Au; sg. 19.3), and platinum (Pt; sg. 

21.45) are p recious heavy metals because they are very expensive and very heavy, with a specific 

gravity well over 4.5. 

Heavy metals, radioactive: Uranium (U; sg. 19.2), plutonium (Pu; sg. 19.8), and radium (Ra; sg. 

5) are “radioactive heavy metals”. 

Ion exchange (IX): It is a physicochemical leaching process that is used in the ore mining indus-

try on pregnant leach solutions to concentrate values and to separate them from impurities. The ion 

exchange process involves the use of cation exchangers (i.e., cationic exchange resins) for harvesting 

valuable metals in cationic form or the use of anion exchangers (i.e., anionic exchange resins) for 

harvesting valuable metals in anionic form. The IX process can be either a continuous ion exchange 

column process or an ion exchange sequencing batch reactor (IX-SBR) process. 

Leaching processes: Ores can be leached by dissolving away either gangue or values in aque-

ous acids or bases, liquid metals, or other special solutions. The examples below illustrate various 

leaching possibilities, such as (a) water-soluble compounds of sodium, potassium, and boron can be 

mined, concentrated, and separated by leaching with water and recrystallizing the resulting brines; 

(b) vanadium and some other metals form anionic species that occur as insoluble ores. Roasting 

of such insoluble ores with sodium compounds converts the values to soluble sodium salts. After 

cooling, the water-soluble sodium salts are removed from the gangue by leaching in water; (c) ura-

nium ores are only mildly soluble in water, but they dissolve quickly in acid or alkaline solutions; 

(d) native, finely divided gold is soluble in mercury and can be extracted by amalgamation (i.e., 

leaching with a liquid metal). One process for nickel concentration involves the reduction of nickel 

using ferrosilicon at a high temperature and the extraction of the nickel metal into molten iron. 

This process, called skip-lading, is related to liquid metal leaching, and (e) certain solutions (e.g., 

potassium cyanide) dissolve specific metals (e.g., gold) or their compounds, and leaching with such 

solutions immediately concentrates the values. 

Metalloid: (a) A metalloid is a substance that has both properties of a metal and a nonmetal, 

such as arsenic (As; sg. 5.7 at 14°C), and (b) the USEPA considers arsenic being a toxic heavy metal. 

Mining of metals: As mined, most ores contain valuable metals, whose recovery is sought, and 

disseminated.  The  less valuable rock is called gangue. The purpose of ore beneficiation is the 

separation of the metal-bearing minerals from the gangue to yield a product that is higher in metal 

content. To accomplish this, the ore must generally be crushed and/or ground small enough for each 
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particle to contain either the mineral to be recovered or mostly gangue. Separation of the particles 

on the basis of some difference between the ore mineral and the gangue can then yield a concentrate 

high in metal value, as well as waste rock (tailings) containing very little metal. The separation is 

never perfect, and the degree of success attained is generally described by two parameters: (a) per-

cent recovery and (b) grade of the concentrate. Widely varying results are obtained in beneficiating 

different ores; recoveries may range from 60% or less to greater than 95%. Similarly, concentrates 

may contain less than 60% or more than 95% of the primary ore mineral. In general, for a given 

ore and process, concentrate grade and recovery are inversely related. (Higher recovery is achieved 

only by including more gangue, yielding a lower grade concentrate.)

Noble metals: Platinum, silver, and gold are called “noble metals” because they are unaffected 

by simple (nonoxidizing) acids. 

Ore beneficiation: The purpose of ore beneficiation is the separation of the metal-bearing min-

erals from the gangue to yield a product that is higher in metal content. To accomplish this, the ore 

must generally be crushed and/or ground small enough for each particle to contain either the min-

eral to be recovered or mostly gangue. Separation of the particles on the basis of some differences 

between the ore mineral and the gangue can then yield a concentrate high in metal value, as well 

as waste rock (tailings) containing very little metal. The separation is never perfect, and the degree 

of success attained is generally described by two parameters: (a) percent recovery and (b) grade of 

the concentrate. Widely varying results are obtained in beneficiating different ores; recoveries may 

range from 60% or less to greater than 95%. Similarly, concentrates may contain less than 60% 

or more than 95% of the primary ore mineral. In general, for a given ore and process, concentrate 

grade and recovery are inversely related. (Higher recovery is achieved only by including more 

gangue, yielding a lower-grade concentrate.)

Ore concentrate: Ores can be crushed and separated into two parts: (a) ore concentrate having 

high metal content and (b) waste rock (tailings) containing very little metal. 

Ore mining and dressing industry: The industry is identified as major group 10 in the Standard 

Industrial Classification (SIC) Manual, 1972. This industry category includes establishments 

engaged in mining ores for the production of metals and includes all ore dressing and beneficiating 

operations, whether performed at mills operating in conjunction with the mines served or at mills 

operated separately. These include mills that crush, grind, wash, dry, sinter, and leach ore or per-

form gravity separation or flotation operations. 

Ore mining and separation processes: Many ore and metal properties are used as the basis for 

separating valuable minerals from gangue, including specific gravity, conductivity, magnetic per-

meability, affinity for certain chemicals, solubility, and the tendency to form chemical complexes. 

The separation processes that are used for concentrating metals from leaching solutions and for 

separating them from dissolved contaminants are(a) gravity concentration or separation, (b) mag-

netic separation and beneficiation, (c) electrostatic separation and beneficiation, (d) flotation, and 

(e) leaching; (e1) amalgamation, (e2) cyanidation, (e3) solvent extraction, (e4) ion exchange, (e5) 

acid leaching; (e5) alkaline leaching; (e6) combined acid-alkaline leaching; (f) dredging and mine 

drainage. 

Precious metals: They are valuable and rare metallic metals that are highly sought after for 

their intrinsic worth, industrial applications, and use in jewelry and investment. There are four 

well-known precious metals: (a) gold (Au): (a1) gold is perhaps the most famous precious metal. It has 

been used as a form of currency, for jewelry, and as an investment for centuries; (a2) gold’s chemical 

symbol is Au, derived from the Latin word “aurum”; (a3) gold is resistant to corrosion, making it 

durable and long-lasting; (a4) investors often buy gold in the form of coins, bars, or exchange-traded 

funds (ETFs) as a hedge against inflation and economic instability; and (a5) gold provides real-time 

gold prices; (b) silver (Ag): (b1) silver is another widely recognized precious metal; (b2) its chemical 

symbol is Ag, derived from the Latin word “argentums;” (b3) silver has various industrial applica-

tions, including in electronics, photography, and solar panels; (b4) like gold, silver is also used for 
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jewelry and investment; and (b5) silver offers real-time silver prices; (c) platinum (Pt): (c1) platinum 

is rarer than gold and silver; (c2) its chemical symbol is Pt; (c3) platinum is known for its resistance 

to corrosion, high melting point, and strength; (c4) it is used in catalytic converters, jewelry, and 

investment; and (c5) platinum provides real-time platinum prices. Palladium (Pd): palladium is part 

of the platinum group metals; its chemical symbol is Pd; palladium is primarily used in catalytic 

converters for vehicles; and it is also used in electronics, dentistry, and jewelry and offers real-time 

palladium prices. 

Rare earth elements (REEs): They are also known as rare earth metals that include a group 

of 17 metallic elements. These elements include the 15 lanthanides (which appear on the periodic 

table) along with scandium and yttrium. The following are some key points about rare earth metals: 

(a) rare earth elements are relatively abundant in the Earth’s crust; (b) they are composed of the fol-

lowing: (b1) scandium (Sc); (b2) yttrium (Y); and (b3) lanthanides: These include cerium (Ce), pra-

seodymium (Pr), neodymium (Nd), promethium (Pm), samarium (Sm), europium (Eu), gadolinium 

(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium ™, ytterbium (Yb), and 

lutetium (Lu); (c) rare earth elements play a crucial role in many high-tech devices and technologies 

and are used in (c1) electronics, including smartphones, computers, and televisions; (c2) magnets: 

permanent magnets in electric motors and generators; (c3) catalysts: used in chemical processes; 

and (c4) glass and ceramics: for coloration and optical properties. 

Solvent extraction: Solvent extraction processes are used on pregnant leach solutions to concen-

trate values and to separate them from impurities using organic solvent based on the principle that 

polar organic molecules tend to exchange a mobile ion in their structure for an ion with a greater 

charge or a smaller ionic radius. 

Tailings, waste rocks: Ores can be crushed and separated into two parts: (a) ore concentrate 

having high metal content and (b) waste rock (tailings) containing very little metal. 

Transition metals: They are also known as transition elements that are a group of chemi-

cal elements that exhibit certain common characteristics, chemical behavior, and applications:  

(a) Transition metals have valence electrons in two shells (instead of just one), which allows them 

to form compounds in two or more oxidation states; (b) they are mostly metals, characterized by 

being hard, strong, and lustrous, with high melting and boiling points; (c) these elements are good 

conductors of heat and electricity; (d) some of the most common transition metals include titanium, 

iron, nickel, and copper; (e) they occupy the middle portions of the long periods in the periodic 

table, falling between the groups on the left-hand side and the groups on the right; (f) the transition 

metals are found in Groups 3 (IIIb) through 12 (IIb) of the periodic table; (g) many transition metals 

play crucial roles in various applications due to their unique properties and versatility in forming 

compounds with different oxidation states and are technologically important. For example, tita-

nium is used structurally, while iron, nickel, and copper find applications in electrical technology; 

(h) transition metals readily form alloys with each other and with other metallic elements; (i) most 

transition metals dissolve in mineral acids, although a few (such as platinum, silver, and gold) are 

called “noble” because they are unaffected by simple (nonoxidizing) acids; and (j) without excep-

tion, the elements of the main transition series (excluding the lanthanoids and actinoids) form stable 

compounds in two or more formal oxidation states. 

Values: The valuable ore minerals are called “values”. The opposite of “value” is “gangue”. 
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NOMENCLATURE

AMF: 

Arbuscular mycorrhizal fungi

As: Arsenic

B: Boron

c-Cyts: 

c-Type cytochrome complexes

Cd: Cadmium

CDF: 

Cation diffusion facilitator

Co: Cobalt

COD: 

Chemical oxygen demand

Cr: Chromium

Cs: Caesium

Cu: Copper

DMAIII: 

Dimethylarsinous acid

DNA: 

Deoxyribonucleic acid

EDTA: 

Ethylenediaminetetraacetic acid

EPS: 

Extra polymer substances

Fe: Iron

GEM: 

Genetically engineered microbes

Hg: Mercury

IUPAC: 

International Union of Pure and Applied Chemistry

Mg: Magnesium

MMAIII: 

Monomethylarsonous acid

Mn: Manganese

MSW: 

Municipal solid waste

MT: Metallothioneins

MWCNTs:  Multi-walled carbon nanotubes

NF: Nanofiltration

Ni: Nickel

Pb: Lead

PGP: 

Plant growth promoting

Se: Selenium

SPION: 

Superparamagnetic iron oxide nanoparticles

THM: 

Toxic heavy metals

TMAIII: Trimethylarsine
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USEPA: 

United State Environmental Protection Agency

WHO: 

World Health Organization

Zn: Zinc

2.1 INTRODUCTION

During the 20th century, the rapid increase in urbanization increased the demand for industrial 

development to meet human needs, resulting in the release of hazardous chemicals into the envi-

ronment, which in turn created a disturbance in the ecosystem. Heavy metals are toxic chemi-

cals that come into the environment through various anthropogenic activities like coal mining, 

metal processing electroplating industries, and agricultural practices, viz., fertilizer, pesticide, and 

herbicide usage [1,2]. Heavy metals are highly soluble in the aquatic ecosystem, and therefore, they can be easily assimilated by humans as a result of bioaccumulation and biomagnification in 

the aquatic food chain, even at low concentrations. Heavy metals like Zn, Fe, Se, Co, and Zn are 

required for human growth in traces, but within precise limits. In large amounts, they cause lethal 

effects on the human body. Heavy metals such as Pb, Cr, Hg, Cd, As, and Ni are listed as the most 

prevalent metals in wastewater, which are potentially hazardous to the environment. According to 

USEPA [3] and WHO [4], the presence of heavy metals in the water system above the permissible limits can cause serious health problems such as genetic defects, failure of internal organs like kid-

ney, liver, and heart, nervous system damage, growth inhibition, and in extreme conditions lead to 

death (Table 2.1). Additionally, metals can affect cellular components and organelles by inducing 

TABLE 2.1

Heavy Metal-Associated Human Health Hazard

Heavy Metals 

Sources

Health Effects

Lead [Pb]

Natural windblown dust particles, volcanic eruption, 

Hypertension, mental retardation, IQ loss, 

0.01 mg/L

manure, fertilizers, pesticides, herbicides, mining, 

and kidney failure, lead to cancer, slow 

battery production, sewage sludge. 

growth, and development in children. 

Nickel [Ni]

Volcanic eruption, phosphate fertilizers, pigments, 

Headaches, dermatitis, lung fibrosis, 

0.02 mg/L

electroplating, mining, surgical instrument waste, 

respiratory cancer, cardiovascular 

biosolids, and automobile industries. 

diseases, and lung cancer. 

Chromium [Cr]

Leather tanning, chrome plating, coal combustion, 

Cancerous to all organs, kidney stones, liver 

0.05 mg/L

textile manufacturing, paper and pulp industries. 

failure, DNA damage, stomach ulcers, 

irregular bowels, and skin irritation. 

Arsenic [As]

Natural aerosols, emissions from the Earth’s crust, 

Chronic arsenic poisoning, hyperkeratosis, 

0.01–0.05 mg/L

pesticides, dyes, smelting, mining, tobacco smoking, 

skin lesions, skin cancer, failure of lungs, 

tanning, wood preservatives, and ammunition. 

and bladder. 

Cobalt [Co]

Rock weathering, metal processing, mining, glass, 

Lung damage such as wheezing, asthma, 

0.05 mg/L

paints, ceramics, tools cutting and grinding. 

pneumonia problems, visual and hearing 

impairment, and endocrine dysfunction. 

Cadmium [Cd]

Volcanic, erosion, weathering, mining, coal 

Kidney dysfunction, osteomalacia, acute 

0.003 mg/L

combustion, non-ferrous metal refining, fertilizers, 

pneumonitis, lung cancer. 

pesticides, and sewage sludge. 

Mercury [Hg]

Gold mines, fossil fuel combustion, aerosols, cosmetic 

Failure of digestive and immune systems, 

0.001 mg/L

products, and pharmaceutical waste. 

kidney toxicity, memory loss, and skin 

diseases. 

Copper [Cu]

Volcanic, rock weathering, sewage sludge, animal 

Affects the central nervous system, 

0.02 mg/L

manure, catalyst, fertilizers, pesticides, electroplating 

gastrointestinal distress, hepatitis, 

industries, metal refining, dyes, and pigments. 

Hodgkin lymphoma, and kidney damage. 
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oxidative stress under DNA damage conditions. Due to their cytotoxic, genotoxic, and carcinogenic 

effects, their presence in the environment poses a serious threat to public health. 

Nowadays, heavy metals have become a serious problem due to their long persistence in the 

environment because of their inorganic and non-biodegradable nature. Under these circumstances, 

various government agencies and researchers are working on cleanup technologies to remediate the 

heavy metals from water resources. Several traditional technologies such as chemical oxidation/ 

precipitation, ion exchange, and membrane filtration/osmosis have been developed to eradicate 

heavy metals from the polluted environment [5,6]. Among all, precipitation is the most simple and cost-effective method for heavy metal removal, but the generation of low-density sludge as a 

secondary pollutant can cause difficulties in cleanup in a large polluted area. Ion-exchange resin 

techniques have high removal capacity with a fast mechanism. However, most of the ion-exchange 

techniques are costly and contaminant specific which limits their application. Membrane filtration 

is an expensive method and gives no guarantee for the effective removal of heavy metals from the 

environment with concentrations less than 100 mg/L [7]. Therefore, traditional methods for heavy metal removal have many limitations, including high cost, high energy demand, secondary pollu-

tion, space requirements, and not being eco-friendly. 

On the other hand, bioremediation is a cost-effective and environmentally friendly holistic 

approach to the remediation and detoxification of heavy metal pollution from the environment. 

This approach includes the use of natural and recombinant microorganisms or their products to 

eradicate metal pollution. It relies on the reduction, detoxification, and degradation of toxic met-

als through intracellular sequestration or via an enzymatic modification to less toxic compounds. 

Bioremediation technologies based on microorganisms have attracted researchers’ attention because 

of their high efficiency, eco-friendliness, and low energy demand even at low metal concentrations. 

Many microorganisms, naturally or genetically modified by scientists, have been reported to pos-

sess the ability to reduce or transform various toxic metals into a less poisonous form. Under heavy 

metal stress conditions, microorganisms cannot only develop resistance mechanisms to survive but 

also flourish under them. The survival of the microorganisms under the stress conditions at contam-

ination sites can be doubtful, but the resistant microbes can be well acclimatized and have a better 

survival and growth rate. Owing to these abilities, they have been effectively used as a remediation 

approach for heavy metal removal and recovery. Therefore, here in this chapter, we have focused 

on discussing the bioremediation-based strategies to treat heavy metal pollution in effluent water, 

industrial discharge, and water channels. 

2.2  SOURCES OF HEAVY METAL POLLUTION

Heavy metals enter the ecosystem via natural or anthropogenic activities and are recycled into the 

environment through geochemical cycling to balance their level. An upsurge of anthropogenic 

activities has disturbed the ecosystem by releasing heavy metals into the environment. The natural 

sources include the weathering of rocks, volcanic eruptions, degassing of the Earth’s crust, and 

forest fires. Anthropogenic sources comprise the rapid industrialization and urbanization of the 

human world. 

2.2.1  natural sourCes

Heavy metals occur naturally in soil by the weathering of metal-bearing rocks through pedogenic 

processes [8]. They are present in insoluble forms like mineral salts, limestone, dolomite, and other complex forms that are not easily available for uptake by plants. Elements like Ni, Pb, and Hg 

are deposited in aquifer systems from wet or dry atmospheric salts that are formed from volcanic 

eruptions, forest fires, wind-borne particles, metal corrosion, and evaporation [9–11]. Apart from this, minor elements like Co, Fe, and Cd are found in the Earth’s crust along with other minerals 

and rock salts. Emissions of these metals also occur during the degassing of the Earth’s crust [12]. 
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Volatile elements like As, Hg, Se, and Sb are present in the atmosphere in gaseous and aerosol 

forms. Although these metals can be found in trace amounts, they still cause a serious public 

health threat to humans and animals [13]. 

2.2.2  anthroPogeniC sourCes

The rapid growth of urbanization and industrialization contributes to an increase in anthropogenic 

activities. These anthropogenic activities include metal processing, coating, battery production, 

mining, leather tanning, pesticides, fertilizers, coal combustion, smelting, corrosion, pigments, 

dyes, photographic materials, sewage disposal, electroplating industries, and industrial effluent. In 

particular, the discharge of untreated wastewater effluent into surface and groundwater is respon-

sible for the release of heavy metals into the environment. 

2.2.2.1 Industrial

Various types of industries like metallurgy, mining, smelting, leather tanning, metal refining, tex-

tile manufacturing, and pulp and paper processing are the major sources of heavy metal contami-

nation [14]. Long-term mining activities have a negative impact on the environment by disturbing the ecosystem or biodiversity through metal emissions, soil erosion, and the deterioration of water 

quality. These activities produce a large number of waste dump piles, often left untreated. Like in 

gold mines, Hg is heavily used, which is a major contributor to environmental pollution. Similarly, 

in coal mines, As, Se, Cd, and Cu are the chief sources of metal pollution [15]. Various metal ore processing industries release toxic metals into the environment like Fe, Zn, Pb, Cu, B, Cd, 

and Cs, which contaminate the soils and water bodies through transport. Some industries like 

petroleum, thermal power plants, and nuclear power stations emit the metals Pb, Hg, and As into 

the atmospheric air. The other main sources of metal contamination are paint, textile, paper, and 

pulp industries, with the release of various metals like chromium during leather tanning and As, 

Co, or Cu from paper manufacturing [16, 17]. Protective anti-wear for cars emits Pb, Cd, Ni, Hg, Cr, and Zn, especially in ineffective engines. Gasoline-containing combustion emits lead into the 

atmosphere, and municipal solid waste (MSW) incinerators generate a considerable amount of Zn, 

Pb, Sn, Fe, and Cu. 

2.2.2.2 Agricultural

In the agricultural sector, the continuous supply of pesticides, fertilizers, herbicides, animal bio-

solids, and manure is the most common source of contamination transported to water bodies by 

infiltration. The nature and pattern of the accumulation of toxic heavy metals vary from soil to 

plants. Phosphoric fertilizers generally contain a large amount of toxic metals like zinc (Zn), 

copper (Cu), lead (Pb), and cadmium (Cd), whereas potash and nitrogen fertilizers contain fewer 

amounts of heavy metals. As metal-based pesticides are no longer in use, earlier applications of 

non-regulated pesticides have led to an increased accumulation of heavy metals in various envi-

ronmental matrices. Recently, in the United Kingdom, 10% of chemicals have been legalized in the 

form of fungicides and insecticides containing mercury, copper, lead, zinc, and manganese. These 

pesticides are copper-containing fungicide sprayers, such as copper oxide chloride and copper 

sulfate (Bordeaux blend). Bioaccumulation of heavy metals in plants is a major concern, as they 

deposit in their tissues at high concentrations and can be consumed by animals or humans [18,19]. 

The application of animal manure and biosolids like sewage sludge and compost to soil also con-

tributes to the addition of metals to the environment. High concentrations of large heavy metals are 

reached in agricultural soils through the repeated use of phosphate fertilizers. It is estimated that 

in the United States, more than half of the 5.6 million tons of sewage sludge is applied each year to 

land intended for agricultural use [19]. Therefore, the concentration of metals in agricultural soil 

depends on soil conditions and the rate of application of inorganic pesticides, fertilizers, sewage 

sludge, and/or wastewater. 
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2.2.2.3 Domestic

Heavy metals occur at high concentrations in sewage and are not degraded during wastewater treat-

ment processes. Sewage sludge is regarded as the most important source of elevated metal con-

centrations in rivers, lakes, and pond water. Wastewater used for irrigation to increase the organic 

content of the soil contains a large number of heavy metals, which lead to contamination of agricul-

tural land and vegetables. Apart from this, the poor management of water resources in rural areas 

also contributes to heavy metal contamination. 

2.2.3  misCellaneous sourCes

Other sources of heavy metal pollution include wastes from atmospheric deposition, incineration, 

industrial releases, emissions from transportation or traffic, and open dumping. 

2.3  MICROBES-ASSISTED BIOREMEDIATION STRATEGIES

Continuous contamination of the environment with heavy metals is a persistent problem in many 

countries and has emerged as a serious threat to humans. Therefore, a demand for innovative tech-

nologies to eradicate pollutants has arisen. Microbial bioremediation is an innovative, eco-friendly, 

and optimistic impetus to address the adverse impact of heavy metal pollution and have the capac-

ity to degrade metals from the environment. The degradation capacity of microbes for a particular 

pollutant depends on their metabolic activities, through which they transform or reduce the toxic 

contaminant to a less toxic form. Among these, microorganisms such as bacteria, fungi, and algae 

are most widely used in the bioremediation process (Table 2.2). 

TABLE 2.2

Metal Bioremediation Potential of Microorganisms

Microorganisms 

Contaminant [s]

Mechanism

Remarks

References

Bacteria

 Lactobacillus 

Pb

Biosorption

The maximum Pb biosorption 

[22]

 paracasei

capacity was recorded at 85.7% 

at low pH. 

 Bacillus

Ni, Cu, and Cd

Biosorption

The biosorption capacity was 

[23]

 thuringiensisOSM29

recorded highest for Ni (94%), 

followed by Cu (918%) and Cd 

(87%). 

 Citrobacter

Al, Pb, Zn, Cd, 

Biosurfactant 

The maximum removal was 

[24]

 freundii 

Fe, Cu, and Mn

production

recorded for Al (80%) and lowest 

MG812314.1

for Mn (41%) and in order of 

Al>Pb>Zn>Cd>Fe> Cu>Mn. 

 Enterobacter

Pb, Cd, and Ni

Bioaccumulation 

The maximum bioaccumulation 

[25]

 cloacae  B1

efficiency for Pb, Cd, and Ni 

was recorded at 95.2%, 64.1%, 

and 36.7%, respectively. 

 Micrococcus

Pb and Cu

Biosorption

The biosorption yield of Pb and 

[26]

 luteus DE2008

Cu was observed at 36% and 

25.4%, respectively. 

Ochrobactrum 

Cu

Biosorption

The maximum biosorption 

[27]

MT180101

capacity of Cu was recorded up 

to 90% in industrial effluent. 
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TABLE 2.2 ( Continued)

Metal Bioremediation Potential of Microorganisms

Microorganisms 

Contaminant [s]

Mechanism

Remarks

References

 Pseudomonas 

Pb

EPS adsorption

The maximum removal capacity 

[28]

 aeruginosa

of Pb was recorded with the live 

 Pseudomonas 

biomass of  P. aeruginosa 

 nitroreducens

(83.4%)  and P. nitroreducens 

(85.3%). 

 Stenotrophomonas 

Cr 

Metal 

The maximum reduction of 

[29]

 acidaminiphila 4-1

transformation

Cr(VI) to Cr(III) was observed 

after 7d incubation with a 

removal capacity of 75.7%. 

Fungi

 Aspergillus flavus 

Cr and Cd

Biosorption 

The removal capacity for Cr was 

[32]

FS4

recorded as more than 70% with 

 Aspergillus 

 Aspergillus  strains FS4 and FS6. 

fumigatus FS6

The Cd resistant strain FS9 

 Aspergillus 

showed removal of up to 74%. 

fumigatus FS9

 Phanerochaete 

Cr 

Biosorption and 

The maximum reduction of 

[33]

 chrysosporium

metal reduction

Cr(VI) was observed after 72h 

with 99.7% removal. 

 Penicillium 

U

Biosorption

The maximum U biosorption 

[34]

 piscarium

capacity shown by  P. piscarium 

dead biomass was 93.2%–97.5% 

and 38%–92% at pH 3.5 and 5.5, 

respectively. 

 Fusarium solani 

Pb, Cu, Co, Fe, 

Metal reduction 

The highest removal efficiency 

[35]

YMM20

Ni, and Cd

was recorded for Pb (up to 90%) 

and the lowest for Co (up to 

10%) with nanoparticle 

synthesis. 

 Saccharomyces 

Cd

Biosorption 

The maximum Cd adsorption was 

[36]

 cerevisiae

observed up to 70% in milk 

samples. 

Algae

 Chlorella vulgaris

Cr

Biotransformation 

The efficient removal of Cr 

[41]

(100%) in tannery wastewater 

was observed after 12d 

incubation. 

 Chlamydomonas 

Pb and Cd

EPS accumulation

The removal rate for Pb 

[42]

 reinhardtii

(64.4%–78.2%) was higher than 

that of Cd (50.6%–59.3%). 

 Scenedesmus 

Cu, Zn, and Ni

Immobilization

The maximum adsorption 

[43]

 quadricauda

capacity of immobilized algae 

observed for Cu, Zn, and Ni was 

75.6, 55.2, and 30.4 mg/g, 

respectively. 

 Desmodesmus 

Zn 

Biosorption

The maximum removal of Zn was 

[44]

 pleiomorphus

recorded at 91.7% by algal 

biomass after 7d incubation. 
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2.3.1  BaCteria

Bacteria are the most ubiquitous microorganisms on the Earth and are also able to survive in 

harsh environmental conditions. Because of their small size, shape, and high reproduction rate, 

they can easily be cultivated, which makes them a perfect bioremediation agent. For large-scale 

industrial wastewater treatment, bacteria can predominately be used to degrade metals without any 

production of secondary waste. Bacteria can eliminate metal toxicity through a reduction in metal 

concentration through specific efflux systems, alteration in the metabolic pathways, enzymatic 

degradation or reduction, and intracellular or extracellular sequestration of metal ions. In the outer 

membrane, they contain c-type cytochrome complexes (c-Cyts) and porin-cytochrome proteins 

that contribute to the metal-reduction processes. Liu et  al. [20] observed that c-Cyts produced by   Shewanella oneidensis MR-1 play an important role in enhancing the transfer of electrons 

to Cr(VI) during the metal-reduction process. Bacteria are considered as potential biosorption 

agents due to the presence of negatively charged functional groups like hydroxyl, sulfate, phos-

phoryl, and carboxyl on the cell surface, which bind to the metal ions and help them to be eradi-

cated from the surrounding environment. Microbial methylation also plays a significant role in 

metal bioremediation because of the volatilized properties of the methylated compounds. De et al. 

[21] biomethylated Hg (II) with different bacterial isolates such as  Alcaligenes faecalis,  Bacillus pumilus,   Brevibacterium iodinum, and  Pseudomonas aeruginosa to detoxify the metal through volatilization. 

Several bacterial species have been reported that could remediate metal ions such as 

 Lacticaseibacillus paracasei [22],   Bacillus thuringiensis OSM29 [23],     Citrobacter freundii MG812314.1 [24],  Enterobacter cloacae  B1 [25], Micrococcus luteus DE2008 [26], Ochrobactrum 

MT180101 [27],  Pseudomonas spp. [28], and  Stenotrophomonas acidaminiphila 4-1 [29]. Recently, 

researchers found that a mixture of different bacterial strains shows a greater bioremediation poten-

tial as compared to a single strain [30]. For chromium removal, it was reported that the survival 

and adaptability of bacteria were found to be better when they were present in mixed culture, espe-

cially in highly contaminated areas in the presence of other pollutants [31]. Certain bacteria secrete 

metabolite products such as siderophores, biosurfactants, organic acids, and polymeric compounds 

that help to eradicate the metals from the contaminated site. In addition, bacteria contain specific 

genes located in their plasmids and transposons, which encode heavy metal-resistant proteins and 

transporters. 

2.3.2  fungi

Fungi are abundant eukaryotic microorganisms with great versatility and a high degree of adapt-

ability in extreme environmental conditions. The term “mycoremediation” was first used by Paul 

Stamets, who employed fungi and their derivatives for the removal of toxic pollutants from the 

environment. In recent years, filamentous fungi have gained a lot of interest as an innovative, 

eco-friendly, and reliable technology for the remediation of heavy metals from industries, includ-

ing textile, electroplating, mining, and dyeing. They can be grown in a highly metal- contaminated 

environment and detoxify the metal ions by various processes, viz., adsorption, bioaccumulation, 

biosorption, and biotransformation. Fungi cell walls contain a high cell surface with excellent 

metal chelating and sequestration properties due to the presence of various functional groups, 

including sulfhydryl, carboxyl, hydroxyl, and amine phosphates. In the bioremediation process, 

fungi also act as a potential biocatalyst that adsorbs metal ions to its chitin-cellulosic complex 

cell wall through their mycelium and spores. In addition, fungi possess metal transporters, 

metal-reduction enzymes, metal-biosorbents, and anti-oxidative stress systems. The isolated fun-

gal genera such as  Aspergillus spp. [32],  Phanerochaete chrysosporium [33],  Penicillium pisca-

 rium [34],  Fusarium solani YMM20 [35],  Saccharomyces cerevisiae [36], and white-rot fungi have been widely used as bioremediation agents for the removal of heavy metals from contami-

nated sites. 
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2.3.3  algae

Algae, as a photosynthetic aquatic organism, have gained a lot of interest due to its great metal 

sequestration and adsorption capacity from the surrounding contaminant environment [37]. 

Bioremediation of pollutants through algal species, referred to as “phycoremediation”, has become 

an emerging technology for the remediation of heavy metals from industrial wastewater. Algae 

utilize various heavy metals like Ni2+, Zn2+, Fe2+, Mg2+, and Mn2+ as essential elements for their 

growth and development. Both living and dead cells of algae are used in the bioremediation process, 

but living cells remove a greater amount of heavy metals through bioaccumulation and biosorption 

mechanisms. Algal strains can also be used as biosensors for the biomonitoring of metal pollution 

in terms of the metal concentration accumulated by the biomass. The removal capacity of heavy 

metals depends on the specificity of the metal-algal interaction in the process. In many literature 

studies, brown algae are regarded as the most efficient biosorbents for metal ions due to the presence 

of a high content of alginate in their cell walls [38,39]. Alginate determines the presence of a greater number of functional groups at the algal surface to adsorb the metal ions. Nowadays, researchers 

integrate the algal-based heavy metal removal technique with lipid production processes to offer an 

economical technology with dual purposes. Yang et al. [40] successfully cultivated  Chlorella minu-

 tissima UTEX 2341 in the presence of heavy metals (Cu, Mn, Cd, and Zn) and increased 90% of the 

lipid production for energy generation. Over the last three decades, different algae have been widely 

used to treat wastewater globally. Several published reports suggest that algae such as  Chlorella 

 vulgaris [41],   Chlamydomonas reinhardtii [42],   Scenedesmus quadricauda [43],   and Desmodesmus pleiomorphus act as a potential candidate to remediate heavy metals [44]. 

2.4  PLANT-MICROBE-ASSISTED REMEDIATION

Heavy metals are non-biodegradable; unlike organic contaminants, they don’t degrade inside the 

plant, but they can transform from one oxidative form to another. Thus, microbe-based phytore-

mediation has emerged as a highly effective technology compared to plant-based remediation to 

ensure better performance and efficiency. These microorganisms are present in the soil and are 

also affected by metal contamination. However, with continuous exposure to these metals, they 

can develop specific mechanisms to tolerate heavy metal stress. Rhizospheric microbes, in par-

ticular bacteria, have plant growth-promoting (PGP) abilities and also protect the plant from heavy 

metal stress. This unique plant-rhizomicrobial association is referred to as “rhizoremediation”. 

These PGP bacteria (PGPB) alleviate the heavy metal stress by altering the metal bioavailabil-

ity in polluted soil, which triggers a rapid reduction in metal content. They improve plant growth 

and protect against metal toxicity through the production of various phytohormones, polymeric 

compounds, siderophores, organic acids, and enzymes, which help in enhancing the reclamation 

process. The heavy metal-resistant PGP bacteria predominantly used for remediation purposes are 

 Bacillus,  Pseudomonas,  Azospirillum,  Flavobacterium,  Klebsiella,  Micrococcus,  Acinetobacter, and  Arthrobacter [45]. However, several microorganisms from the symbiotic association with the plants are widely known for the remediation of metal from soil. The arbuscular mycorrhizal fungi 

(AMF) establish an intimate symbiotic association with 80–90% of host plants. They colonize 

and develop the thick mycelium around the roots of the host plant to sequester metal ions. Kullu 

et al. [46] evaluated the chromium toxicity in  Brachiaria mutica inoculated with Cr-resistant AMF 

 Rhizophagus irregularis in soil amended with different Cr concentrations. They found that AMF 

enhanced the tolerance capacity and phytoremediation efficiency of  Brachiaria mutica to Cr(VI). 

2.5  FACTORS AFFECTING THE BIOREMEDIATION PROCESS

Environmental factors such as pH, temperature, nutrient availability, bioavailability, and the con-

centration of heavy metals toward the microorganisms affected the efficiency of the bioremediation 

process. However, the interaction between microbes and metals is highly dependent on these fac-

tors, which limit their stability in the contaminated environment. 
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2.5.1  Ph

pH plays a crucial role in the bioremediation process by affecting the rate of microbial metabolism 

activities, which can further increase or decrease the removal efficiency. The pH affects the biosorp-

tion process by dissociating the functional groups present on the surface of microorganisms and 

affecting the adsorption capacity of metal ions. However, the pH ranges from 6.5 to 8.5 and is con-

sidered the optimum for efficient bioremediation potential, while it often varies from one microor-

ganism to another. Wang et al. [47] showed that the optimum pH range for most bacteria is 5.5–6.5, but there are few exceptions. For example,  Exiguobacterium sp.  enhanced the biosorption capacity 

of cadmium with an increase in pH up to 7 [48]. This may be due to the precipitation of certain met-

als during the biosorption process when pH increases above the optimum level. Moreover, pH also 

affects the solubility and mobility of metal ions in water. 

2.5.2  temPerature

Temperature is an important factor for the growth of microorganisms, and variation in temperature 

affects microbial physiology and metabolism during the bioremediation process. It also affects the 

rate of metal adsorption by affecting the growth and proliferation of microorganisms in the environ-

ment. For most microorganisms, the optimum range of temperature is 35°C–40°C, but in some ther-

mophiles such as  Sulfolobus,  Thiobacillus, and  Acidianus, it varies from 40°C to 60°C. During the biosorption process, it alters the structural composition of metal contaminants by affecting micro-

bial survival, growth, and metabolism at the contaminant sites [49]. Elevated temperature destroys microbial functions by denaturing the enzymes, thereby affecting the bioremediation process. With 

the increase in temperature, the solubility of heavy metals also increases, which enhances their bio-

availability. Jin et al.   [50] observed that the highest biosorption capacity of  Simplicillium chinense for lead and cadmium was reported at 30°C but was significantly reduced when the temperature 

rises above 40°C. The change in the temperature also increases or decreases the rate of remedia-

tion, as microbial cell metabolism is highly influenced by temperature. Rodriguez-Tirado et al.   [51] 

observed that the maximum biosorption capacity of cadmium by  Bacillus jeotgali was observed at 

35°C; however, for zinc, the optimum temperature is 30°C, and their results showed that the opti-

mum temperature for the same microorganism is varied for different heavy metals. 

2.5.3  metal ConCentration and BioavailaBility

Heavy metal concentration and bioavailability highly affect the bioremediation rate of microorgan-

isms. The bioavailability of metals is influenced by different physicochemical processes such as dif-

fusion, precipitation, dissolution, and sorption. Various chelating and biosurfactant agents such as 

siderophores, ethylenediaminetetraacetic acid (EDTA), polymeric substances, and organic acid pro-

duction enhance the bioavailability of heavy metals for biosorption [52]. However, with an increase in temperature, the solubility of heavy metals also increases, which enhances their bioavailability 

to microorganisms [53]. Recently, kinetic and isotherm models have been used for the evaluation of biosorbent characteristics by mathematical modeling in the biosorption process [54]. These models help in optimizing the different parameters that speed up the process, the time to reach equilibrium, 

and even determine the rate-limiting step of the process. Langmuir and Freundlich’s models are the 

most widely used isotherm models in the biosorption process till date [55,56]. 

2.5.4  nutrient availaBility

The nutrient availability of inorganic elements, such as carbon (C), nitrogen (N), and phosphorus 

(P), is the limiting factor for microbial growth and the bioremediation process. In colder regions, 

the supply of an appropriate amount of nutrients enhances microbial metabolism to increase bio-

remediation efficiency [57]. By optimizing the proper C:N:P ratio, the growth rate of microorgan-

isms increases with a decrease in the lag phase, which leads to high metabolism activity levels and 
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thereby increases the rate of metal degradation [58]. It has been reported that excessive increase or decrease in the amount of nutrients available affected the microorganism processes, which ulti-

mately hinders the bioremediation efficiency of heavy metal degradation [59]. 

2.6   STRATEGIES EMPLOYED BY MICROBES TO CARRY OUT  

BIOREMEDIATION

Microorganisms utilize the following strategies for performing bioremediation:

2.6.1  BiosorPtion

Based on a plethora of mechanisms like ion exchange, adsorption, absorption, precipitation, and 

surface complexation, biosorption is a metabolically independent as well as physiochemical proce-

dure. Biosorption processes are critical in both conventional and environmental biotreatment tech-

niques [60]. It is an interaction procedure which involves metal ions connecting with proteins and polysaccharides non-specifically onto the surface of the cell. Biosorption, as a part of biotechnol-

ogy, aims to remove or recover from solution, inorganic and organic materials by means of biologi-

cal substances that may comprise dead or alive microbes in addition to their constituents, seaweeds, 

plant materials, natural remains, and industrial or agricultural wastes. Bacteria show metal adsorp-

tion due to the presence of a peptidoglycan layer. Sorption is a word which includes both adsorption 

and absorption. The physical adhesion or binding of molecules and ions to some other molecule’s 

surface (to a 2D surface) is known as adsorption. Biosorption is a subtype of adsorption in which 

the sorbent is a biological matrix, according to several researchers [61]. Distinct characteristics are exhibited in gram-negative and gram-positive bacteria by the peptidoglycan layer. 

There are numerous peptidoglycan layers in gram-positive bacteria, including teichoic acid (which 

is uniquely found in gram-positive bacteria), meso-diaminopimelic acid, and amino acids (glutamate 

and alanine), whereas gram-negative bacteria only have one layer [62]. Glycoproteins, enzymes, phospholipids, and lipopolysaccharides make up this layer [63]. These compounds serve as ligands and provide metal-binding active sites [64]. Sources of carboxylic acid groups such as teichoic acid as well as various other acidic groups existing in the cell wall play a vital role in the uptake of met-

als  [65]. As a result, gram-negative bacteria adsorb less metal ions than gram-positive bacteria. 

Various nutrients present in cell walls such as complex carbohydrates, nucleic acids, proteins, and lip-

ids together make up the extra polymer substances (EPS). Extra polymer substances demonstrate the 

abundant metal-binding capability of complexing hazardous heavy metals as well as averting their 

entrance into the intracellular environments of the microorganisms. Hence, they safeguard microor-

ganisms against the toxicity exhibited by heavy metals. According to Sahmoune [66],  Streptomyces rimosus showed decent binding affinity for lead and iron. Furthermore,  Cronobacter muytjensii 

KSCAS2, which is a coral-associated solubilizing bacteria, can be employed in the biosorption of 

various heavy metals [67]. A purple non-sulfur bacterium,  Rhodobium marinum, was found to have an efficient removal capacity of 90%–97% for different heavy metals like Zn, Cd, and Cu from 

contaminated pond water by producing EPS [68]. EPS’s applicability as well as biological activity can be chemically altered by carboxymethylation, acetylation, phosphorylation, sulfonylation, and 

methylation [69]. In another study by Rahman et al. [70], it was concluded that  Staphylococcus homi-

 nis strain AMB-2, a lead-resistant bacterium, could carry out effective biosorption of cadmium and 

lead. Moreover, biofilms can exhibit metal adsorption. In a study by Shukla et al. [71], it was shown that biofilms produced by  Staphylococcus aureus may perform bioprecipitation of U(IV) and that 

the acid phosphatase supplementation helped with the remediation of U(IV). 

Fungi too have been extensively utilized for carrying out heavy metal adsorption in various 

scientific studies. The efficient metal-uptake capability exhibited by them has led them to be estab-

lished as potential biosorbents. The fungal surface is comprised of polysaccharides like mannans, 

chitins, glucans, proteins, and lipids. Mannan has groups such as carboxyls, amino acids, sulfates, 

and phosphates which are negatively charged. Numerous researchers have undertaken studies to 
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assess the metal-binding ability of fungi. Say et al. [72] found in their study that  P. chrysosporium’s mycelium, a filamentous fungus, was deemed to be potentially suitable as a biosorbent for lead, 

copper, and cadmium. It was additionally concluded that the kinetics and mechanism of biosorp-

tion were chiefly affected by the availability of particular metal species and pH. Yeast  S. cerevisiae,   

 Zygosaccharomyces rouxii, and  Rhizopus oryzae too have demonstrated the capability to eradicate hazardous metals from contaminated wastewater by the process of biosorption [73–75].  Penicillium aurantiogriseum  and  Alternaria alternata  were identified as potential biosorbents for the elimi-

nation of mercury and cadmium [76]. Manguilimotan and Bitacura [77] demonstrated that fungi tolerant to cadmium ( Aspergillus and  Penicillium) and having the capacity of biosorption can be isolated from areas assumed to be contaminated with Cd. Narolkar and Mishra [78] evaluated the chromium biosorption ability of fungal strains isolated from industrial effluent contaminated sites. 

Furthermore, photosynthetic organisms such as algae have been shown to be capable of heavy 

metal absorption. The algal cell wall comprises polymeric cell components (polysaccharides as 

well as peptides), polysaccharides like alginate and cellulose, lipids, functional groups like amino, 

carboxyl, phosphate, hydroxyl, sulfonate, thiol, imidazole, and organic proteins. Algae also embrace 

deprotonated sulfate, monomeric alcohols, and laminaran, which entice both negative and posi-

tive heavy metal ions [79]. The metal ion biosorption efficiency of several strains of microalgae like  C. vulgaris,  Sargassum sp.,  Oscillatoria sp., and  Spirulina platensis  was investigated [80–82]. 

A meta-analysis of heavy metal adsorption potential was conducted by Lin et al. [83] in several algae phyla, and it was discovered that  Phaeophyta had the utmost adsorption ability. It was also 

demonstrated that dead algae were found to be extra proficient in terms of the biosorption of heavy 

metals as compared to live algae. As a result, algae may be a promising candidate for heavy metal 

detoxification. 

2.6.2  BioaCCumulation

It is a metabolically active procedure that is reliant on an import-storage mechanism. Using trans-

porter proteins, the system moves ions of heavy metals into the intracellular areas or cytoplasm 

through the lipid bilayer. Metal-binding entities like peptides as well as protein ligands sequester 

metal ions, and the sequestered heavy metal ions can exist in insoluble, by-product, and particu-

late forms [63, 84].  Mechanisms of heavy metal bioaccumulation in the bacterial membrane can be credited to ion channels, endocytosis, complex permeation, lipid permeation, and carrier- mediated 

transport [85–87]. Metal bioaccumulation may be pragmatic and economically valuable if it results in a higher metal concentration. The latter mechanism is similar to the process of biosorption in that 

the removal of metal ions from cells as well as retrieval is linked to the requirement of alteration in 

the structure of the cell, which leads to a paucity of applications of biomass in numerous cycles [88]. 

Numerous bacterial species in the environment exhibit the phenomenon of accumulating high 

levels of heavy metals in their cells, cell walls, or areas restricted by the cytoplasm. This deposit 

may amount to approximately 6% of the dry cell mass, and this event may lead to a small reduction 

in concentrations of heavy metal ions prevalent in the environment when taken into consideration 

in the water or soil environment. 

Ahemad [85] conducted bioaccumulation studies of numerous metals like lead, mercury, cad-

mium, nickel, and silver. In another research by Rani and Goel [89], cadmium was studied by 

means of transmission electron microscopy, and it was observed that  Pseudomonas putida 62 BN 

displayed periplasmic as well as intracellular cadmium accumulation. Another study by Sher and 

Rehman [90] testified that  Aspergillus niger  has the ability to accumulate chromium and lead, and Monodictys pelagica  can accumulate lead and cadmium. In recent times, Naskar et al. [91] reported around 20% nickel (II) intracellular accumulation in flourishing  Bacillus cereus M116 cells. 

The Geo Chip’s exceptional capability is extensive [92]. Van Nostrand et al.   [93] used a microar-

ray approach that covers about 424,000 genes in approximately 4,000 operational categories which 

are engaged in a variety of key biological processes to study the potential of several microbial 
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communities to bioaccumulate uranium. The DNA microarray-based approach was likewise uti-

lized to discover genes that were regulated in response to exposure to heavy metals [94]. It has been demonstrated that metallothioneins (MTs), which are metal-binding proteins, are generated by 

bacteria to improve metal-binding ability as a result of increasing exposure to metals [95]. These are small-size (2–10 kDa) cysteine-rich phytochelatins produced by microbes to increase metal toler-

ance and accumulation capacity. They are most commonly found in eukaryotes but are also pres-

ent in some prokaryotes like cyanobacteria and mycobacteria. MTs produced by several microbes 

such as bacteria, fungi, and algae belong to class III metallothioneins. They have two cysteine-rich 

domains, alpha (α) and beta (β), that bind the metal ions through mercaptide bonds by forming the 

dumbbell-shaped structure consisting of a C-terminal of the α domain that usually binds to four 

metal ions and an N-terminal of the β-domain that binds to three metal ions [96]. The BmtA fam-

ily of these proteins was first identified in the cyanobacteria,  Synechococcus  sp., isolated from the 

marine environment [97]. Microorganisms’ whole genome sequencing with a prospective capacity for bioaccumulation aided in the investigation of possible genes for boosting the organism’s bioac-

cumulation efficiency to be targeted [98]. 

Numerous fungi have also been reported to be efficient in the bioaccumulation of hazardous 

heavy metals.  Fusarium flocciferum fungus dead biomass has the ability to biosorb cadmium, 

nickel, and copper [99].  Paecilomyces marquandii, a filamentous fungus, has the greatest impact on the growth and elimination of zinc [100].  Trichoderma atroviride isolated from sewage sludge pos-

sesses resistance to heavy metals such as copper, zinc, and cadmium, as well as the ability to ingest 

these elements. This fungus can presumably survive at high metal concentrations due to the natural 

selection of resistant cells [101]. Liaquat et  al. [102] assessed the bioaccumulation capacities of Aspergillus sclerotiorum,  Komagataella phaffii,   Aspergillus aculeatus,   A. niger,  and  Trichoderma harzianum. The strains thus isolated were allowed to grow at considerable lead, chromium, and 

cadmium concentrations, and it was observed that  K. phaffii displayed the highest tolerance to Cd 

at  5,500 ppm. 

A study on the bioaccumulation of iron, zinc, cadmium, aluminum, and copper by  Phacus curvi-

 cauda, C. vulgaris,   Oscillatoria bornettia,  and  Euglena acus was carried out by Abirhire and Kadiri 

[103]. They observed that  Oscillatoria had the highest metal concentration factors for Zn, Fe, Cu, and Cd, while  P. curvicauda and  E. acus had the same and highest value for Al. Benfares et al. [104] 

investigated and assessed trace metal concentrations (Hg, Cd, Cr, and Pb) in  Cystoseira compressa 

(brown algae) and reported good potential for algal bioaccumulation of heavy metals from the genus 

 Cystoseira besides their proficiency for usage as biomarkers of pollution in coastal areas. 

2.6.3  BioleaChing

The process of bioleaching involves naturally prevailing microbes like fungi and bacteria which 

solubilize metal sulfides and oxides from ores deposits as well as from secondary wastes [105,106]. 

The metals that have been solubilized are subsequently purified utilizing appropriate methods 

such as ion exchange, adsorption, selective precipitation, and membrane separation [107]. It is an economical and ecologically sustainable technique since it devours less energy and emits no harm-

ful emissions [108]. It has been used since millennia for leaching low-grade metal ores and now backs a profitable worldwide business in metal extraction of cobalt, gold, nickel, copper, uranium, 

zinc, etc. [109]. 

Bioleaching can occur through both contact and non-contact processes. A precise physical 

contact takes place between the sulfides of minerals and the bacterial cell in the contact mecha-

nism  [110]. The process of oxidation to sulfate is catalyzed by enzymes and results in electron transfer from the mineral surface [111]. No physical interaction occurs between the mineral surface and bacterial cell in the non-contact process. Lixiviant (ferric iron) is generated by bacteria, which 

oxidizes the sulfide mineral chemically. This reaction happens exclusively in an acidic environment 

with a pH less than 5.0 [112]. 
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Bioleaching involves a diverse spectrum of microorganisms, with acidophiles playing a vital 

role. Acidophiles are chemolithotrophs that survive in low pH environments (ideally 2.0 or less) and 

oxidize Fe2+ to Fe3+ as well as reduce sulfur to sulfuric acid. Hence, the resulting protons and ferric 

ions are formed by sulfuric acid and solubilize the metal sulfides and oxides from the ores, allowing 

the extraction of metal through the separation of metals in the solid phase to a high water-soluble 

phase [113]. As a result, when we summarize the chemical processes accomplished by bacteria, we discover three main steps: (a) microbial redox reactions in solution, (b) production of acid via 

organic and inorganic channels, and (c) extraction of metal from matrix [114,115]. Bioleaching of arsenic (As) is achievable through individual as well as mixed cultures of  Acidithiobacillus thiooxi-

 dans and  Acidithiobacillus ferrooxidans, according to Zhang and Gu [116]. It was discovered that more bioleaching is produced by the mixed culture of the strains. 

The fungal capacity to bioleach and carry out metal mobilization from impoverished ores as 

well as industrial waste is primarily linked to two procedures: The production of different organic 

acids in the bioticenviron (oxalic acid, citric acid, and gluconic acid) and the release of complexing 

agents. Fungi like  Penicillium sp.,  Rhizopus sp.,  Mucor sp.,  Aspergillus sp.,  Cladosporium sp., and Alternaria sp. might be considered owing to their biochemical capacities as well as their relative 

resilience to unfavorable conditions like temperature and pH in the leaching of metals [117]. 

2.6.4  Biomineralization

Metal ion biomineralization is a biological procedure for the production of minerals. This one hap-

pens naturally via the production of minerals like oxides, silicates, sulfates, phosphates, and carbon-

ates, plus it includes many strategies ascribed to the activity of biotic creatures [118]. The occurrence of extremely changeable as well as responsive surfaces, like the extra organic layers (S-layer and 

EPS) and cell walls with varying content, structure, and hydration, is critical for mineral formation. 

Furthermore, organic ligands such as carboxyl, amine, phosphoryl, sulfur, and hydroxyl deproton-

ate also provide a net negative charge to the surface of microbes when there is a rise in pH [119]. 

Positively charged potential hazardous metals precipitate unevenly toward more compact as well as 

stable mineral products. Phosphate precipitation, carbonate precipitation, oxalate precipitation, and 

other methods can be used to immobilize complex metals [120–122]. Numerous research studies 

have recently shown that biomineralization may be used to remediate harmful ions of heavy met-

als like cadmium, lead, manganese, copper, uranium, nickel, and zinc [123,124].  Bacillus s p. was also demonstrated to possess the ability to release unrestrained inorganic phosphate as well as trap 

harmful ions of metals via the production of an insoluble layer of metal phosphate, according to 

Zhang et al.   [125]

2.6.5  BioPreCiPitation and BioCrystallization

Crystallization or precipitation of compounds of heavy metals might take place as a result of microbe 

activity, thus leading to metal change toward sparingly soluble forms, lowering their harmfulness. 

Certain biocrystallization and precipitation processes, like microfossil formation, manganese, and 

iron deposition, as well as manganese and silver mineralization, are involved in biogeochemical 

cycles. Precipitation of metals on the surface or inside of the cell might be caused by both direct 

enzyme activity and secondary metabolite galactosis [88]. Bioprecipitation is a unique method 

for recovering metals using biologically generated sulfide in appropriate bioreactor designs. This 

process produces stable metal precipitates, which may then be recovered for future commercial 

applications. The conventional precipitation approach frequently requires the use of chemicals to 

increase the settling ability of the precipitates, which eventually leads to significant operational 

expenses. For environmental engineering applications, the notion of employing biological processes 

to facilitate metal precipitation was considered. Bioprecipitation, as the name implies, employs 

microbes, bacteria in particular. 

Strategies for Bioremediation of Heavy Metals

55

Throughout the process of bioprecipitation, the generated metabolites undergo a reaction with 

metals in the wastewater, leading to the formation of metal precipitates, converting the met-

als from their aqueous phase to their solid phase [126]. Microorganisms can aid in the metal immobilization process through carbonate precipitation [127]. However, metal sulfide is the most stable result when compared to other techniques that employ carbonate, phosphate, or hydroxide 

[128]. Owing to its metabolic routes, which create sulfide in the course of the anaerobic treatment of wastewater containing sulfates, sulfate-reducing bacteria (SRB) is frequently cited in several 

metal bioprecipitation papers. Yong et al. [129] studied the bioreduction and biocrystallization of palladium using  Desulfovibrio desulfuricans NCIMB 8307. Sathishkumar et al. [130] attempted to retrieve gold in nanocrystalline, metallic, and ionic form through the use of amalgamation 

of biocrystallization, pyro-crystallization, and biosorption techniques by means of  Sargassum 

biomass as a biomaterial. 

2.6.6  Biotransformation and BioreduCtion

It is the procedure of modifying the structure of a chemical compound in order to create a molecule 

with a higher degree of polarity [131,132]. In other words, the metal–microbe interaction mechanism transforms harmful metals as well as chemical molecules into lesser toxic forms. Microbes have 

evolved this technique to help them adapt to environmental changes. Microbial cells have a rapid 

growth rate, a high rate of metabolic activity, and a high surface–volume ratio; besides, it is simple 

to retain them sterile. Subsequently, they are great candidates for biotransformation. Hydrolysis, 

condensation, isomerization, the generation of new carbon bonds, oxidation, reduction, methyla-

tion, and the introduction of functional groups can all be used to accomplish this. Metals may be 

volatilized as a result of these processes, reducing their toxicity [133]. Microbial transformation is frequently employed for the transformation of numerous contaminants, such as hydrocarbons, 

pharmaceuticals, and metals. There have been instances of microorganisms being utilized to con-

vert metals [134]. Toxic As(III) was oxidized by  Micrococcus sp. and  Acinetobacter sp. into non-

toxic and less soluble As(V), reducing its toxicity [135]. Thatoi et al.   [136] also demonstrated that Cr6+-resistant  Bacillus sp. SFC 500–1E may use NADH-dependent reductase to convert hazardous 

Cr6+ to less lethal Cr3+. The greatly mobile and soluble U(VI) was converted into the very insoluble 

U(IV) [137]. Several microbes such as  P. aeruginosa reduce Hg2+ to Hg0 by the action of mercuric reductase encoded by the  merA gene upon their entry into the cell [138]. The enzymatic reduction capacity of microbes depends on several factors such as pH, temperature, and metal concentration. 

Temperature variation alters the enzymatic configuration, stability, and activity, thus affecting the 

metal detoxification ability. Several microbes use a combination of metal resistance mechanisms to 

cope with stress conditions. 

2.6.7  BiosurfaCtant teChnology

Microorganisms like fungi and bacteria generate surface-active amphiphilic substances known as 

biosurfactants. They serve as biological complexing agents for a variety of heavy metals. At heavy 

metal-contaminated locations, the use of biosurfactants and biosurfactant-producing microbes aids 

in their elimination through flushing and washing for in-situ as well as ex-situ applications, respec-

tively [139]. These substances are members of several structurally distinct classes, including fatty acids (like phosphatidylethanolamine), phospholipids and glycolipids (ex. rhamnolipids), lipopro-

teins (surfactin) and lipopeptides, and particulate and polymeric biosurfactants [140]. 

Rhamnolipid, in particular, is the biosurfactant which is best studied for the elimination of 

numerous heavy metals. In general, at the soil interface, biosurfactants form complexes by inter-

action with heavy metals, which are then desorbed via decreased interfacial tension between soil 

and water [141].  In another study, dirhamnolipid preferentially eliminated bound as well as bio-

available forms of Pb (88%) and Cd (92%), respectively, from artificially polluted soil [142]. Wang 
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and Mulligan [143] used mixed rhamnolipids to successfully increase arsenic (As) mobility from mining tailings. Another study indicated that Cr removal was positively connected with pseudomo-

nad rhamnolipid synthesis [144]. A potential way for removing heavy metals from sludge, sediment, and soil is biosurfactant technology. The same procedure could also be utilized to pre-treat pol-

luted areas before proceeding with solidification/stabilization, electrokinetic processes, or natural 

attenuation. This approach has a significant benefit in that it can function well at a pH as high as 

11, while numerous other bioprocesses (like biosorption and bioleaching) function better at low 

pH. Biosurfactants with low toxicity and high biodegradability provide added advantages with 

high environmental acceptability [145]. However, the great costs of production hinder its economic implementation in the bioremediation process. More efforts are needed in this area to recycle as 

well as reuse biosurfactants in order to lower all costs through the development of efficient retrieval 

technologies. Another issue is that heavy metal processes function in a restricted high pH range 

(6–11), and their treatment methods are not well known. 

2.6.8  Biovolatilization

A technique that uses microorganisms’ catalytic activity to transform heavy metals into volatile 

compounds is known as biovolatilization. Among the five toxic heavy metals (THMs), this tech-

nique treats Hg and As contamination. Furthermore, biovolatilization was observed for various other 

heavy metals such as Sb, Tc, and Bi (IUPAC designations for distinct elements) [146]. In addition, in other research, selenium (Se), a non-metal, is successfully biovolatilized for elimination [147]. 

Two distinct methods cause the volatilization of Hg and As. For As, the arsenic methyltransferase 

enzyme (ArsM/AS3MT) is used, which transforms As(V) into mono-methylate, di-methylate, and 

tri-methylate arsenic (As) species and its ultimate product TMAIII. TMAIII is a volatile substance 

that can be carried into the atmosphere. It also goes by the name of biomethylation [148]. Microbial methylation plays a vital role in the biogeochemical cycling of metals, as methylated metal ions 

are easily volatilized into the environment due to their lipophilic nature [149]. For example, Hg2+ 

can be methylated by several different bacterial species, such as  Pseudomonas  spp.,  Bacillus  spp., Brevibacterium spp.,  Escherichia spp.,   Clostridium  spp., and  Alcaligenes  spp., to produce gaseous methyl mercury. 

With the use of metal solutions (20 and 50  mg/L), Urík et  al. [150] utilized various fungi, Trichoderma viride,   Penicillium glabrum,   A. niger, and  Aspergillus clavatus, to biovolatilize 9.2%–60.88% As. In another investigation, the bacteria  Staphylococcus  sp. NBRIEAG-8 caused 

volatilization of 26% and 23% of As(III) and As(V), respectively [151]. Mercury biovolatiliza-

tion, on the other hand, is carried out by organomercurial lyase (MerB) and cytoplasmic mercury 

(II) reductase (MerA), which are encoded on the Mer operons in several Hg-resistant bacteria and 

archaea [152]. MerA is an NADPH-dependent flavin oxidoreductase (a dimer) which is responsible for the catalysis of the conversion of Hg(II) to Hg(0) [153]. MerB, on the other hand, is a lyase enzyme (monomer native structure) that acts as a catalyst for demethylation via Hg-C protonolysis 

[154]. Biodegradation is the subsequent procedure of formation of Hg(II) from Hg-C (protonolysis), in the viewpoint of covalent bond breakage between Hg and C [155]. MerA carrying  Sphingobium sp. SA2 was observed to cause 79% volatilization of Hg in Hg-supplemented culture medium after 

6 h [156]. Besides that, certain bacteria have also been shown to exhibit Hg-reducing capabilities but lack MerA, implying a role for alternative kinds of reductase [139]. In spite of the discovery of 

various Hg-resistant bacteria as well as their volatilization on a lab scale and pilot research, field 

experiments are still needed to demonstrate their efficiency in polluted locations [157]. 

Dash and Das [158] took a step forward in recent years by conducting a microcosm experi-

ment using soil contaminated with Hg in which around 97% mercury was eliminated by the joint 

effects of biosorption and volatilization owing to the synergistic act of  B. cereus BW-03 (pPW-05), 

a genetically engineered bacterium and normal biota. Therefore, the biovolatilization technique 
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FIGURE 2.1  Various strategies employed by microbes for bioremediation. 

can regulate As and Hg toxic elements by avoiding their accumulation in the food chain. However, 

owing to atmospheric precipitation and long-term movement, they can be carried to areas with no 

previous history of contamination or deposited at the same locations [159]. Furthermore, As meth-

ylation intermediate products, MMAIII and DMAIII, are deemed much more hazardous than other 

forms of As, limiting their use as an efficient bioremediation strategy [160]. Volatilization is only used as a short-term treatment method for these reasons to remove heavy metals from polluted loca-

tions [72, 90, 129, 135, 143, 161,162] (Figure 2.1). 

2.7  RECENT PROGRESS AND FUTURE PROSPECTS

A few new strategies in regard to bioremediation have recently been discovered. Some of the emerg-

ing techniques like nanoparticles, dead biomass, immobilization, biotechnological approaches, and 

biosensors are being employed, which have been proven to be effective removers of THMs. These 

are as follows:
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2.7.1  utilization of nanoPartiCles as a tool in Bioremediation

Nanoparticle application is being widely employed for developing an efficient, eco-friendly, and 

resourceful nanomaterial system in different biotechnological spheres, particularly bioremediation. 

Nanoparticles greatly vary in their physicochemical characteristics in comparison to their coun-

terparts because their surface-to-volume ratio is high, resulting in elevated adsorption capacity. 

Their augmented bioavailability as well as low cost marks them as ideal candidates for bioremedia-

tion [163]. Another component, i.e. nanoparticles of iron oxide with superparamagnetic iron oxide nanoparticles (SPION), has also been employed in the separation of contaminants from wastewater 

because they possess an ultrafine structure and are greatly competent. This procedure involves 

certain carriers, which are comprised of a polymeric shell with a magnetic core (FeO, Fe O , and 

3

4  

Fe O ) that gives a strong magnetic response and functional groups [164]. 

2

3

Nano-adsorbents have the ability to eliminate both inorganic and organic contaminants as 

reported by Kumari et al. [165]. Nanoparticles are broadly divided into two categories: One hav-

ing carbon and the other having a metal and its oxide. Carbon-based nanoparticles can be of dif-

ferent types, i.e. carbon nanotubes, fullerene, graphene, and activated carbon. Activated carbon 

modified nano-magnets have been employed for the elimination of fluoride ions from wastewater. 

Carbon nanotubes play an essential role as adsorbents for hazardous chemical compounds from 

pharmaceutical wastewater and various manufacturing industries. Multi-walled carbon nanotubes 

(MWCNTs) have the ability to absorb heavy metals from wastewater. For bioelectricity production, 

nanocatalysts and microbial fuel cells have recently been used. Cr(VI) removal from wastewater 

was found to be efficient using a superparamagnetic amalgamation of activated carbon and iron 

oxide nanoparticles. An efficient, stable, and economical amino-functionalized graphene oxide 

nanocollector (a graphene-based nanocollector) was prepared by Hoseinian et al. [166] for 100% 

removal of ions of nickel by employing an ion-flotation method. 

Another category of nanoparticles is metal- and metal oxide-based nano-adsorbents. They play 

a crucial role in the removal of pollutants from wastewater. According to several studies, coating 

magnetic nanoparticles with various supports increased their adsorption effectiveness. Najafpoor 

et al.   [167] employed magnetic nanoparticles coated with Ag, which exhibited 36.5% removal of COD (chemical oxygen demand) from wastewater. Metal oxide-based nanoparticles also contribute 

quite efficiently toward wastewater treatment. Pourrahim et al.   [168] utilized MgO (nano-porous) acquired from an iron industry’s solid waste, which exhibited absorption of 1,000 mg/g toxic dye 

from wastewater. 

Nanofiltration (NF) membranes are also essential in nutrient recovery from industrial wastes. 

A polymer blend of the nanofiltration membrane entwined with gold nanoparticles was used in 

order to accomplish a greater phosphorous retrieval from wastewater [169]. For commercializa-

tion, there are various issues regarding the chemical composition of nanomaterials. As a result, 

researchers have recently used microbes to create green nanostructures. Nanomaterial biofabri-

cation, along with the utilization of microorganisms, makes nanotechnological use further sus-

tainable and environmentally beneficial. Chemically generated nanoparticles may have various 

drawbacks due to self-aggregation in aqueous solution and chemical usage. As a result, green 

manufacturing of nanoparticles from fungal and bacterial enzymes and plant extracts might be 

a viable alternative. They operate similarly to reducing agents for the salt of metal complexes, 

resulting in the formation of metallic nanoparticles. Due to the incorporation or co-precipitation 

of bioactive and proteinaceous components into the nanoparticles’ external faces, they achieve 

enhanced firmness in an aqueous environment [170]. Biofabrication of iron oxide nanoparticles with   Aspergillus tubingensis  was successful in more than 90% removal of heavy metals from 

wastewater [171]. According to Dwivedi et al. [172], only 1% has been commercialized till now. 

As a result, the upscaling of these simple and effective microorganism-assisted nanotechnology 

processes will help pave the way for industry. 
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2.7.2  utilization of dead (non-living) Biomass

Although the use of live microorganisms such as bacteria, fungus, algae, and so on is an effective 

bioremediation approach, they have various drawbacks, like producing interactions (redox reac-

tions) in-between medium and cell that result in an increase of the system’s pH. The aforementioned 

approach also raises COD and biological oxygen demand since it necessitates nutrition absorp-

tion [173]. In contrast, the use of non-living biomass might be viewed as equally viable as well as an advantageous option. Non-living biomass doesn’t demand growth mediums or fertilizers. In addi-

tion, it is nontoxic throughout the metal removal process. Furthermore, as compared to live biomass, 

this process is quite cost-effective [174]. The various cell surface heavy metal sorption mechanisms utilized by non-living biomass include electrostatic interactions, ion exchange, chelation, metal ion 

complexation, and physical adsorption [175].  Cladonia rangiformis (a non-living lichen) was tested for its ability to remove lead from an aqueous solution by Ekmekyapar et al. [176]. They discovered the inanimate lichen to be a natural biomass that is nontoxic and readily accessible, and that it has a 

great capacity for the accumulation of Pb(lead), which may be used to remediate industrial effluents. 

So, dead biomass can be considered as a viable option for bioremediation. 

2.7.3  immoBilization-Based teChnique

Another potentially advanced technique, immobilization-based approach, has been employed pri-

marily to reduce harvesting costs while eliminating the possibility of contamination by microbes 

and improving the effective removal of heavy metals and further diversified contaminants [177]. 

Furthermore, cyanobacteria as well as algae in immobilized form were investigated for a variety 

of purposes, including the development of biosensors for heavy metal detection, hazardous radio-

isotopes, and other contaminants in wastewater. As a result, developing innovative techniques to 

overcome the constraints of microphyte and macrophyte-based treatment procedures for waste-

water would clear the path for their effective practical use for the elimination of radionuclides and 

hazardous metals from wastewater [178]. 

2.7.4  BioteChnologiCal aPProaCh

The fundamental disadvantage of organic wastewater treatment procedures is that they are tedious, 

and the biomass that is harvested requires additional management to achieve total pollutant 

removal. To meet this difficulty, many innovative methods for removing radionuclides and heavy 

metals from wastewater have been developed. Microbial populations with bioremediation capacity 

are frequently insufficient to totally eliminate this hazard. This necessitates the use of cutting-edge 

technology to improve the potency and effectiveness of microorganisms for the bioremediation of 

pollutants. Novel strains of microorganisms with desirable features, such as inhibition of inhibi-

tory enzymes, increased yield, and efficiency for improved bioremediation, have been produced 

for this purpose. However, due to regulatory issues, genetically engineered microbes (GEMs) have 

restricted applicability. These include the durability and toxicity of the introduced genetic mate-

rial in the ecosystem, as well as the horizontal transfer of genetic material into indigenous species. 

However, due to the uniqueness and effectiveness of GEMs, it is critical to expand field investiga-

tions to further investigate their potential to boost bioremediation. Metagenomics, in conjunction 

with bioinformatics, has also been recognized as an innovative approach for detecting and analyz-

ing bacteria in wastewater. Considering the continually changing environmental conditions, it is 

vital to put consistent efforts into finding molecular tools for effective wastewater treatment [179]. 

The use of genetically modified (GM) algae, plants, macrophytes, and other aquatic microphytes 

can improve removal efficiency in these complex biological wastewater treatment methods. GM 

organisms are often advantageous in heavily polluted environments because these GM plants cre-

ate various types of proteins to increase tolerance to metals and their capacity for adsorption by 
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employing genes linked to the cation diffusion facilitator (CDF) family [180]. Furthermore, in order to remove excess cytoplasmic ions, plant species that have been genetically modified allow overex-

pression of genes of CDF in their cells for the manufacture of thiols in massive amounts, allowing 

accumulation of metal ions in their vesicles. Nevertheless, public worries about transgenic organism 

testing in agricultural areas, hazards connected by means of GM organisms able to outcross with 

several further wild species, and unrestrained expansion of GM species remain all important barri-

ers to these technologies (Figure 2.2). 

2.8 CONCLUSION

This chapter summarized the different microbial technologies that are presently being used to reme-

diate heavy metal pollution from water and other contaminant environments. Heavy metal con-

tamination due to an increase in industrialization, along with exponential growth in population and 

agricultural activities, has imposed a major threat to all living forms on Earth. “Bioremediation” is 

an eco-friendly “green-clean” technology that has tremendous potential to be utilized in cleaning 

up heavy metals from the environment. 

GLOSSARY

Bioremediation: The use of living organisms, such as microbes and bacteria, to remove contami-

nants, pollutants, and toxins from soil and water. 

Bioaccumulation: A natural biological phenomenon where microorganisms use proteins to uptake 

and sequester metal ions in the intracellular space to utilize in cellular processes. 

Anthropogenic:  Group of low-molecular-weight, cysteine-rich intracellular proteins that are 

involved in maintaining intracellular metal homeostasis by binding metals. 

Methylation: The formation of both volatile and non-volatile methylated compounds of metals and 

metalloids. 

Metallurgy: A process that is used for the extraction of metals in their pure form. 
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Smelting: A form of extractive metallurgy to produce a metal from its ore using heat and a chemical 

reducing agent. 

Sequestration: The process of binding or confining metal ions such that they are separated from 

other components of a biological system. 

Adsorption: A process in which the particles of matter deposit on the surface of the material. 

Protonolysis: The cleavage of a chemical bond by acids. 

Lixiviant: A liquid medium used in hydrometallurgy to selectively extract the desired metal from 

the ore or mineral. 

Biofabrication: The production of complex biologic products from raw materials such as living 

cells, matrices, biomaterials, and molecules. 

Nanofiltration: A pressure-driven membrane process between ultrafiltration and reverse osmosis 

used for removing solutes with a molecular weight in the range of 200–1,000 g/mol, typi-

cally from aqueous streams. 

Efflux: A process in which bacteria transport compounds outside the cell that are potentially toxic, 

such as drugs or chemical compounds. 

Electrokinetic: An electrical process where two electrodes are placed in the ground and a low- 

intensity direct current is applied. 
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3.1 INTRODUCTION

Along with the growth of human societies, energy demands are also increasing concerning envi-

ronmental deterioration, leading to severe ecological and energy crises. Therefore, it is essential to 

develop new power to meet the sustainable growth of societies [1]. Many efforts have been made to mitigate these problems. Nowadays, green photocatalysis has received tremendous attention due  

to its solar-to-fuel conversion technology and its potential for solar energy utilization for the grow-

ing greenhouse effect and energy demands [2]. The technology has been expanded to many fields such as health, environment, energy, and pollution control [3], resulting in an increased relevance of photocatalysis. Personal care products, endocrine-disrupting compounds, industrial wastes, textile 

products, and pesticides are emerging concerns about the concentration of contaminants. Water 

treatment plants cannot eliminate contaminants, which leads to their absorption by the environment 

and negatively impacts aquatic and terrestrial bodies [3,4]. Photocatalysis is one of the promis-

ing methods for wastewater treatment. It has been widely studied. Every year, nearly 15–16,000 

research articles are published with the title “photocatalysis,” “water effluents,” “wastewater,” and 

“photocatalysts.” Still, the number is rising because photocatalysis has attracted many researchers 

due to its extravagant properties such as self-cleaning, water treatment, antifogging, indoor and 

outdoor purification, cancer therapy, and deodorization [5,6]. The great challenge for photocataly-

sis is to explore further and expand the practical application of photocatalytic technologies, which 

requires paying complete attention to the following aspects: photon absorbance, photogeneration of 

charge carriers and separation, and surface reaction [7]. Light absorption is closely related to the band energy structure of the catalyst. 

Most photocatalysts have a broad energy band, resulting in a narrower absorption range and, 

hence, restricted efficiency. If the photogenerated charge carriers migrate to the reaction sites, only 

they can participate in photocatalysis. Contrarily, the majority of charge carriers recombine in the 

bulk phase of the photocatalysts. Also, electrons and holes may join in the corrosion process of 

photocatalysis rather than contributing to the reaction. Photocatalytic active materials have been 

widely studied under visible and UV light irradiation. N-type and P-type semiconductors have been 

widely studied for their catalytic activities. N-type semiconductors are TiO , WO , ZnO, BiVO , and  

2

3

4

Fe O  [8,9]. P-type semiconductors are Cu S, CuI, Ag O, CZTS, and CZTSSe [10–13]. A small frac-

2

3

2

2

tion of UV light found in sunlight contradicts the use of semiconductors like TiO  that are excited 

2

by UV light due to its limitation of having a wide bandgap. Several efforts have been made to lower 

the wide bandgap range either by doping noble elements or by doping not noble elements [14–16]. 

Reducing the rate of recombination is another approach to enhancing efficiency; this can be done 

either by incorporating the same type of semiconductors to match their energy levels [17,18] or by forming a heterojunction of P- and N-type semiconductor materials to provide better charge separa-

tion, resulting in enhanced photocatalytic efficiency [19,20]. 

Quaternary chalcogenides of the Cu -II-IV-VI  family include Cu ZnSnS  (CZTS) and 

2

4

2

4

Cu ZnSnSe , which are widely used as photocatalysts in photocatalysis and as photocathodes in 

2

4

photovoltaics. These are P-type materials with a high absorption coefficient (>104 cm) and the opti-

mal bandgap of 1.1–1.7eV, non-toxic, and highly earth-abundant [21,22]. These chalcogenides are continuously involved in various applications, including photocatalytic, photovoltaic, water split-

ting, thermoelectric, and magneto-optic applications [23–25]. CZTS was first reported by Katagiri et al. [26]. Afterwards, different methods were employed to synthesize CZTS, such as sol-gel, SILAR, hot injection, solvothermal, hydrothermal, electrodeposition, and sputtering [27–30]. Various stud-

ies have been done on the synthesis of CZTS/Se. Unfortunately, major synthesis requires hydra-

zine, which is highly toxic and unstable as well. A less hazardous approach is needed to encounter 

this problem. Various methods strive to achieve better quality and efficiency using different tech-

niques such as thermal annealing, solution-processed synthesis, and hot injection/colloidal route. 

The hot-injection technique is the most suitable process for developing CZTS/Se nanoparticles. It 

gives precise control over the size, shape, and structure of the synthesized nanoparticles. It does 

not require any expensive vacuum-based setups as the synthesis can be done at room temperature. 

[image: Image 15]
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3.2  STRUCTURAL ANALYSIS OF CZTS/SE

CZTS is a quaternary semiconductor whose crystal structure is analogous to that of CZTS/Se. CZTS 

belongs to group I -II-IV-VI . There are two main tetragonal crystal structures: stannite and kest-

2

4

erite. Both forms consist of cubic closed packing of cations (Cu+, Zn2+, Sn4+) and anion (S) in a way 

that the cation occupies 50% tetrahedral voids, and hence, they have different groups [31]. Mostly, the kesterite phase is found in nature because of its high thermodynamic stability, which shows 

lower energy compared to the stannite-phased CZTS [32,33]. One more structure is seen in CZTS, i.e., the wurtzite structure. The cations are distributed randomly, which offers greater flexibility for 

crystal structure and stoichiometry control because of which the Fermi energy can be tuned over a 

wide range [34]. CZTS/Se has a promising application in photocatalysis and is a flagbearer in pho-

tovoltaics. It shows remarkable stability and efficiency compared to other conventional materials 

such as TiO , ZnO, and CdS [12, 35]. Several reports showed the tenability of optical and physical 2

properties by varying the parameters during synthesis. Also, CZTS/Se nanoparticles are much more 

efficient than their bulk counterparts for photocatalytic activities. The structure of CZTS is shown 

in Figure 3.1. Fast-developing industries are prominent participants in the earth’s pollution, espe-

cially water pollution. This growth demands more water supply and fulfilment, resulting in waste-

water that is further disposed of in nature, causing a harmful environmental impact. Semiconductor 

photocatalysis is one of the essential techniques for water treatment as it uses sunlight to decompose 

organic pollutants [36]. 

3.3  SYNTHESIS AND DEPOSITION METHODS

Various approaches for preparing CZTS/Se use vacuum and non-vacuum techniques. Vacuum tech-

niques for synthesis use all or some elements at a time in an inert atmosphere, followed by sulphuriza-

tion. This method is highly consistent as the films formed are of high purity and uniformity. However, 

the process is not much recommended owing to its expensive units and processing. The high instabil-

ity of Zn and Sn makes it more challenging to achieve phase purity at the commercial level. 

In contrast, non-vacuum techniques give a different perspective, including various methods like 

hydrothermal and sol-gel; they are remarkably cost-effective, less toxic, and easy to handle even 

at normal temperature pressure (NTP). This method allows for achieving the highest phase purity 

FIGURE 3.1  CZTS structure. 
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and command over the tenability of the bandgap just by varying the temperature. There are mainly 

two synthesis techniques: the vacuum process and the non-vacuum process. The vacuum process 

includes evaporation, sputtering, and pulsed laser deposition (PLD). At the same time, non-vacuum 

has more techniques such as spray pyrolysis, sol-gel, electrodeposition, one-pot method, chemical 

bath deposition (CBD), and SILAR. 

3.3.1  vaCuum dePosition

The vacuum technique gives a good reproducibility of the quality material as it efficiently and 

effectively controls the material’s size, shape, and bandgap by varying different parameters such as 

temperature and pressure. 

3.3.2  evaPoration teChnique

This technique involves electron beam, fast evaporation, thermal evaporation, and co-evaporation 

for the film deposition [26,37,38]. 

3.3.3  sPuttering teChnique

It involves various techniques such as DC magnetron, RF sputtering, PLD, ion beam sputtering, 

atom beam sputtering, and argon beam sputtering [39–42]. 

3.3.4  Pld teChnique

This technique shows many advantages over other methods, such as high uniformity and consis-

tency, high crystallinity, clean deposition under an inert atmosphere, and ease of handling with 

flexibility [43,44]. The quality of the deposited film depends on the pulse rate, length, distance between substrate and target, the assembly’s temperature, and the substrate’s orientation. The only 

disadvantage of using this technique in the area of deposition is that it is too tiny (~1 cm2). 

3.3.5  non-vaCuum dePosition

The non-vacuum methods are efficient in reducing the cost of production with high-throughput and 

large-scale processes. Efficient use and low material wastage reduce the production cost. This method 

generally relies on two sequential processes: solution coating followed by a post-annealing process. 

Mainly, it involves CBD, hydrazine solution preparation, electroplating, spray pyrolysis, sol-gel, spin 

coating, and electrodeposition (27,37–40). The vacuum-based methods are highly expensive and 

have low material utilization and energy consumption, while the non-vacuum methods consume low 

energy, are cheap, and give uniform and good thin-film quality with high material utilization over a 

large area. The non-vacuum process can also be used on a flexible substrate for deposition. 

3.3.6  sol-gel dePosition

The sol-gel technique is one of the simplest techniques based on spin coating. Here, the gel-based solu-

tion is made and spin-coated onto the substrate, and thickness depends on the rpm of the spin coater. 

3.3.7  hot injeCtion/one Pot/Colloidal route

CZTS/SSe/Se can be synthesized using the colloidal route; the method is highly efficient and pro-

duces high-quality nanomaterials with a pure crystalline phase and good yield. The main advantage 

of using this method is that it does not require post-annealing or post-selenization/sulphurization. 

[image: Image 16]
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3.3.8  eleCtrodePosition

It is a technique used in large-scale production because of its low cost and non-vacuum requirement. 

It includes sequential deposition of precursors, followed by annealing or selenization/sulphurization. 

3.4   CZTS/SSE/SE FORMATION USING COLLOIDAL 

ROUTE SYNTHESIS AND MECHANISM

Synthesis of nanoparticles is a crucial step, as the properties of the synthesized nanoparticles rely 

on the size, shape, and structure. Also, the bandgap values change as the size varies. In the colloidal 

route synthesis, we control the shape, size/structure, and monodispersity; it is also easy to tune the 

bandgap by changing temperature, capping ligands, and reaction time [45]. 

The formation of nanoparticles using this method involves nucleation and growth, which can be 

understood by LaMer’s plot along with the synthesis setup for CZTS/Se nanoparticles (Figure 3.2a 

and b). Various parameters influence the formation of nanoparticles, such as ligands, temperature, 

nucleation temperature, and time. Ligands play equally vital roles in both stages. “These surfactant 

molecules highly influence monomer” development before the nucleation. Jain et  al. have stud-

ied the effect of different ligands such as TOPO, oleic acid, oleylamine, and butylamine on the 

shape and size and overall morphology of the CZTS nanoparticles and observed differently shaped 

nanoparticles [46–48]. 

Yu et al. have suggested and observed that the nucleation stage controls the monomer’s develop-

ment by the following effects: (a) strong coordination bond between monomers and surfactant leads 

to the reduction of their concentration, hence reactivity; (b) reactivity decreases as the length of 

hydrocarbon chains are significant; and (c) high surfactant concentration suppresses the reactivity 

of the reaction. 

The lower the reactivity, the lower the monomer concentration; hence, the lower the nuclei for-

mation. The temperature during the reaction affects the constituents and their stability during the 

nucleation process. During the growth stage, the shape of the nanocrystals is affected by the capping 

ligands. High monomer activity with low nuclei concentration results in elongated nanocrystals, and 

this stage is called the “defocusing effect/stage.” After nucleation, growth time starts influencing 

the size of the nanoparticles. We can obtain the desired size by controlling the temperature and 

FIGURE 3.2  (a) LaMer’s plot for growth mechanism and (b) synthesis setup for CZTS/Se nanoparticles. 

[image: Image 17]
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quenching the reaction. In this process, the ligand-capped nanoparticles settle down, and other 

unreacted products and the solvent remain in the supernatant, which can be removed after washing. 

3.5  APPLICATION OF CZTS/SE NANOPARTICLES IN PHOTOCATALYSIS

Textile businesses/industries are one of the fastest-growing chains worldwide. The stages of pro-

duction are a tedious process, and at each step, from start to end, this industrial waste emits lots 

of water pollutants, and the by-products cause water pollution [49]. The primary concern about wastewater is the toxic chemicals and heavy metals. Roughly, 200 L of water is used to produce 1 kg 

of textile. Extensively, scientists have reported research papers for photocatalytic degradation of 

harmful tints/dyes under low-intensity LED light, resulting in good photocatalytic activity [50–52]. 

Semiconductors are used for photocatalysis and have the same principle as photovoltaics. ZnO, TiO , 

2

and other oxide materials are generally used for photocatalysis, but the only limitation of oxide met-

als is that they can absorb UV radiations only. To encounter this issue, a low-cost, non-toxic, and 

earth-abundant material is used that covers the visible range of the solar light. 

Photocatalysis is a technology having a wide application range with great potential for develop-

ment. The major applications’ schematic using semiconductor photocatalysis is shown in Figure 3.3. 

Our group has done extensive research on photocatalysis of organic pollutants and textile efflu-

ents using CZTS [11]. Photocatalysis is a process where electron-hole pairs are generated after the FIGURE 3.3  Applications of photocatalysis. 

[image: Image 18]
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absorption of light, and this light energy is used to drive the generated electron-hole pairs of the 

reaction. Furthermore, photocatalysis is a photo-active chemical reaction that occurs when free 

radicle generation is triggered. The interaction occurs between the compound and the photon with 

sufficiently high energy levels [53]. The photocatalysis process consists of the following steps: 1. Incident light absorbance by the catalyst CZTS – electron pair generation occurs. 

2. Charge separation, inhibition of recombination, and charge migration at the surface sites. 

3. Surface reaction site construction for O  and H  evolution. 

2

2

4. Redox reaction co-occurs for the catalysis to be successful, as shown in Figure 3.4. 

The efficiency using CZTS for organic pollutants is 98.4% in 30 min with a rate constant of 

0.14 min, and the efficiency using CZTS for textile effluents is 75% in 50 min with a rate constant of  

0.02 min [11]. 

Table  3.1 shows the comparison of previously done research on photocatalysis using CZTS. 

Reprinted with permission from reference [11]. 

Photocatalysis using CZTS for the degradation of organic pollutants [11] is shown in Figure 3.5. 

FIGURE 3.4  Photocatalytic mechanism of CZTS/Se. 

TABLE 3.1

The Comparison of Previously Done Research on Photocatalysis Using CZTS

Material with 

The Rate Constant 

Crystal 

Bandgap 

(− Kapp) (min−1) and  Degradation 

Structure

Method

(eV)

Nanostructure

Degradation (%)

Time 

References

Kesterite CZTS

One-pot method

1.5

Nanocrystals

0.0317% and 91%

60 min

[54]

CZTS-TiO

Heating method

1.46

Nanoparticles

27.6%

8 h

[55]

2

CeO @

O

Electrodeposition 

–

88.6%

60 min

[56]

2

α-Fe2 3

method

( Continued)

[image: Image 19]
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TABLE 3.1 ( Continued)

The Comparison of Previously Done Research on Photocatalysis Using CZTS

Material with 

The Rate Constant 

Crystal 

Bandgap 

(− Kapp) (min−1) and  Degradation 

Structure

Method

(eV)

Nanostructure

Degradation (%)

Time 

References

Kesterite CZTS

Hydrothermal 

1.53

Agglomerated 

0.018

45 min

[51]

method

nanoparticles

50%

Kesterite CZTS

Hydrothermal 

1.72

Spherical

0.0144

120 min

[57]

method

Bi WO

Solid-state 

–

Nanocomposite

90.6%

300 min

[58]

2

6 

CuBi O

reaction method

63%

2

4

Wurtzite CZTS

One-pot method

1.54

Granular 

81.79%

350 min

[59]

nanoparticles

TiO

Polymerization 

3.2

Nanoparticles

0.0033

180 min

[60]

2

method

44.5%

TiO

Mixing process

–

Nanoparticles

95%

150 min

[61]

2

ZnO

Spray pyrolysis 

3.2

Nanoparticles

60%

180 min

[62]

method

Wurtzite CZTS

Hot-injection 

1.40

Core-shell or 

CZTS – 44% 

90 min

[63]

Au CZTS

method

dimer 

Au CZTS – 62% 

Pd CZTS

morphology

Pd CZTS – 94%

Li SnO

Calcining method

–

–

0.0302

60 min

[64]

2

3

g-C N  

86%

3

4

36%

SiO @

Solvothermal 

Nanospheres

0.0487

100 min

[65]

2

PDA-2@

method

BiOBr

TiO

–

3.2

Nanoparticles

80%

175 min

[66]

2

CZTS

Hot-injection 

1.54

Nanospheres

0.014

30 min

[11]

method

98.4%

(Shown in 

Figure 3.5)

FIGURE 3.5  Absorption spectra for CZTS (organic pollutants): (a) under bare sunlight and (b) its concentra-

tion ( C / C ) vs. time with the corresponding colour degradation samples. 
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3.6  FACTORS AFFECTING PHOTOCATALYTIC EFFICIENCY

Factors affecting photocatalysis elaborate factors affecting the efficiency of photocatalysis, which 

are shown below in tabular format. 

Influencing Factors

Effects on the Photocatalysis 

Concentration of the 

•  As the concentration of catalyst increases, the efficiency and the rate of reaction also 

photocatalyst

increase until a certain limit. After that limit, more concentration leads to a decrease in the 

efficacy and the rate constant. 

Temperature

•  Does not show a major effect on the rate of reaction and efficiency. 

Source of irradiation 

•  The light source provides wavelength (absorption range). 

(light)

•  The higher the intensity of radiation, the faster the catalytic activity. 

PH value

•  Depends on the nature of the catalyst. 

Ions (anion/cation)

•  Anions improve the electron-hole pair separation speed in the photocatalytic reaction and 

form anion radicals after acting as scavengers for hydroxyl radicals. 

•  Cations affect the photodegradation of organics as they affect the adsorption of active 

sites on the photocatalyst surface. 

3.7  CHALLENGES DURING PHOTOCATALYSIS

Wastewater and source of radiation: Mainly, wastewater treatment is done under UV radia-

tion through UV-generating lamps, which are costly and also generate toxic waste. Being natural, 

economical, and eco-friendly, solar energy is the best source of radiation. To meet this scenario, 

visible range photocatalysts are required so that the operation range is within the visible range of 

the solar spectra, or any other sources of UV could be used, which do not generate further toxic 

waste. Some countries, deprived of proper solar energy, use alternate sources of irradiation; in such 

countries, the use of LEDs is becoming more fascinating [67]. The number of studies on photocat-

alytic treatment in which various alternate sources of UV are used is increasing [68, 69]. Pilot-scale reactors are used as a source of photocatalytic water treatment using LEDs available in the mar-

ket, resulting in the fast development of LEDs with the expectation of reaching  industrial-level 

implementations in the future. For visible radiation, xenon lamps are used more often [70]. Lamps with low intensities are hard to compare results with other studies; there should be an instrument, 

which may be electrically driven, to measure the certain values of energy supplied for the removal 

of wastes at the ppm level. 

Photocatalysts and their toxicity: Major articles on the photocatalytic treatment of waste-

water generally refer to detoxification. TiO  is the most explored material for photocatalytic 

2

applications as it has nearly all the characteristics of a perfect photocatalytic material [71]. ZnO 

nanoparticles were also used as photocatalysts for water treatment due to their low cost, non- 

toxicity, easy synthesis, etc. However, the main drawback of using ZnO is photo-corrosion; also, 

photo-dissolution has been reported during sewage water treatment via photocatalysis, the main 

factor leading to water toxicity [72]. Dissolution of metals from metal nanoparticles plays a key role in the increment of their toxicity [73]. One of the main advantages of using powdered pho-

tocatalysts is that they can be taken out for reuse after centrifugation; however, not all powder 

samples are good with that technique. Separating photocatalysts from water is one of the major 

limitations in photocatalysis and an expensive one [74]; therefore, thin-film-deposited photo-

catalysts are more popular as there is no need for recovering the catalysts. It was also reported 

that thin-film-deposited catalysts show a similar level of efficiency range as commercially made 

catalysts [75]. 
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3.8  WAYS TO IMPROVE PHOTOCATALYTIC EFFICIENCY

Photocatalytic reaction mechanism shows the advantages under supple reaction conditions, high 

catalytic efficiency, and an extensive range of applications. However, it suffers many drawbacks, 

such as charge recombination, low photon quantum efficiency, and a narrow range of absorbance 

spectra. Recombination of charge carriers is the most unfavourable condition for photocatalysis; 

therefore, a reduction in the recombination of charge carriers is an effective way to enhance the effi-

ciency and the rate constant of the photoreaction [76,77]. There are various methods of improving the catalytic efficiency of semiconducting material catalysts. 

1. 

Metal/non-metal ion doping: For improving the semiconducting performance, metal/

non-metal ion impurity is introduced in the forbidden band. Ion doping increases the car-

rier’s concentrations and forms the ion traps to capture electron-hole pairs to block the 

recombination of electron-hole pairs, hence aiding in the efficiency enhancement of photo-

catalytic activity [78,79]. 

2. 

Dye photosensitization: Surface sensitization using dyes is the process used to widen the 

wavelength range of photochemical reactions. These dyes are also called photosensitizers; 

they are usually organic/inorganic chromophores. These dyes have strong absorption in the 

visible light range, and the spectra can be extended towards the photocatalytic response 

range. Due to this property, the dye-sensitized semiconductor catalyst can be excited with 

lower energy irradiation [80]. 

3. 

Semiconductor modification: A semiconductor photocatalyst is realized by band match-

ing two types of semiconductors. This includes doping, semiconductor recombination, 

multilayer structures, and out-of-phase combination. This improves the photocatalytic effi-

ciency as the photogenerated electron-hole pairs move to the valence band or the conduc-

tion band to avoid recombination [81]. 

4. 

Precise metal deposition: This is considered the most dynamic way of acquiring excited 

electrons. Here, a Schottky barrier is created using metal and semiconductor junctions near 

the interface. When the noble metal and semiconductor are in contact, the electron starts 

moving towards the metal from the semiconductor (as the work function of the metal is 

greater than the semiconductor) until both energy levels become equal, which causes band 

bending near the contact interface forming the Schottky barrier, which captures the pho-

togenerated charge carriers at the semiconductor’s surface and quenches the charge-pair 

recombination, thus enhancing the catalytic efficiency [82]. 

3.9 CONCLUSION

In summary, studies on photocatalytic technology have evolved over the years and have achieved 

significant breakthroughs in a range of theory and practical application results. Photocatalysis, due 

to its ease of handling, easy controllable operating conditions, no secondary pollutants, and wide 

range of applications for water splitting and hydrogen production, pollutant degradation, steriliza-

tion, and air/water purification, has become an extremely encouraging technology. In this chapter, 

the method, synthesis, deposition techniques, photocatalytic efficiencies, rate constant compari-

son, challenges, improvements, and solutions are discussed extensively. However, the expansion of 

photocatalytic technology is beyond combating industrial demands due to various obstacles such 

as low sunlight utilization, low recyclability, low quantum efficiency, and low catalytic efficiency. 

Therefore, scientific investigators are still required to dedicate additional time and effort to discover 

ways to improve efficiency, stability, and recyclability. 
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GLOSSARY

Photocatalyst: A photocatalyst is a substance that uses solar energy to facilitate the chemical reaction. 

Photocatalysis: Photocatalysis is a process in which solar energy is used to drive the electron-hole 

pairs of chemical reactions. 

Industrial waste: Waste generated by industries during manufacturing and other procedures. 

Textile effluents: Waste produced by textile industries during the production. 

Hot injection: A synthesis technique where the precursors are heated up to a certain high tempera-

ture and capping ligands are injected rapidly at that high temperature. 
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4 Removal of Arsenic, Oil and 

Grease, Chemical Oxygen 

Demand, and Color from 

Stormwater Runoff by 

Continuous Dissolved Air 

Flotation and Filtration
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NOMENCLATURE

ADT: 

Air dissolving tube

AOP: 

Advanced oxidation processes

AS2O3: 

Arsenic trioxide

BMP: 

Best management practice

BOD: 

Biochemical oxygen demand

COD: 

Chemical oxygen demand

DAF: 

Dissolved air flotation

DAFF: 

Dissolved air flotation and filtration

DGF: 

Dissolved gas flotation

DOFF: 

Dissolved ozone flotation and filtration

ECF: 

Electrocoagulation and flocculation

ED: 

Electrodialysis

FBR: 

Flotation bioreactors

IE: 

Ion exchange

IONPs: 

Iron oxide nanoparticles

IPCWWTS:  Independent physicochemical wastewater treatment system

LIWT: 

Lenox Institute of Water Technology

MBR: 

Membrane bioreactors

MCL: 

Maximum contaminant limit

MF: 

Membrane filtration

MS4: 

Municipal separate storm sewer systems

NaOH: 

Sodium hydroxide

NF: 

Nanofiltration

NPDES: 

National Pollutant Discharge Elimination System

O&G: 

Oil and grease

POE: 

Point of entry

POU: 

Point of use

RBC: 

Rotating biological contactors
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RO: 

Reverse osmosis

SBR: 

Sequencing batch reactors

TF: 

Trickling filters

TSS: 

Total suspended solids

UF: 

Ultrafiltration

USEPA: 

U.S. Environmental Protection Agency

UV: 

Ultraviolet

4.1   ARSENIC CONTAMINATION OF STORMWATER 

RUNOFF AND GROUNDWATER

4.1.1  arseniC Pollution

Although elemental arsenic is insoluble in water, the following two types of arsenic compounds are 

soluble in water and are highly toxic. 

1. Arsenite: Arsenic (III) or As (III). 

2. Arsenate: Arsenic (V) or As (V). 

Arsenite and arsenate have different solubilities and toxicities and respond differently to arsenic 

treatment processes. 

Arsenic contamination in groundwater is a significant issue, often caused by both naturally high 

concentrations of arsenic in deeper levels of groundwater and the infiltration of arsenic- contaminated 

storm runoff water. The use of deep tube wells for water supply in regions like the Ganges Delta 

has led to serious arsenic poisoning in large populations. Dangerously high arsenic levels have been 

found in drinking water wells in over 25 U.S. states, potentially affecting 2.1 million people. The 

worst case occurred in Bangladesh, where over 100 million people were poisoned by arsenic in 

groundwater supplies. Understanding the sources and distribution of arsenic in aquifers is crucial 

for managing water resources and safeguarding public health. 

Arsenic occurs naturally as a trace element in rocks and sediments. Whether it’s released into 

storm runoff water and groundwater depends on the chemical form of arsenic, the geochemical 

conditions in the soil and aquifer, and the biogeochemical processes that occur. 

Human activities (such as mining, industrial use, wood preservation, and pesticides) also release 

arsenic into storm runoff water and groundwater. 

In drinking water supplies, arsenic is toxic even at low levels and is a known carcinogen. 

The U.S. Environmental Protection Agency (USEPA) lowered the maximum contaminant level 

(MCL) for arsenic in public water supplies to 10 from 50 μg/L in 2001. In summation, arsenic 

contamination in water is a significant global concern due to its carcinogenic effects on living 

beings. Even at very low concentrations (parts per billion), arsenic can significantly decrease 

water quality. 

4.1.2  stormWater runoff management

Stormwater runoff is generated from rain and snowmelt events that flow over land or impervi-

ous surfaces, such as paved streets, parking lots, and building rooftops and does not soak into the 

ground. Population growth and the development of urban/urbanized areas are major contributors 

to the amount of pollutants in the runoff as well as the volume and rate of runoff from impervi-

ous surfaces. Together, they can cause changes in hydrology and water quality that result in habi-

tat modification and loss, increased flooding, decreased aquatic biological diversity, and increased 

sedimentation and erosion. 
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The stormwater runoff picks up pollutants like total suspended solids (TSS) in trash, toxic 

heavy metals (such as arsenic, lead, cadmium, mercury, copper, and iron), toxic chemicals (such as 

volatile organic compounds, surfactants, and pesticides), oil and grease (O&G), chemical oxygen 

demand (COD), biochemical oxygen demand (BOD), color, and dirt/sediment that pollute the rivers, 

streams, lakes, coastal waters, and even groundwater. To protect these precious water resources, 

communities, construction companies, industries, and others use stormwater controls, known as 

best management practices (BMPs). These BMPs reduce pollutants and/or prevent water pollution 

by controlling it at its source. 

The National Pollutant Discharge Elimination System (NPDES) stormwater program regulates 

some stormwater discharges from three potential sources: (a) municipal separate storm sewer sys-

tems (MS4), (b) construction activities, and (c) industrial activities. Engineers and managers of 

these sources might be required to obtain an NPDES permit before they can discharge stormwater. 

This permitting mechanism is designed to prevent stormwater runoff from washing harmful pollut-

ants into local surface waters and eventually into the groundwater. 

In the USA, most states are authorized to implement the stormwater NPDES permitting pro-

gram. The U.S. Environmental Protection Agency (USEPA) remains the permitting authority in 

a few states, territories, and on most land in India. The benefits of effective stormwater runoff 

management can include (a) protection of wetlands and aquatic ecosystems, (b) improved quality of 

receiving waterbodies, (c) conservation of water resources, (d) protection of public health, and (e) 

flood control. 

4.2   LITERATURE REVIEW OF ARSENIC REMOVAL 

FROM WATER AND WASTEWATER

The removal of arsenic from water and wastewater is a critical environmental concern due to its 

toxic effects on ecosystems and human health. Some processes have been reported in the literature 

for arsenic removal. They include (a) adsorption; (b) oxidation; (c) chemical precipitation/coagula-

tion, sedimentation clarification, and filtration; (d) ion exchange; (e) membrane filtration; (f) bio-

technology; and electrocoagulation-flocculation [1–4]. 

Activated alumina adsorption is a type of adsorption process using activated alumina (aluminum 

oxide) as the adsorbent. Activated alumina has a high surface area-to-weight ratio, which allows it to 

adsorb (or attach) arsenic molecules from water. The adsorbent comes in gray-colored pellets about 

the size of a pea that are placed in a vessel or chemical reactor. As water flows through the media, 

the arsenic is adsorbed to the pores in the activated alumina. 

Granular activated carbon (GAC) adsorption is the most common adsorption process using GAC 

as the adsorbent. GAC also has a very high surface area-to-weight ratio, allowing it to adsorb vari-

ous pollutants from water. GAC comes in a black granular form that is placed in a filtration vessel 

for arsenic removal. GAC can be regenerated for reuse, making it one of the most cost-effective 

physicochemical treatment processes for removing toxic organic or inorganic substances from water 

or wastewater [4]. Although GAC is capable of removing arsenic, it is not considered to be the best 

alternative in comparison with other arsenic removal processes. GAC is usually chosen because 

there are many other pollutants (in addition to arsenic) that must be removed from water or waste-

water at the same time. 

Among the various adsorption processes studied for arsenic abatement, the iron oxide adsorp-

tion process using iron oxide nanoparticles (IONPs) as the adsorbents stands out as an efficient 

and economical process for decontaminating water. This rusty-colored media is usually formed 

into pellets. The pellets are placed in filter vessels or housings, and contaminated water is directed 

over the media. Iron oxide is effective at removing As(III), As(V), lead, mercury, chromium, etc. 

from drinking water. This IONPs filter media is relatively inexpensive and can be used for a long 

period of time without needing to be replaced. IONPs are promising low-cost adsorbents for arsenic 
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removal due to their magnetic properties, abundance of biocompatibility, and high selectivity. Here 

are some key points about their effectiveness:

1. Magnetic properties: IONPs exhibit magnetic properties, making them easy to separate 

from water after adsorption. 

2. Abundance and biocompatibility: IONPs are abundant and biocompatible, making them 

suitable for large-scale applications. 

3.  High selectivity: IONPs have high selectivity toward arsenic, enhancing their efficiency as 

adsorbents. 



4.  Enhancement: To further enhance the adsorption capacity of IONPs, sustainable approaches 

are possible. These include decorating IONPs with materials such as activated carbon, bio-

char, chitosan, cellulose, and mining waste materials. These modifications improve the 

overall performance of IONPs as adsorbents. 

It is known that IONPs offer a cost-effective and efficient solution for removing arsenic from con-

taminated water [1]. Researchers continue to explore nanomaterials and their advantages over con-

ventional adsorbents, emphasizing their high capacity for arsenic removal [2]. 

Some recent research projects have predominantly focused on removing arsenic from aqueous 

solutions through oxidation, coagulation/filtration, ion exchange (IE), membrane filtration (MF), 

biological oxidation, electrocoagulation and flocculation, constructed wetlands, and BMPs technol-

ogy [5–18]. 

Oxidation processes include ozonation (using ozone), oxygenation (using pure oxygen), aera-

tion (using air), chlorination (using chlorine), permanganation (using potassium permanganate), 

advanced oxidation processes (AOP), etc. AOP involves the use of ultraviolet (UV) together with 

one or more of the above-mentioned oxidants. All oxidation processes convert arsenic species into 

a more easily removable form [5–7]. 

Coagulation/filtration is the most common physicochemical treatment process system, consisting 

of chemical mixing, flocculation, precipitation/coagulation, sedimentation clarification, and filtra-

tion. Coagulants are added to water to form larger particles known as chemical flocs in the floccula-

tion step. The chemical flocs can then be clarified and filtered out [5,8]. 

The IE process reactor may be packed (a) with cation exchanger resin for the removal of cat-

ionic pollutants, (b) with anion exchanger resin for the removal of anionic pollutants, or (c) with 

a mixed cation exchanger and anion exchanger for removing both cationic and anionic pollutants 

at the same time. The spent IE resins can be regenerated for reuse. When arsenic compounds are 

in ionic forms in the stormwater runoff, arsenic along with some other ionic pollutants can be 

removed by IE [5,6]. 

MF processes include microfiltration, ultrafiltration (UF), nanofiltration (NF), reverse osmo-

sis (RO), electrodialysis (ED), etc. The MF membranes selectively disallow certain ions to pass 

through, so the rejected ions can be removed. While MF is considered to be a very expensive pro-

cess for use in large water or wastewater treatment plants, it is frequently used as a small point of 

use (POU) or point of entry (POE) water purifier for the removal of heavy metals as well as other 

organic and inorganic pollutants [8,9]. 

Biological oxidation includes activated sludge processes, trickling filters (TF), rotating biologi-

cal contactors (RBC), sequencing batch reactors (SBR), aerobic lagoons, membrane bioreactors 

(MBR), flotation bioreactors (FBR), etc. In any of the biological oxidation processes, aeration plays 

an important role in oxidation by transforming arsenic into a more easily removable form,  while 

microorganisms can biologically transform or remove arsenic [10–12]. 

The electrocoagulation and flocculation (ECF) process system is similar to the coagulation- 

filtration system discussed previously except that the ECF involves the use of electrically induced 

chemical coagulation and flocculation for particle removal. 
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To mitigate the impact of heavy metals in stormwater, two recent treatment approaches are 

employed: (a) constructed wetlands and filtration and (b) BMPs technology [15–17]. 

Constructed wetlands may be a current practical process for stormwater runoff treatment. Both 

natural and constructed wetlands have been used for treating road runoff. Wetlands can signifi-

cantly reduce heavy metal concentrations, including zinc (Zn), lead (Pb), and copper (Cu) [15]. 

Filtration systems include media filter drains, vegetated filter strips, sand filtration, and bioreten-

tion, which are commonly used to remove heavy metals from stormwater before it reaches receiving 

waters. 

BMPs technology is designed to minimize pollutant input to receiving waters [16,17]. They 

include (a) retention ponds: these are structural BMPs that rely on sedimentation to remove heavy 

metals from stormwater; and (b) cattail wetland mesocosms: these constructed wetlands can also 

effectively reduce heavy metal concentrations. Researchers investigate the removal efficiency 

of heavy metals using different BMPs. Their studies focus on particulate-bound heavy metals  

(20–0.4 μm) and their removal from stormwater runoff. 

In summary, managing heavy metals in stormwater runoff involves a combination of all avail-

able processes, structural BMPs, wetlands, and filtration systems. These approaches help protect the 

Earth’s water bodies from the harmful effects of heavy metal pollution. Specific arsenic removal 

faces challenges such as cost-effectiveness, regeneration of adsorbents, and disposal of spent mate-

rials. Researchers should continue to explore innovative approaches to address these challenges and 

improve arsenic removal efficiency. 

4.3  INDEPENDENT PHYSICOCHEMICAL WASTEWATER TREATMENT SYSTEM

4.3.1   ComParison BetWeen a Conventional BiologiCal WasteWater treatment 

system and an indePendent PhysiCoChemiCal WasteWater treatment system

A conventional wastewater treatment system normally consists of preliminary treatment (equaliza-

tion, coarse screening, grit chamber, preaeration, neutralization, etc.), primary treatment (primary 

sedimentation clarification), secondary treatment (biological reactors, such as trickling filter, acti-

vated sludge aeration basin, rotating biological reactor, lagoon reactor, plus secondary sedimenta-

tion clarification), and tertiary treatment (advanced processes, such as nitrification, denitrification, 

and secondary clarification) [18]. 

The independent physicochemical wastewater treatment system (IPCWWTS), developed by 

researchers at the Lenox Institute of Water Technology (LIWT) [18], is an innovative approach 

for wastewater treatment. The IPCWWTS aims to address the high cost associated with tradi-

tional wastewater treatment methods by providing an alternative approach. Unlike well-established 

conventional technologies, the IPCWWTS is still evolving, and practical experience is shaping its 

design and operation. 

The newly developed IPCWWTS consists of three main stages: (a) primary flotation clarifica-

tion for initial removal of TSS and other impurities such as heavy metals using flotation; (b) sec-

ondary flotation clarification for further removal of dissolved BOD, COD, phosphate, etc. through 

flotation; and (c) tertiary treatment for additional advanced physicochemical treatment, aiming at 

final removal of nutrients, toxic substances, pathogenic microorganisms, or resources recovery. The 

process units can be shaped as either circular or rectangular and can utilize various manufacturers’ 

products [18]. 

The IPCWWTS finds applications in (a) municipal wastewater treatment for enhancing waste-

water treatment efficiency and cost-effectiveness; (b) industrial wastewater treatment for meeting 

specific industrial effluent treatment requirements, such as removal of toxic organics and heavy 

metals; and (c) combined municipal and industrial wastewater treatment for optimizing complex 

and diversified wastewater streams. 
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Chemical optimization for the determination of chemical type dosage and pilot plant demonstra-

tion for the determination of operational parameters are usually required for the IPCWWTS. The 

IPCWWTS involving the use of dissolved air flotation (DAF) has been adaptable worldwide and 

represents the second wave of water and wastewater treatment advancements. 

4.3.2  dissolved air flotation: the heart of the innovative iPCWWts

DAF is a water and wastewater treatment process that clarifies wastewater by removing suspended 

matter such as chemical flocs, biological flocs, oil, and grease. The DAF system includes the fol-

lowing process steps: (a) coagulation and flocculation: the feed water to the DAF float tank is often 

dosed with a coagulant (such as ferric chloride, sodium aluminate, aluminum sulfate, and magne-

sium bicarbonate) to coagulate the colloidal particles and/or a flocculant to conglomerate the par-

ticles into bigger clusters; (b) air saturation: a portion of the clarified effluent water leaving the DAF 

tank is pumped into a small pressure vessel (called the air drum) into which compressed air is intro-

duced. This saturates the pressurized effluent water with air; (c) bubble formation: the air-saturated 

water stream is recycled to the front of the float tank and flows through a pressure reduction valve. 

As it enters the front of the float tank, the air is released in the form of tiny bubbles. These bubbles 

form at nucleation sites on the surface of the suspended particles, adhering to them; and (d) floating 

and skimming: as more bubbles form, the lift from the bubbles eventually overcomes the force of 

gravity. This causes the suspended matter to float to the surface, where it forms a scum layer. The 

scum layer (called float) is then removed by a skimmer. 

DAF is widely used in treating industrial wastewater effluents from oil refineries, petrochemical 

and chemical plants, natural gas processing plants, paper mills, and other industrial facilities and is 

newly improved for potable water treatment. It’s a cost-effective method for separating solids from 

liquids. 

4.4   PILOT PLANT INSTALLATION AND EXPERIMENTS OF THE INNOVATIVE 

INDEPENDENT PHYSICOCHEMICAL WASTEWATER TREATMENT SYSTEMS

4.4.1  Pilot Plant installation

The DAF and filtration pilot plant system was set up on the first floor of the Lenox Institute of Water 

Technology for this research. The system consists of a chemical rapid mixing chamber, a rectangular 

static hydraulic flocculator ( L ×  W ×  H = 102  in × 16 in × 10 in = 259.08 cm × 40.64 cm × 25.40 cm),  a DAF clarifier (Krofta Supracell DAF model SPC 3; diameter = 0.91 m = 3 ft; depth = 55.88 cm = 22 in), 

and three sand filters (28 cm of quartz sand as filter bed). The pilot DAF unit (Krofta Supracell 

Model SPC 3) is the heart of the entire pilot plant system. The following are the typical pilot plant 

operational conditions:

1. Raw water = raw storm runoff water, spiked with soluble arsenic when necessary; 

2. Chemicals = sodium aluminate, ferric chloride or ferric sulfate; 

3. Continuous influent flow rate = 39.62 m3/h = 9 gpm; 

4. Continuous DAF recycle flow rate = 13. 21 m3/h = 3 gpm; 

5. Pressure of air dissolving tube (ADT) = 90 psig (approx.); 

6. ADT air flow rate = 0.02832 m3/h (approx.); 



7. Sand filtration rate = 6.11 m3/h/m2 = 2.5 gpm/sf; 

8. Sand effective size = 0.35 mm; 

9. Sand uniformity coefficient = 1.55; 

10. Sand depth = 28 cm = 11 in of quartz sand; 

11. Sand filter backwash rate = 28.12 m3/h/m2 = 11.5 gpm/sf. 
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4.4.2  exPerimental design

The purpose of this research was to demonstrate the feasibility of removing toxic arsenic from the 

contaminated storm runoff water from a petrochemical plant in New Jersey by continuous dissolved 

air flotation and filtration (DAFF) technology, which was an innovative independent physicochemi-

cal wastewater treatment system (IPCWWTS). In the DAFF or IPCWWTS operation, the raw run-

off water was continuously pumped at a constant rate (such as 9 gpm or 34.0650 L/min) to the Lenox 

Institute DAFF pilot plant for treatment. Both flotation effluent and filter effluent were sampled for 

various analyses, including arsenic, COD, O&G, and pH. The sludge produced from the DAF unit 

was collected in a storage tank for TSS analysis and proper sludge thickening and dewatering. 

A total of over 4,500 gallons (17,033 L) of storm runoff water containing arsenic was trucked by the 

New Jersey petrochemical company at their own expense from New Jersey State to the Lenox Institute 

of Water Technology (LIWT) campus for this research. The truck that was full of arsenic-contaminated 

storm runoff water stayed at the Lenox campus site until the entire investigation was completed. The 

over 4,500 gallons (17,033 L) of raw runoff water were treated by the continuous DAFF plant in three 

stages in accordance with the following three experimental conditions: (a) treatment of 1,500 gallons 

(5,678 L) of raw storm runoff water containing original arsenic contaminants as well as all other con-

taminants limited by the New Jersey government; (b) treatment of 1,500 gallons (5,678 L) of storm 

runoff water, which was spiked with 0.5 mg/L of soluble arsenic; and (c) treatment of 1,500 gallons 

(5,678 L) of storm runoff water, which was spiked with 1.0 mg/L of soluble arsenic. 

4.4.3  stoCk arseniC solution PreParation

Dissolve 1.320 g of arsenic trioxide (A O ) in 10 mL of distilled water containing 4 g of sodium 

S2

3

hydroxide (NaOH) and dilute to 1,000 mL with distilled water. The concentration of the prepared 

stock arsenic solution is now 1,000 mg/L as As. 

4.4.4  Pilot Plant oPerations and three exPeriments

Three final DAFF pilot plant investigations were designed and conducted as three separate experi-

ments (Experiment 1, Experiment 2, and Experiment 3) as follows:

4.4.4.1  Experiment 1

The raw storm runoff water (containing initial As = 0.018 mg/L) was continuously treated by the 

dissolved air flotation and filtration (DAFF) pilot plant at a constant flow rate of 9 gal/min (34.0650  

L/min) for over two and one half hours when the steady-state condition was reached. Chemical treat-

ment included sodium aluminate = 15 mg/L as Al O  and ferric chloride (or ferric sulfate) = 25 mg/L 

2

3

as Fe. The wastewater samples of influent raw storm runoff water, DAF effluent, and filtration efflu-

ent were taken and analyzed for their arsenic, turbidity, color, O&G, COD, and pH. The percent 

removal of arsenic, turbidity, color, O&G, and COD by DAF alone and by combined  flotation/ 

filtration (DAFF) were calculated and listed in Table 4.1 under EXPERIMENT 1. 

4.4.4.2  Experiment 2

The raw storm runoff water (containing initial As = 0.018  mg/L + spiked As = 0.5  mg/L; total 

As = 0.518 mg/L) was continuously treated by the dissolved air flotation and filtration (DAFF) pilot 

plant at a constant flow rate of 9 gal/min (34.0650 L/min) for over two and one half hours when the 

steady-state condition was reached. Chemical treatment included sodium aluminate = 15 mg/L as Al O  

2 3

and ferric chloride (or ferric sulfate) = 25 mg/L as Fe. The samples of influent raw storm runoff water, 

DAF effluent, and filtration effluent were taken and analyzed for their arsenic, turbidity, color, O&G, 

COD, and pH. The percent removal of arsenic, turbidity, color, O&G, and COD by DAF alone and by 

combined flotation/filtration (DAFF) were calculated and listed in Table 4.1 under EXPERIMENT 2. 
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TABLE 4.1

Treatment Efficiencies of Dissolved Air Flotation (DAF) 

and Combined Flotation-Filtration (DAFF)

Experiments

Treatment Efficiency

1

2

3

Influent arsenic, mg/L as As

0.015

0.518

1.010

Removal by DAF, %

33.3

79.5

90.1

Removal by DAFF, %

100.0

90.3

90.6

Influent turbidity, NTU

3.4–3.6

3.5

3.0

Removal by DAF, %

35.7

45.7

30.0

Removal by DAFF, %

93.0

93.7

93.3

Influent color, CU

48–49

49

50

Removal by DAF, %

50.5

40.8

43.0

Removal by DAFF, %

98.9

97.9

98.0

Influent O&G, mg/L

29.2

29.3

28.5

Removal by DAF, %

52.7

51.5

43.2

Removal by DAFF, %

69.2

61.1

74.7

Influent COD, mg/L

85.0

86.0

83.0

Removal by DAF, %

37.6

46.5

32.5

Removal by DAFF, %

58.8

53.5

51.8

Influent pH, unit

7.0–7.1

7.1–7.1

7.2–7.2

After DAF, unit

6.9–7.0

7.1–7.2

6.9–7.1

After DAFF, unit

6.9–7.0

7.0–7.1

7.0–7.1

 Notes:   (a) Chemical treatment of DAF: Sodium aluminate, 15 mg/L as Al O  

2

3

and either ferric chloride or ferric sulfate, 25 mg/L as Fe; (b) Sand speci-

fications of sand filtration: ES = 0.35 mm; and UC = 1.55; sand depth = 11 

inches (27.94 cm); (c) target effluent arsenic concentration = 100 ppb. 

4.4.4.3  Experiment 3

The raw storm runoff water (containing initial As = 0.01  mg/L + spiked As = 1.0  mg/L; total 

As = 1.010 mg/L) was continuously treated by the dissolved air flotation and filtration (DAFF) pilot 

plant at a constant flow rate of 9 gal/min (34.0650 L/min) for over two and one half hours when the 

steady-state condition was reached. Chemical treatment included sodium aluminate = 15 mg/L as Al O  

2 3

and ferric chloride (or ferric sulfate) = 25 mg/L as Fe. The samples of influent raw storm runoff water, 

DAF effluent, and filtration effluent were taken and analyzed for their arsenic, turbidity, color, O&G, 

COD, and pH. The percent removal of arsenic, turbidity, color, O&G, and COD by DAF alone and by 

combined flotation/filtration (DAFF) were calculated and listed in Table 4.1 under EXPERIMENT 3. 

4.4.5  exPerimental results and disCussions

The results of three experiments (see Experiment 1, Experiment 2, and Experiment 3 in Table 4.1) 

show that in the pH range of 6.9–7.2, combined dissolved air flotation and filtration (DAFF) is 

an effective process system for storm runoff water treatment that removes 90.3%–100% arsenic, 

93.0%–93.7% turbidity, 61.1%–74.7% O&G, and 51.8%–58.8% COD if 15  mg/L (as Al O ) of 

2

3

sodium aluminate and 25 mg/L (as Fe) of ferric chloride or ferric sulfate are dosed, and the sand 

specifications are ES = 0.35 mm and UC = 1.55, and depth = 11 inches (28 cm). 

In terms of arsenic removal, the top portion of Table 4.1 presents the detailed technical data. 

It appears that (a) the higher the initial arsenic concentration, the higher percent arsenic removal 

Removal of Arsenic from Stormwater Runoff

91

will be for DAF treatment; for example, when initial influent arsenic concentrations were 0.015, 

0.518, and 1.010 mg/L (all as As), the arsenic removal efficiencies by DAF were 33.3%, 79.5%, and 

90.1%, respectively; (b) when initial influent arsenic concentration was 0.015 mg/L (as As) or below, 

combined flotation/filtration (DAFF) removed 100% arsenic from influent storm runoff water; no 

additional tertiary treatment for arsenic removal would be required; (c) DAF alone removed 79.5% 

and 90.1% of arsenic when initial influent arsenic concentrations were 0.518 and 1.010 mg/L (as 

As), respectively, but the DAF effluent arsenic concentrations were 0.1062 and 0.1000  mg/L (as 

As), respectively, which might or might not meet the arsenic pretreatment standards; (d) combined 

flotation-filtration (DAFF) treatment removed at least 90.3%–100% of arsenic when the initial arse-

nic concentration was in the range of 0.015–1.01. mg/L as As, which was very promising unless the 

government’s stormwater runoff pretreatment standards on arsenic were very stringent. 

There was a significant difference in clarity between the flotation (DAF) effluent and the flota-

tion/filtration (DAFF) effluent. The former (DAF) was yellowish and turbid, but the latter (DAFF) 

was crystal clear. Quantitatively, DAF removed 30.0%–45.7% of the turbidity and 40.8%–50.5% of 

the color, while DAFF removed over 93% of both turbidity and over 97.9% of color at all times (see 

Table 4.1). 

Although the treatment efficiencies of DAFF for COD removal and O&G removal were always 

higher than those of DAF alone, the final process system selection will be decided by the initial 

pollutant concentrations, the treatment costs, and the stormwater runoff pretreatment standards. 

In summation, either DAF alone or combined dissolved air flotation and filtration (DAFF) will 

be sufficient for the pretreatment of stormwater runoff in terms of pH control and removal of turbid-

ity (or TSS), color, O&G, and COD (or BOD, TOC). If stormwater runoff is contaminated by arsenic 

at 0.015 mg/L as As or below, DAFF is technically feasible for the stormwater runoff treatment 

because 100% of the arsenic will be removed. When the initial arsenic concentration in stormwater 

runoff was as high as 1.010 mg/L (as As), 90.1% of arsenic was removed by DAF and 90.6% of 

arsenic was removed by DAFF, as shown in Table 4.1. The DAF effluent arsenic concentration and the DAFF effluent arsenic concentration were 0.1 mg/L (or 100 ppb) and 0.095 mg/L (or 95 ppb), 

respectively, both meeting the target effluent arsenic concentration of 100 ppb. If the stormwater 

runoff contains more than 1.010 mg/L (as As) of arsenic pollutant, DAF or DAFF may serve as 

excellent pretreatment, but tertiary treatment, such as IE, adsorption, activated alumina, and dis-

solved ozone flotation and filtration (DOFF), may be needed for further arsenic removal in order to 

meet the target effluent arsenic concentration of 100 ppb. 

GLOSSARY

Coagulant: A chemical (alum or iron salts) added to water to destabilize particles, allowing sub-

sequent floc formation and removal by clarification (flotation or sedimentation) and/or 

filtration. 

Coagulation: A process of destabilizing the charges of suspended and colloidal particles in water 

by adding chemicals (coagulants). In the coagulation process, positively charged chemicals 

are added to neutralize or destabilize these negative charges and allow the neutralized 

particles to accumulate and be removed by clarification (flotation or sedimentation) and/

or filtration. 

Conventional biological wastewater treatment system: It normally includes (a) preliminary 

treatment units (i.e., screen, comminutor, grit chamber, etc., for the removal of sand, 

gravel, cinders, coffee grounds, small stones, cigarette filter tips, logs, cans, and other 

large-sized unwanted materials from raw wastewater); (b) primary sedimentation clarifica-

tion for removing mainly total suspended solids from preliminary effluent; (c) secondary 

biological treatment units (such as activated sludge aeration or equivalent plus secondary 

sedimentation clarification) for removing dissolved organic/inorganic pollutants from pri-

mary effluent; and (d) tertiary treatment plant units (i.e., filtration, GAC adsorption, ion 
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exchange, oxidation, nitrification, denitrification, and/or disinfection) for final polishing of 

the secondary effluent in order to meet the effluent discharge standards. 

Conventional physicochemical wastewater treatment system:  It normally includes (a) prelimi-

nary treatment units (i.e., screen, comminutor, grit chamber, etc., for the removal of sand, 

gravel, cinders, coffee grounds, small stones, cigarette filter tips, logs, cans, and other 

large-sized unwanted materials from raw wastewater); (b) primary sedimentation clarifica-

tion for removing mainly total suspended solids from preliminary effluent; (c) secondary 

physicochemical treatment units (such as chemical precipitation/coagulation or equivalent 

plus secondary sedimentation clarification) for removing dissolved organic/inorganic pol-

lutants from primary effluent; and (d) tertiary treatment plant units (i.e., filtration, GAC 

adsorption, ion exchange, oxidation, nitrification, denitrification, and/or disinfection) for 

final polishing of the secondary effluent in order to meet the effluent discharge standards. 

In the nitrification and denitrification steps, only tertiary sedimentation clarification will 

be used for solid-water separation. 

Dissolved air flotation (DAF): One of the dissolved gas flotation (DGF) processes where air is 

used for the generation of gas bubbles. See dissolved gas flotation (DGF). 

Dissolved gas flotation (DGF): It is a process involving the pressurization of gas at 25–95 psig for 

dissolving gas into water and the subsequent release of pressure (to 1 atm) under laminar 

flow hydraulic conditions for generating extremely fine gas bubbles (20–80 microns) which 

become attached to the impurities to be removed and rise to the water surface together. 

The impurities or pollutants to be removed from the water surface are called float or scum 

which are scooped off by sludge collection means. The clarified water is discharged from 

the flotation clarifier’s bottom. The gas flow rate is about 1% of the influent liquid flow rate. 

The attachment of gas bubbles to the impurities can be a result of physical entrapment, 

electrochemical attraction, surface adsorption, and/or gas stripping. The specific gravity 

of the bubble-impurity agglomerate is less than one, resulting in buoyancy or nonselective 

flotation (i.e., save-all). 

Filtration: It is usually a granular medial filtration process which involves the passage of waste-

water or water through a bed of filter media with the resulting deposition of suspended 

solids. Eventually, the pressure drop across the bed becomes excessive, or the ability of 

the bed to remove suspended solids is impaired. Cleaning is then necessary to restore the 

operating head and effluent quality. The time in service between cleanings is termed the 

filter run time or run length. The head loss at which filtration is interrupted for cleaning is 

called terminal head loss, and this head loss is maximized by the judicious choice of media 

sizes. Dual media filtration involves the use of both sand and anthracite as filter media, 

with anthracite being placed on top of the sand. Gravity filters operate by either using the 

available head from the previous treatment unit or by pumping to a flow split box, after 

which the wastewater flows by gravity to the filter cells. Pressure filters utilize pumping 

to increase the available head. A filter unit generally consists of a vessel; filter media; 

structures to support the media; distribution and collection devices for filter influent, efflu-

ent, and backwash water flows; supplemental cleaning devices; and necessary controls for 

flows, water levels, and backwash sequencing. Backwash sequences can include air scour 

or surface wash steps. Backwash water can be stored separately or in chambers that are 

integral parts of the filter unit. Backwash water can be pumped through the unit or can be 

supplied through gravity head tanks. 

Floc: Collections of smaller particles that have agglomerated together into larger, more separable 

(floatable or settleable) particles as a result of the coagulation process. 

Flocculation:  A water treatment unit process following coagulation that uses gentle stirring to 

bring suspended particles together so they will form a larger, more separable (floatable or 

settleable) floc. 
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Granular activated carbon adsorption: Granular activated carbon (GAC) is used in wastewa-

ter substances. GAC systems generally consist of vessels in which the carbon is placed, 

forming a “filter” bed. These systems can also include carbon storage vessels and thermal 

regeneration facilities. Vessels are usually circular for pressure systems or rectangular for 

gravity flow systems. Once the carbon adsorptive capacity has been fully utilized, it must 

be disposed of or regenerated. Usually, multiple carbon vessels are used to allow continu-

ous operation. Columns can be operated in series or parallel modes. All vessels must be 

equipped with carbon removal and loading mechanisms to allow for the removal of spent 

carbon and the addition of new material. Flow can be either upward or downward through 

the carbon bed. Vessels are backwashed periodically. Surface wash and air scour systems 

can also be used as part of the backwash cycle. Small systems usually dispose of spent 

carbon or regenerate it offsite. Systems above about 3–5 MGD (million gallons per day) 

usually provide on-site regeneration of carbon for economic reasons. 

Independent physicochemical wastewater treatment system (IPCWWTS): An independent 


physicochemical wastewater treatment system (IPCWWTS) utilizes physicochemical (PC) 

process technology other than biological process technology to obtain combined primary 

and secondary treatment efficiency for the removal of mainly biochemical oxygen demand 

(BOD), chemical oxygen demand (COD), total suspended solids (TSS), and phosphate. 

Typically, an IPCWWTS uses a combination of preliminary treatment (flow equalization, 

bar screening, comminution, grit chamber, ammonia stripping), chemical precipitation/

coagulation, primary clarification (primary sedimentation clarification or primary flota-

tion clarification), secondary clarification (secondary sedimentation clarification or sec-

ondary flotation clarification, without biological treatment), tertiary wastewater treatment 

(filtration and/or granular activated carbon adsorption, ion exchange, PC oxidation, etc.), 

and disinfection. An innovative efficient primary flotation clarifier or a secondary flotation 

clarifier can be in any shape, circular or rectangular. In general, this IPCWWTS requires 

a smaller land area than conventional biological secondary treatment systems. Phosphorus 

removal is inherent in this physicochemical process system. 

Innovative biological wastewater treatment system: It normally includes (a) preliminary treat-

ment units (i.e., screen, comminutor, grit chamber, etc., for the removal of sand, gravel, 

cinders, coffee grounds, small stones, cigarette filter tips, logs, cans, and other large-sized 

unwanted materials from raw wastewater); (b) primary flotation clarification for removing 

mainly total suspended solids from preliminary effluent; (c) secondary biological treat-

ment units (such as activated sludge aeration or equivalent plus secondary flotation clari-

fication) for removing dissolved organic/inorganic pollutants from primary effluent; and 

(d) tertiary treatment plant units (i.e., filtration, granular activated carbon adsorption, ion 

exchange, oxidation, nitrification, denitrification, and/or disinfection) for final polishing of 

the secondary effluent in order to meet the effluent discharge standards. 

Innovative physicochemical flotation wastewater treatment system: It includes (a) preliminary 

treatment units (i.e., screen, comminutor, grit chamber, etc., for the removal of sand, gravel, 

cinders, coffee grounds, small stones, cigarette filter tips, logs, cans, and other large-sized 

unwanted materials from raw wastewater); (b) primary flotation clarification for removing 

mainly total suspended solids from preliminary effluent; (c) secondary physicochemical 

treatment units (such as chemical precipitation/coagulation or equivalent plus secondary 

flotation clarification) for removing dissolved organic/inorganic pollutants from primary 

effluent; and (d) tertiary treatment plant units (i.e., filtration, granular activated carbon 

adsorption, ion exchange, oxidation, nitrification, denitrification, and/or disinfection) for 

final polishing of the secondary effluent in order to meet the effluent discharge standards. 

In the nitrification and denitrification steps, only tertiary flotation clarification will be used 

for solid-water separation. 
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Innovative physicochemical flotation-membrane wastewater treatment system: It includes (a) 

preliminary treatment units (i.e., screen, comminutor, grit chamber, etc., for the removal 

of sand, gravel, cinders, coffee grounds, small stones, cigarette filter tips, logs, cans, and 

other large-sized unwanted materials from raw wastewater); (b) primary flotation clarifica-

tion for removing mainly total suspended solids from preliminary effluent; (c) secondary 

physicochemical treatment units (such as chemical precipitation/coagulation or equivalent 

plus secondary membrane clarification) for removing dissolved organic/inorganic pollut-

ants from primary effluent; and (d) tertiary treatment plant units (i.e., filtration, granular 

activated carbon adsorption, ion exchange, oxidation, nitrification, denitrification, and/or 

disinfection) for final polishing of the secondary effluent in order to meet the effluent 

discharge standards. In the nitrification and denitrification steps, only tertiary membrane 

clarification will be used for solid-water separation. 

Rapid mixing: A water treatment unit process of quickly mixing a chemical solution uniformly 

through the process water. 
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5 Utilization of Fungal 

Bioprocess in Treating Heavy 

Metal-Contaminated Water

 Ülküye Dudu Gül and Yung-Tse Hung

NOMENCLATURE

Cd: Cadmium

COD: 

Chemical oxygen demand

Cr(III):  Chromium (III)

Cr(VI):  Chromium (VI)

Cu(II): Copper(II)

D-R: Dubinin–Radushkevich

Pb(II): 

Lead (II)

Zr (IV):  Zirconium (IV)

5.1 INTRODUCTION

The development of industry caused contamination risk via heavy metals in the environment 

because of their metal-containing effluents. Industrial wastewater from paper, metal plating, bat-

tery, and mining industries contains a large number of toxic pollutants such as heavy metals. The 

heavy metal contents of some industrial effluents are given in Table 5.1. 

Living organisms tend to accumulate heavy metals. Although some heavy metals are essential 

for metabolic reactions in living organisms, in high concentrations, they have a carcinogenic or 

toxic effect on the living body [1]. The maximum limited concentrations of heavy metals are given in Table 5.1. For instance, zinc regulates many essential biochemical processes in the human body. 

Health problems like cramps in the stomach, irritations in the skin, and anemia occur due to the 

presence of too much zinc [2]. Copper is also essential for animal metabolism and human life [3]. 

However, excess copper ingested by humans causes serious effects that are toxic and can cause 

death [4]. The excessive ingestion of copper causes health problems in the lungs and kidneys, apart from skin dermatitis, pulmonary fibrosis, and gastrointestinal problems [5]. In addition to this, nickel is a human carcinogen [1]. Mercury has toxic effects such as damaging the brain, kidneys, 

and lungs [6]. Lead can be dangerous to the central nervous system and the reproductive system. 

Chromium presents in two forms, Cr(III) and Cr(VI), in the aquatic environment. Generally, Cr(VI) 

has more toxic effects than Cr(III). Cr(III) decreases immune system activity in humans [7]. Cr(VI) causes several health problems, such as simple skin irritation and serious lung carcinoma [8]. 

Heavy metals are not biodegradable, unlike organic pollutants; therefore, they are environmen-

tal pollutants of priority. Due to their dangerous effects, they cause both serious environmental 

and health problems. It is important to remove these toxic pollutants from industrial wastewater to 

protect health and the environment. Some techniques have been applied for the treatment of metal 

industry wastewater, such as [13]
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TABLE 5.1

The Heavy Metal Contents of Some Industrial Effluents, Toxic Effects of Heavy Metals, 

and MCL Values for Heavy Metals

Heavy 

MCL 

Metal

Sa

Major Sources

Toxic Effects

(mg/L)

Arsenic

As

Paints, drugs, dyes, soaps, agricultural 

Skin irritations, visceral cancers, 

0.050

applications, mining, and smelting

vascular disease

Cadmium

Cd

Welding, electroplating, pesticide fertilizer, 

Kidney damage, renal disorder, human 

0.01

Cd and Ni batteries, nuclear fission plant

carcinogen

Chromium

Cr

Chrome plating, ceramics, metallurgical 

Headache, diarrhea, nausea, vomiting, 

0.05

processes, paints, dyes, magnetic tapes

carcinogenic

Copper

Cu

Agricultural fungicides, algicides, fertilizers, 

Liver damage, Wilson disease, insomnia

0.25

plumbing corrosion, electroplating, 

photography

Nickel

Ni

Plating, paper products

Dermatitis, nausea, chronic asthma, 

0.20

coughing, human carcinogen

Zinc

Zn

Refineries, brass manufacture, metal plating, 

Depression, lethargy, neurological signs, 

0.80

plumbing

and increased thirst

Lead

Pb

Paints, pesticides, smoking, automobile 

Damage to the fetal brain, disease of the 

0.006

emission, mining, burning of coal

kidneys, circulatory system, and 

nervous system

Mercury

Hg

Pesticides, batteries, paper industry

Rheumatoid arthritis and diseases of the 

0.0003

kidneys, circulatory system

 Source:  Adapted from Ref. [9–12]. 

a  Symbol. 

a. Chemical precipitation, 

b. Adsorption, 



c. Ion exchange, and

d. Electrochemical treatment technologies. 

These methods have methodological and financial disadvantages, as well as being time-consuming 

and not environmentally friendly [14]. Recently, biological treatment methods have been introduced as an alternative to the removal of heavy metals from industrial wastewater due to their low cost and 

environmental friendliness [15]. Fungi perform as inexpensive biosorbent materials for the removal of pollutants due to their high growth rate and ability to tolerate unfavorable environmental condi-

tions such as low pH [16]. In this chapter, we have focused our attention on exploring the potential of fungal bioprocesses for the biosorption of heavy metals. 

5.2  WASTEWATER TREATMENT METHODS

The wastewater resources are listed as follows:

a. Industrial, 

b. Domestic, 

c. Agricultural, 

d. Commercial. 
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Wastewater is produced by the combination of these resources. Compared to others, industrial 

wastewater contains more harmful compounds such as dyes or heavy metals. In recent years, 

more effective pollutant removal processes have been employed worldwide. However, no universal 

method has been introduced to treat high-pollutant-containing wastewater due to the complexity 

and variety of chemical structures. In the past decades, researchers have focused on wastewater 

treatment techniques to improve the content of industrial effluents. The characteristics of industrial 

wastewater are classified as follows:

a. Physical, 

b. Chemical, and

c. Biological. 

The main physical properties of wastewater are as follows: [17]

a. Solid content, 

b. Color, 



c. Odor, and

d. Temperature. 

The chemical properties of wastewater are divided into two classes: inorganic and organic. Bacteria, 

algae, fungi, viruses, and protozoa form the biological characteristics of wastewater. Various meth-

ods have been developed to treat industrial wastewater [18]. In general, wastewater treatment is divided into [19]:

a. Physical process, 

b. Chemical process, and



c. Biological processes. 

A detailed list of these methods is given in Table 5.2. 

5.2.1  PhysiCal methods

In the physical method, contaminants are treated depending on their physical properties such as size, 

viscosity, and specific gravity. Physical methods also show noticeable differences in color removal, 

volume capacity, processing time, and capital cost. In addition, they produce a large amount of 

sludge. High volumes of colored wastewater can be quickly removed with membrane technology 

and ozone treatment, but the capital cost is high [20]. Some other filtration processes include [21]: TABLE 5.2

Wastewater Treatment Methods

Physical

Chemical

Biological

Sedimentation

Chlorination 

Activated sludge

Screening

Neutralization

Oxidation ponds

Aeration

Ozonation

Lagoons

Filtration

Coagulation

Septic tanks

Flotation and skimming

Adsorption

Degasification

Ion exchange



Fungal Bioprocess in Treating Heavy Metal-Contaminated Water

99

a. Grids, 

b. Sand traps, 



c. Settling tanks, and

d. Filtration pools. 

5.2.2  ChemiCal methods

In chemical methods, some chemical reactions are used to improve the quality of water. The most 

commonly used chemical process is chlorination. Chlorine, which is a strong oxidizing chemical, 

is used to kill bacteria and slow down the rate of decomposition of the wastewater. Another strong 

oxidizing agent called ozone is also used in wastewater treatment chemically [22]. Neutralization is another extensively used chemical process in industrial wastewater treatment. In this process, acid 

or base is added to adjust pH levels back to neutral values. For example, lime having a basic nature 

is sometimes used in the neutralization of acid wastes. 

In coagulation, a chemical is added to create an insoluble end product which serves to remove 

substances from wastewater [23]. Polyvalent metals are commonly used in coagulation processes. 

Typical coagulants are lime, alum (aluminum sulfate), and iron-containing compounds (ferric 

chloride/ferric sulfate). Magnesium chloride can remove dyes more effectively than alum and poly-

aluminum chloride [24]. 

Some processes consist of both physical and chemical treatments. For example, the use of acti-

vated carbon involves both chemical and physical processes via “adsorbing” or removing organics. 

Both physical and chemical methods have shortcomings and are expensive. 

5.2.3  BiologiCal methods

In biological methods, organic pollutants are removed from wastewater at the end of biochemical 

reactions. Biological treatment methods use biological materials, especially microorganisms, to 

remove pollutants. A variety of microorganisms (bacteria, fungi, and algae) can be used for biologi-

cal treatment. In general, biological treatment methods can be divided into aerobic and anaerobic 

methods, depending on the availability of dissolved oxygen [25]. 

Aerobic and anaerobic treatment methods are directly related to the type of microorganisms that 

degrade the organic impurities in the wastewater and the operating conditions of the bioreactor. 

Aerobic treatment processes occur in the presence of air and use aerobic microorganisms (aerobes) 

that have the ability to use molecular oxygen for the assimilation of organic impurities and then 

convert them into carbon dioxide, water, and biomass. The anaerobic treatment processes occur in 

the absence of air (molecular oxygen) via anaerobic microorganisms (anaerobes) that do not need air 

(molecular oxygen) for the assimilation of organic impurities. The final products of organic assimi-

lation in anaerobic treatment are methane, carbon dioxide gas, and biomass. The major differences 

between aerobic and anaerobic treatments are given in Table 5.3. 

The anaerobic process is a small-scale sewage treatment system similar to the aerobic process. 

These systems are often found in rural areas where there is no public sewer and can be used for 

a single residence or a small group of homes. Fixed film systems, continuous flow, and retrofit or 

portable aerobic systems are the types of aerobic treatment systems. 

An anaerobic treatment system is used for domestic or industrial purposes to control solid 

waste and produce fuels. The fermentation process is used to produce industrial products (food 

and drink) and for the anaerobic digestion of waste domestically. Anaerobic digestion involves four 

stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Organic materials (glucose) are 

digested into carbon dioxide (CO ) and methane (CH ) by the anaerobic microorganisms in the 

2

4

anaerobic process. This process is commonly used as a source of renewable energy because it 
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TABLE 5.3

Comparison of Aerobic and Anaerobic Treatment

Aerobic

Anaerobic

Occurred in the presence of molecular/free oxygen

Occurred in the absence of molecular/free oxygen

Products: carbon dioxide, water, and excess biomass

Products: carbon dioxide, methane, and excess biomass

application of wastewater with low to medium organic  application of wastewater with high to medium organic

impurities (COD <1,000 ppm)

impurities (COD> 1,000 ppm)

Used in municipal sewage, refinery wastewater

Used in food and beverage wastewater rich in starch/sugar/alcohol

Relatively fast reaction kinetic

Relatively slow reaction kinetic

Relatively high sludge yield

Relatively low sludge yield

Activated sludge, fixed film process

Continuously stirred tank reactor

produces biogas that consists of methane, carbon dioxide, and traces of other “contaminant” gases. 

After anaerobic digestion, biogas and digestate are produced. The biogas can directly be used as 

fuel in combined heat and power gas engines [26], and the nutrient-rich solid waste can be used as fertilizer. 

Anaerobic treatment can be performed in batches or as a continuous process. In batch reactor 

systems, the biomass is put in at the beginning of the process, and then the bioreactor is closed for 

the duration of the process. The batch process needs inoculation with already processed materials to 

start the anaerobic digestion. At the end of anaerobic digestion, the biomass kept in the bioreactor is 

used for composting before the system is opened. The batch system is simple and needs less equip-

ment and lower levels of design work, which is typically a cheaper form. The constant production of 

biogas can be ensured by more than one batch reactor system at the plant. In the continuous diges-

tion process, organic matter is constantly added (continuous complete mixing) or added in stages 

to the reactor (continuous plug flow; first in, first out). In the continuous digestion process, organic 

matter is continuously or gradually added to the reactor. The final products are removed continu-

ously or periodically, resulting in continuous biogas production. Continuously stirred tank reactors, 

internal circulation reactors, expanded granular sludge beds, and up-flow anaerobic sludge blankets 

are examples of continuous anaerobic digestion. 

Three mechanisms called biosorption, bioaccumulation, and biodegradation have been involved 

in the removal of pollutants by biological methods [1]. Biosorption uses inactive and dead biomasses 

to effectively remove pollutants from aqueous solutions [27]. Bioaccumulation is the accumulation of pollutants by actively growing cells. Biodegradation involves the breakdown of pollutants into 

various products via various enzymes. The comparison of these mechanisms is given in Table 5.4. 

5.2.3.1 Biodegradation

Biodegradation can occur in the microbial world naturally because the pollutants provide carbon 

and energy sources for microbial growth, and the process plays an important role in the recycling 

of materials in the natural ecosystem. Biodegradation is considered the transformation of organic 

compounds into simpler and less toxic products by living organisms [28]. The completed biodegra-

dation process is called mineralization. Algae, bacteria, fungi, and yeasts have proven to have the 

potential for pollutant removal from wastewater [29]. 

5.2.3.2 Bioaccumulation

Growing cells actively accumulate pollutants in the bioaccumulative process. The process consists 

of two steps. In the first step, the pollutant binds to the cell surface; this step involves temperature 

and metabolism independently occurring. In the second step, the organism can accumulate a large 

number of contaminants. The second step is a metabolism-dependent step [30]. 
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TABLE 5.4

Comparison of Biological Wastewater Treatment Mechanisms

Features

Biosorption

Bioaccumulation

Biodegradation

Cost

Usually, low. Industrial, 

Usually, high. Involves living 

Usually, high. Involves living 

agricultural, and other types of 

cells and cell maintenance is 

cells or their enzymes and cell 

waste biomass are used as 

cost prone

maintenance or purifying 

biosorbent

enzymes is cost prone

pH

The pH of the solution strongly  Both cellular uptake and 

Optimal pH conditions are 

affects the uptake capacity of 

metabolism are strongly 

required for enzymatic 

biomass. However, a wide 

affected under extreme pH 

degradation reactions

range of pH conditions can be 

conditions

used in the process

Temperature

The biomass is inactive so 

Temperature severely affects the  Optimal temperature is 

temperature influences the 

process

necessary for the process

process. Several researchers 

reported that the uptake 

capacity enhanced with the 

increase in temperature

Storage

Easy to store and use

External metabolic overextended for the maintenance of the 

culture is needed for the maintenance of the culture

Selectivity

Poor. However, the selectivity 

Better than biosorption

High for specific substances

can be improved by 

modification of biomass

Versatility

Reasonably good. The binding 

Not very flexible

sites can accommodate a 

variety of ions

Degree of uptake

High. Some studies show that 

Living cells are sensitive to high  Since toxicant affects living 

some biomasses accommodate 

toxicant concentrations so 

cells and their metabolism 

a high amount of toxicant 

uptake is usually low

negatively, the increased 

nearly their dry weight

intoxicant concentration 

resulted in a decrease in uptake

5.2.3.3 Biosorption

Biosorption is the ability of certain types of inactive or dead microbial biomass to bind and concen-

trate contaminants, even in very dilute aqueous solutions. Biomass exhibits removal properties, act-

ing both as a chemical substance and as an ion exchanger of biological origin. Particularly, the cell 

wall structure of certain algae, fungi, and bacteria was found to be responsible for this phenomenon. 

The advantages of biosorption can be listed as high efficiency and selectivity, inexpensive, easily 

available equipment, and recovery of the sorbate [31]. Raw materials such as seaweeds and some industrial wastes (for example, fermentation and activated sludge process wastes) can be used as 

biosorbents in the biosorption process. Using dead microbial cells as biosorbents is more advanta-

geous for water treatment; hence, dead organisms are not affected by toxic waste, they do not require 

a continuous supply of nutrients, and they can be regenerated and reused for many cycles [32]. 

Their interactions of pollutants with microorganisms depend on several factors such as the chem-

istry of a particular pollutant, biomass type, preparation of biomass, specific surface properties 

of biomass, and environmental conditions. The advantages and disadvantages of the biosorption 

process are given in Table 5.5. 
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TABLE 5.5

The Advantages and Disadvantages of Biosorption

Advantages

Disadvantages

Generally, fast biosorption process; the removal of pollutants  

Early surface saturation

occurs in shot time

Low operating costs 

The biosorption process is strongly affected by pH

No generation of a large volume of metal-rich sludge

High efficiency of pollutant removal

Metal selective

Regeneration of biosorbent

Metal recovery possible

5.3  FUNGAL BIOSORPTION

5.3.1  the struCture of fungal Cell Wall

The fungal cell wall surrounds the cell-like external envelope and has an essential role during the 

interaction of the fungus with its environment. The cell wall of the fungal biosorbent is the major 

site for pollutant sorption [33]. The fungal cell wall forms 30% or more of the dry weight of the fun-

gus. There are two components called structural and intra-structural components found in the fun-

gal cell wall [28]. The structural components are chitin, β(1-3)–β(1-6)-glucans, and β(1-4)-glucan 

(cellulose). The intra-structural components (termed the matrix) include mannoproteins, galacto-

mannoproteins, xylo-mannoproteins, glucuronic-mannoproteins, and α(1–3)-glucan [34]. The fun-

gal cell wall contains mostly polysaccharides (80%) and proteins (3%–20%) [35] and also includes smaller amounts of lipids, inorganic salts, and pigments. The cell wall composition has been shown 

by electron microscopy, and it contains approximately 30% chitin (a polymer of n-acetyl glucos-

amine), protein, glucan, lipid, mannan, and ash. Glucan is absent in the yeast cell wall. In addition to 

these, various types of ionizable sites in the cell wall affect the uptake capacity of biosorbents [36]. 

The fungal cell wall contains functional groups (amino, carboxylic, imidazole, hydroxyl, and thiol) 

that differ according to their affinity and specificity for metal binding [37,38]. The amount of a metal ion bound to the fungal cell surface may depend on the relative affinities of the sites for metal 

ions and other cations present [39]. The complex interactions of several factors, including ionic charge, ionic radii, and electrode potential, can affect the sorption of heavy metals on the surface 

of the fungal biosorbent [40]. 

5.3.2  meChanism of fungal BiosorPtion

The process of metal binding occurs in two steps. The first step includes the physical interaction 

between the metal ions and the functional groups of the cell wall. In the second step, increased 

amounts of heavy metal ions are deposited. The fungal cell wall is the first part that contacts the 

metal ions. Physical adsorption occurs between heavy metal ions and the surface of fungal biomass. 

The Van der Waals forces, complexation, electrostatic interactions, ion-exchange reaction, surface 

precipitation, or their combinations are involved in physical adsorption [41]. The functional groups such as carboxyl, hydroxyl, amino, sulfonate, and phosphate in the fungal biomass are dominantly 

responsible for the binding of metal ions with electrostatic interactions, ion exchange, and com-

plexation [42,43]. Some fungal strains produce extracellular polymeric substances (EPS) such as polysaccharides, glycoproteins, lipopolysaccharides, and soluble peptides, which are maintained as 
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effective binding sites for heavy metal cations on the fungal surface [44,45]. A variety of cell wall compositions of biosorbents can cause a remarkable difference in the type and amount of metal ion 

binding to them. 

Metal-binding mechanisms in biosorption can be classified according to several criteria, such 

as dependence on the metabolism or location of the cell. Biosorption mechanisms can be defined 

as metabolism-dependent or metabolism-independent processes. Biosorption can be classified as 

cell surface sorption, intracellular accumulation, and precipitation/extracellular accumulation. This 

classification is based on the location where the metal removed from the solution is found. The 

metabolism-independent process involves the interaction of heavy metal ions and the cell surface 

based on complexation chelation such as physical adsorption, ion exchange, and chemical sorption. 

This type of biosorption process is relatively rapid and can be reversible. The metabolism-depen-

dent biosorption may take place only in viable cells and involves the transport of heavy metal ions 

through the cell membrane, ensuring intracellular accumulation. This process is often related to 

the active defense system of the fungal cell, which operates in the presence of toxic metals. Some 

microorganisms produce compounds that favor the precipitation process in the presence of toxic 

metals, and if this occurs after a chemical interaction between the metal and cell surface, this can 

be metabolically independent. A combination of several mechanisms, each of which operates inde-

pendently, can participate in the overall metal uptake. Effective metal-binding capacities of biomass 

materials have been reviewed for fungi [43 46]. 

5.3.3  advantages of fungal BiosorPtion

In the early 1980s, researchers focused on the heavy metal accumulation of microorganisms. 

Recently, researchers are interested in all aspects of biosorption, including the selection of biosor-

bents, exploring the mechanisms involved, the environmental conditions that affect the process, and 

the requirements for transferring the process from the laboratory to the pilot scale. The biosorp-

tion potential of several microorganisms is reported in the literature. The use of fungal biomass is 

preferred in biotechnological applications because most of the fungal species are non-pathogens to 

humans and animals [31]. Moreover, the fungal biomass can be prepared inexpensively by the use of 

simple fermentation techniques or obtained from the wastes of various industrial fermentation pro-

cesses. Waste  Aspergillus niger biomass may be obtained from citric acid and amylase fermentation 

processes; lactic acid and lipase fermentation processes may be the sources for waste  Rhizopus arrhi-

 zus biomass; and waste  Tinea versicolor biomass may be supplied from oxalic acid fermentation [47]. 

 T. versicolor [48,49],  R. arrhizus [16, 50],  A. niger [51], and  Phanerochaete chrysosporium [52]  

are widely used for biosorption as low-cost biosorbents. One of the fungi, called  Saccharomyces 

 cerevisiae, is an ideal model organism for identifying the mechanism of biosorption in metal ion 

removal, especially the interaction of metal and microbes at the molecular level. All the advantages 

of fungal biosorbents are listed in Table 5.6. 

TABLE 5.6

The Advantages of Using Fungal Biosorbents

Excellent metal-binding capacity due to the presence of several functional groups on the cell wall material 

The cultivation of fungal biosorbent is easy on a large scale

The yield of biomass is also quite high in inexpensive growth media

Provides an economic advantage using industrial waste fungal biomass as biosorbent

Fungal biosorbents are non-pathogenic

Fungal unicellular biosorbents allow us to understand the biosorption process at the molecular level
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5.3.4  the faCtors influenCing fungal metal BiosorPtion

A variety of factors such as pH, biosorbent type, temperature, the dosage of the biosorbent, and the 

initial heavy metal concentration affect the heavy metal biosorption capacity of fungal biosorbents. 

The metal biosorption capabilities of fungal biomasses are varied according to biomass type and 

species (Table 5.4). In addition to this, the pretreatment of biomass may also affect the metal bio-

sorption performance. 

5.3.4.1  Preparation of Biomass as a Fungal Biosorbent

Different forms of the biomasses, such as living/dead, free/immobilized, and raw/pretreated, can 

be used in biosorption processes. The biosorbent type affects the biosorption efficiency [53]. Both living and dead fungal biomasses have been reported to be capable of removing heavy metal ions. 

Most of the studies concentrated on using dead biomasses because dead cells offered several advan-

tages over living cells such as being easily stored, kept for prolonged periods, and simple operation 

and regeneration. And also, dead fungal biomass can be gained from industrial sources as waste 

and is suggested as a cheap and effective biosorbent. Compared with living biomass, dead biomass 

has more effective biosorption performance; for example, in the same experimental parameters, 

the Zr uptake capacity of dead and living  A. niger biomasses was 142 and 78.8 mg/g, respectively 

(Table 5.7). 

The biosorption properties of a biosorbent depend on factors such as the number of sites in the 

biosorbent material, the accessibility of the sites, the chemical state of the site, and the affinity 

between the site and the metal [68]. To prepare fungal biosorbent, the fungal biomass is pretreated by different methods, including physical pretreatments such as heat treatment and chemical pre-

treatments such as detergent washing, employing alkalies, acids, salts, organic compounds, and 

enzymes. The prior treatment of biomass by heating or washing with detergent enables the additional 

metal-binding sites on the biosorbent [69]. Treating the biomass with enzymes destroys unwanted components and increases sorption efficiency [70]. The pretreatment of  Mucor rouxii biomass by alkali enhanced the biosorption capacity, while the acid pretreatment reduced heavy metal biosorp-

tion by the same biosorbent [71,72] because the H+ ions bind to the biomass after acid treatment and reduce heavy metals adsorption. In the same experimental conditions, the Cr removal capacity of 

acid-treated, native, and base-treated  A. niger biomasses was shown in Table 5.7 as 92.5, 95.9, and 98.4 mg/g, respectively. The biosorption studies have reported that the heavy metal uptake capacity 

of biomass can be increased using some physical or chemical pretreatment processes. These meth-

ods are listed as drying, autoclaving, contacting with organic chemicals, such as formaldehyde, or 

inorganic chemicals, such as NaOH, H SO , NaHCO , and CaCl  [32]. 

2

4

3

2

The immobilized biomass provides some advantages such as metal recuperation, column reuse, 

and enhanced heavy metal removal efficiency [73]. Immobilization methods such as entrapment and cross-linking are convenient for biosorption [46]. 

5.3.4.2  The Effect of Biosorbent Dosage on Heavy Metal Biosorption

An increase in biosorbent dosage can be attributed to an increase in biosorption surface area, which 

means a more active site for adsorption. Most of the studies demonstrated that biosorption capac-

ity can be increased by augmenting the biosorbent amount. The Cu biosorption capacity of dead  T. 

 versicolor with the amounts of 6.0 and 2.0 g/L was 140.9 and 62.43 mg/g, respectively (Table 5.7). 

5.3.4.3  The Effect of pH on Heavy Metal Biosorption

The pH parameter is an important issue that affects the biosorption of heavy metals. The sorption 

ability of a fungal biosorbent is relative to the surface charge. The functional groups on the bio-

sorbent surface are changed according to the medial pH. The researchers reported that maximum 

metal removal occurred at the same pH values for all comparative studies about the same heavy 

metal. For example, the biosorption of nickel (Ni II) by fungal biosorbents was investigated by 
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TABLE 5.7

Effects of Experimental Conditions on Fungal Heavy Metals Biosorption

Maximum 

Initial Metal  Adsorbent 

Metal 

Concentration  Dosage 

Uptake 

Metal 

Microorganism

pH

 T (°C)

(ppm)

(g/L)

(mg/g)

References

Cr(III)

 Termitomyces clypeatus (dead)

4.0

60 

100 

2.0 

24.84 

[54]

Cr(VI)

 Ustilago maydis (modified with 

2.0

20

25

10.0

131.55

[55]

formaldehyde) (dead)

6.5

20

25 

10.0

17.60

Cu(II)

 Trametes versicolor (dead)

5.0

–

–

6.0

140.9

[56]

Zr (IV)

 Coriolus versicolor (dead)

3.5

30

200

0.5

47.88

[57]

Ag (I)

 Pleurotus platypus (dead)

6.0

20

200

3.0

46.70

[58]

Cu(II)

 Pycnoporus sanguineus (Live)

5.0

30

100

30.0

2.76

[59]

Cu(II)

 Aspergillus niger (treated with 

5.0

35

250

1.0

28.70

[60]

NaOH) (dead)

Pb(II)

 Aspergillus niger (treated with 

4.0

35

250

1.0

32.60

[60]

NaOH) (dead)

Pb(II)

 Lactarius scrobiculatus (dead)

5.5

20

10

4.0

56.2

[61]

Cd(II)

 Lactarius scrobiculatus (dead)

5.5

20

10

4.0

53.1

[61]

Pb(II)

 Aspergillus flavus (dead)

5.0

25

100

1.0

13.46

[62]

Cu(II)

 A. flavus (dead)

5.0

25

50

1.0

10.82

[62]

Cu(II)

 Trametes versicolor (dead)

4.0

20

50

2.0

16.70

[63]

Cr(VI)

Acid-treated  Aspergillus niger 

1.5

28

300

10.0

92.5

[64]

(dead)

Cr(VI)

Native  A. niger (Live)

1.5

28

300

10.0

95.9

[64]

Cr(VI)

Base-treated  A. niger (dead)

1.5

28

300

10.0

98.4

[64]

Cd(II)

 Beauveria bassiana (Live)  

5.0

30

50

1.0

46.27

[65]

Cd(II)

 Metarhizium anisopliae (Live)

5.0

30

50

1.0

44.22

[65]

Pb(II)

 Beauveria bassiana (Live)

6.0

30

50

1.0

83.33

[65]

Pb(II)

 Metarhizium anisopliae (Live)

6.0

30

50

1.0

66.66

[65]

Hg(II)

 Penicillium oxalicum var. 

5.0

20

50

0.3

269.3

[66]

 Armeniaca (dead)

Hg(II)

 Tolypocladium sp. (dead)

7.0

20

50

0.3

161.0

[66]

Cd(II)

 Penicillium oxalicum var. 

5.0

20

50

0.3

35.9

[66]

 Armeniaca (dead)

Cd(II)

 Tolypocladium sp. (dead)

5.0

20

50

0.3

11.9

[66]

Pb(II)

 Penicillium oxalicum var. 

5.0

20

10

0.3

47.4

[66]

 Armeniaca (dead)

Pb(II)

 Tolypocladium sp. (dead)

5.0

20

10

0.3

28.4

[66]

Cu(II)

 A. niger

5.0

25

100

2.0

35.71

[67]

Cu(II)

 Rhizopus arrhizus

5.0

25

100

2.0

41.12

[67]

Ni(II)

 A. niger

5.0

25

100

2.0

43.47

[67]

Ni(II)

 R. arrhizus

5.0

25

100

2.0

45.45

[67]

some studies in the literature [67,74]. The low metal biosorption at pH below 3.0 can be explained based on the protonation of active sites, resulting in the competition of H+ ions with cationic M2+ 

for the occupation of active binding sites [75]. Increasing pH values resulted in increased metal removal due to decreased competition between metal cations and protons on the surface of the 

fungal biosorbent [76]. The results of these studies have shown that nickel bio-removal decreased with decreasing pH values. Another important issue about solution pH is that the solubility of heavy 

metals decreases, and metal ions tend to precipitate at higher pH values. This may complicate the 
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sorption process. Therefore, the pH of the experimental solution is adjusted according to the chemi-

cal properties of heavy metals. The experimental pH values for fungal biosorption of Cu, Pb, and 

Cd were 4, 5, or 6 (Table 5.7). 

5.3.4.4  The Effect of Initial Metal Concentration on Heavy Metal Biosorption

The initial metal ion concentrations have an impact on biosorption by fungal sorbents, with higher 

concentrations resulting in high metal ion uptakes [77]. At lower initial heavy metal concentrations, the sorption becomes independent of the initial concentration due to the low ratio of metal ions to 

the available surface area [53]. The biosorption increased with the increasing metal concentration 

up to the saturation of sorption sites on the biosorbent. Yahaya et al. [59] investigated the Cu(II) 

removal capacity of white-rot fungi called  Pycnoporus sanguineus with an initial Cu(II) concen-

tration range from 50 to 300 mg/L (Table 5.7). They reported that raising the metal concentration increased the Cu(II) uptake capacity of the fungus [59]. Dursun [60] showed that the biosorption 

capacity of  A. niger for Cu(II) and Pb(II) was 6.3–23.5 mg/g and 7.0–26.4 mg/g at an initial metal 

concentration from 25 to 250 mg/L, respectively (Table 5.7). 

5.3.4.5  The Effect of Temperature on Heavy Metal Biosorption

Temperatures in the range of 20–35°C usually have little effect on metal biosorption. At higher 

temperatures, sorption usually increases because more metal ions have adequate kinetic energy to 

undergo an interaction between binding sites on the fungal surface, but higher temperatures also 

damage the biosorbent surface physically and reduce biosorption [53]. Optimal Pb(II), Ni(II), and 

Cr(VI) ions biosorption by the inactive  S. cerevisiae occurred at a temperature of 25°C in the range 

of 15–40˚C, and at higher temperature values, the biosorption of these metals by  S. cerevisiae was 

decreased because this biosorption process is exothermic. So, active binding sites in the biomass are 

damaged at higher temperatures [78]. 

5.4  BIOSORPTION ISOTHERMS

In most biosorption studies, it was shown that the biosorption behaviors of heavy metals onto fun-

gal biomasses fitted well to Freundlich and/or Langmuir or other isotherms. Also, Temkin and 

Dubinin–Radushkevich isotherms are also defined. 

5.4.1  the freundliCh isotherm

The Freundlich isotherm model is based on the assumption of homogeneous site energies. This 

model has limited levels of sorption. The Freundlich equation has the general form:



 q

 n

1/

 e =  KFCe

(5.1)

where  K  (L/mg) and  n are the Freundlich constants related to adsorption capacity and adsorption F

intensity, respectively. 

5.4.2  the langmuir isotherm

According to the Langmuir model, it is assumed that the adsorption potential is constant. This 

model is independent of the surface coverage of the adsorbent. Adsorption takes place on localized 

surface sites with no lateral interaction between adsorbed molecules. Maximal adsorption consists 

of monolayer adsorption. The Langmuir isotherm model is used for homogeneous surfaces. The 

Langmuir equation is written as:



 qe =  q max KLCe /1+  KLCe (5.2)
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where   q  (mg/g) is the number of heavy metal ions adsorbed per unit weight of adsorbent,  q  

 e

max

(mg/g) is the solid phase concentration corresponding to theoretical monolayer saturation capacity, 

 C  (mg/L) is the equilibrium concentration of a metal ion in solution, and  K  (L/mg) is the Langmuir e

 L

adsorption coefficient. 

5.4.3  duBinin–radushkeviCh isotherm model

The Dubinin–Radushkevich isotherm model is derived for the adsorption mechanism on the hetero-

geneous surface, and this model is very important for adsorbents that have a complex porous struc-

ture, including different pore shapes and widths [79]. The D-R isotherm is a less specific isotherm than the Langmuir isotherm because it accepts that the adsorbent surface is homogeneous or has a 

fixed adsorption potential. The adsorption energy value  E gives information about the adsorption 

type. 

The equations used for D-R:



 q

2

=

(− )

 e

 qm  exp  K ε  (5.3)

The linearized version of the D-R equation:



ln

2

 q = ln  qm −  K ε  (5.4)



ε =  RT exp (1+1/ Ce) (5.5)

In these equations,  q   is the amount of substance adsorbed at equilibrium (mol/g);  K is a constant e

depending on the adsorption energy (mol/kJ);  q  is maximum adsorbing capacity of the adsorbent; 

 m

 ε is Polanyi potential (kJ/mol);  C  is the solution concentration at equilibrium;  R is gas constant e

(8,314.10–3 kJ/molK);  T is the absolute temperature. 

The average adsorption energy is the free energy change during the transition of a single mole 

of ions from infinity to the surface of the solid in solution. The size of  E provides illuminating 

information about the type of adsorption that occurs [80]. The energy constant  K is used to find the adsorption energy  E (kJ/mol). This model is usually used to distinguish the physical and chemical 

adsorption of metal ions with their mean free energy. 



 E = 2

−  K  1/

− 2

(

)  (5.6)

The pseudo-first and second-order models were calculated from the equations of (5.3) and (5.4), 

respectively. 



log( qe −  qt ) = − k 1/

 t

2.303 + log  qe (5.7)



 t q

/

2

 t = 1/ k 2 qe + 1  q

/  e ⋅ t (5.8)

In these equations,  q  is the adsorption capacity,  k  is the rate constant of the pseudo-first-order e

1

kinetic model, and  k  is the rate constant of the pseudo-second-order kinetic model. 

2

108

Control of Heavy Metals in the Environment

5.4.4  BiosorPtion isotherms for heavy metal BiosorPtion By fungal BiosorBents

The investigation of adsorption isotherm models is necessary to improve an equation that can be 

used to compare various biosorbents and sorption capacities under different experimental condi-

tions for designing and optimizing an adsorption process. To investigate the interaction between 

adsorbate molecules and adsorbent surface at equilibrium, different isotherms such as Langmuir, 

Freundlich, Temkin, and Dubinin–Radushkevich models were evaluated for fitting the data [81]. 

The biosorption isotherms for heavy metal removal by fungal biosorbents were reported in most 

of the studies (Table 5.8). Both the Langmuir and Freundlich isotherm models are well-suited for 

the biosorption of heavy metals. Iqbal and Saeed showed that the sorption equilibrium of Ni (II) on 

 P. chrysosporium biosorbent fitted the Langmuir model [74]. 

The Langmuir adsorption isotherms express that adsorbate molecules form a thick monolayer 

on the adsorbent surface, and all surfaces of the adsorbent have equivalent and the same binding 

energy for metal ions. For that reason, the existence of adsorbed molecules on one side will not 

affect the adsorption of molecules on the adjacent side. The Freundlich adsorption isotherm model 

assumes that the surface of the adsorbent is heterogeneous, which includes different classes of 

adsorption sites [54]. 

TABLE 5.8

Isotherms and Kinetics of Fungal Heavy Metal Biosorption

Metal 

Microorganism

Isotherm Model

Kinetic Model

References

Cr(III)

 Termitomyces clypeatus

Freundlich

Pseudo-second order

[54]

(dead)

Cr(VI)

 Ustilago maydis (modified with formaldehyde)  Freundlich (at pH 2.0)

Pseudo-second order

[55]

(dead)

Langmuir (at pH 6.5)

Cu (II)

 Trametes versicolor (dead)

Langmuir

Pseudo-second order

[56]

Zr (IV)

 Coriolus versicolor (dead)

Langmuir

Pseudo-second order

[57]

Ag (I)

 Pleurotus platypus (dead)

Langmuir

Pseudo-first order

[58]

Cu(II)

 Pycnoporus sanguineus

Langmuir

Pseudo-second order 

[59]

and intraparticle 

diffusion

Cu(II)

 Aspergillus niger (treated with NaOH) (dead)

Langmuir

–

[60]

Pb(II)

 Aspergillus niger (treated with NaOH) (dead)

Langmuir

–

[60]

Pb(II)

 Lactarius scrobiculatus

Freundlich

Pseudo-second order

[61]

(dead)

Cd(II)

 Lactarius scrobiculatus (dead)

Freundlich

Pseudo-second order

[61]

Pb(II)

 Aspergillus flavus (dead)

Freundlich

–

[62]

Cu(II)

 A. flavus (dead)

Freundlich

–

[62]

Cu(II)

 Trametes versicolor (dead)

Langmuir

Pseudo-second order 

[63]

Cr(VI)

Acid-treated  Aspergillus niger (dead)

Langmuir

–

[64]

Cr(VI)

Native  A. niger (Live)

Langmuir

–

[64]

Cr(VI)

Base-treated  A. niger (dead)

Langmuir

–

[64]

Cd(II)

 Beauveria bassiana (Live)  

Freundlich

–

[65]

Cd(II)

 Metarhizium anisopliae (Live)

Freundlich

–

[65]

Pb(II)

 Beauveria bassiana (Live)

Freundlich

–

[65]

Pb(II)

 Metarhizium anisopliae (Live)

Freundlich

–

[65]

Hg(II)

 Penicillium oxalicum var. Armeniaca (dead)

Langmuir

–

[66]

Hg(II)

 Tolypocladium sp. (dead)

Langmuir

–

[66]

Cd(II)

 Penicillium oxalicum var. Armeniaca (dead)

Langmuir

–

[66]

( Continued)
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TABLE 5.8 ( Continued)

Isotherms and Kinetics of Fungal Heavy Metal Biosorption

Metal 

Microorganism

Isotherm Model

Kinetic Model

References

Cd(II)

 Tolypocladium sp. (dead)

Langmuir

–

[66]

Pb(II)

 Penicillium oxalicum var. Armeniaca (dead)

Langmuir

–

[66]

Pb(II)

 Tolypocladium sp. (dead)

Langmuir

–

[66]

Cu(II)

 A. niger

Langmuir and 

–

[67]

Freundlich

Cu(II)

 Rhizopus arrhizus

Langmuir and 

–

[67]

Freundlich

Ni(II)

 A. niger

Langmuir and 

–

[67]

Freundlich

Ni(II)

 R. arrhizus

Langmuir and 

–

[67]

Freundlich

5.5  BIOSORPTION KINETICS

To understand the biosorption process of a heavy metal ion onto the fungal biosorbent, three 

well-known kinetic models—pseudo-first-order kinetic, pseudo-second-order kinetic, and intrapar-

ticle diffusion models—have been examined. Kinetics can well describe the performance of the 

adsorption process by defining the rate of adsorbed heavy metal ions onto the fungal biomass: the 

rate of which is controlled by equilibrium time [54]. 

The pseudo-first-order equation is given as [82]



log( qe −  qt ) = − k 1/

 t

2.303 + log  qe (5.9)

where  q  (mg/g) and  q  (mg/g) are the amounts of adsorbed metal ions on the biosorbent at equilib-

 e

 t

rium and at time  t and  k  is the first-order biosorption rate constant (min). 

1

The pseudo-second-order kinetic model is usually applied to heterogeneous systems and assumes 

that the rate-limiting step is chemisorption [55] and is given as [82]



 t qt

/ = 1/ k 2 qe 2 +1  q

/  e ⋅ t (5.10)

where  k  is the second-order biosorption rate constant (g/mg min);   is the biosorption capacity at 

2

 q e

the equilibrium (mg/g). 

5.6  COMPARISON OF FUNGAL BIOSORBENT WITH OTHER BIOSORBENTS

It is known that metallic ions have been important for fungal metabolism [83]. Biosorption studies have shown that fungal biosorbents have a significant ability to remove toxic metals. Bakkaloğlu 

et al. have reported the different types of waste microbial biomass like bacteria ( Streptomyces rimo-

 sus), yeast ( S. cerevisiae), fungi ( Penicillium chrysogenum), activated sludge, and marine algae ( Fucus vesiculosus and  Ascophyllum nodosum) for the biosorption capacities of zinc, copper, and nickel ions [84]. The results showed that fungal biosorbents performed the heaviest metal removal efficiency for one- or multi-metal biosorption systems [84]. Congeevaram et al. have studied the 

nickel and chromium removal abilities of bacterial and fungal isolates and reported that fungal 

strains ( Micrococcus  sp. and  Aspergillus  sp.) have better heavy metal removal capacity than bacte-

rial strains, and these fungal strains were presented as potential biosorbents to remove heavy met-

als, such as chromium and nickel, from industrial wastewaters [85]. 
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5.7 CONCLUSIONS

Recent literature about the removal of heavy metals by the use of fungal biosorbents from indus-

trial wastewater was reviewed in this chapter. It is indicated that the biosorption of heavy metals 

on fungal biomass is desirable due to the advantages of fungal biosorbents. Some studies suggest 

the application of fungal biosorbents in wastewater treatment systems. However, heavy metal 

removal from real effluent at the lab-scale level was frequently shown. It is suggested to examine 

the heavy metal removal performance of fungal biosorbents in bioreactor systems for further 

studies to complete the lack of this issue in the literature. Studies on biosorption have reported 

that biosorption is dependent on environmental conditions such as pH and pollutant concentra-

tions. By opting for biosorption as the probable route for the treatment of wastewater, fungal 

strains are capable of removing dyes and heavy metals even at higher concentrations. Further, 

detailed optimization of the biosorption of dyes and heavy metals by fungal biosorbent experi-

ments must be done at the lab-scale level. 

GLOSSARY

Biological wastewater treatment system: Biological treatment is the decomposition of sus-

pended or dissolved organic substances in the wastewater by microorganisms and their 

conversion to stable inorganic compounds that escape to the atmosphere, remaining in 

the liquid with biological flocs that can precipitate. Biological treatment systems can be 

classified in different ways. These systems, which are classified as aerobic and anaerobic 

according to the oxygen status in the environment, can also be classified as suspended 

and biofilm processes according to the condition of the microorganisms used in the 

system. Microbial performance in the system includes increased capacity, changing air 

temperatures, reproduction of unwanted species such as filamentous, equipment mal-

functions, changing pH, salinity, high oil, chlorinated compounds that may have a toxic 

effect on microorganisms or the inability to control the entry of petrochemical heavy 

organics into the treatment plant. 

Chemical wastewater treatment system: Chemical treatment systems are treatment processes 

applied to change the physical state of dissolved or suspended substances in the water 

to allow them to precipitate. In the chemical treatment process, as a result of adding 

chemical substances (coagulant, polyelectrolyte, etc.) to the wastewater at appropriate 

pH values, the substances to be precipitated are separated from the water in the form 

of sludge. 

Physical wastewater treatment system: All kinds of visible and voluminous pollution in water 

are called physical pollution. There are definitely physically undesirable substances in the 

wastewater of industrial processes. The physical removal of these unwanted substances 

from wastewater is called physical treatment. 
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6 Depletion of Hexavalent 

Chromium to Trivalent 

Chromium from Tannery 

Industry Effluent Using 

Natural Bacterial Biomass

 Venkatesan Govindaraj and Yung-Tse Hung

NOMENCLATURE

AAS: 

Atomic absorption spectroscopy

ECP: 

Electrochemical precipitation

IDLH: 

Immediately dangerous to life and health

MIC: 

Minimum inhibitory concentration

MCL: 

Maximum contaminated limit

NIOSH:  National Institute for Occupational Safety and Health

OSHA:  Occupational Safety and Health Administration

PCR: 

Polymerase chain reaction

PEL: 

Permissible exposure limit

ppm: 

Parts per million

PYE: 

Peptone yeast extract

RBC: 

Red blood cell

SDS: 

Sodium dodecyl sulfate

SEM: 

Scanning electron microscopy

TBE: 

Tank buffer

WHO: 

World Health Organization

6.1 INTRODUCTION

6.1.1  general

Effluents from textile, leather, tannery, electroplating, galvanizing, dyes and pigment, metallurgical 

and paint industries, and other metal processing and refining operations at small- and large-scale 

sectors contain considerable amounts of toxic metal ions. These metal ions from the above- 

mentioned industry pose problems to the water environment by discharging into nearby streams, 

rivers, and open pits [1]. The potential impact of these metals on the environment is most likely to be experienced as changes to surface and groundwater quantities. The principle pathways by which 

metal contaminants can enter groundwater are by means of their high mobility. The fate and trans-

port of this metal ion are explained by means of dispersion and diffusion mechanisms. These toxic 

metal ions not only cause potential human health hazards but also affect other life forms. Cr (VI) 

is toxic, carcinogenic, and mutagenic to animals as well as humans, is associated with decreased 
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plant growth, and changes in plant morphology. They cause physical discomfort and sometimes 

life-threatening illnesses, including kidney damage and cancer of the vital body system [2]. 

Chromium is the most abundant of the Group VIA family of metallic elements. At a concentra-

tion of nearly 400 parts per million in the earth’s crust as various minerals, it is the 13th most com-

mon element. It is one of the world’s most strategic, critical, and highly soluble metal pollutants, 

with a wide range of uses in the metals and chemical industries. Chromium exists in the environ-

ment in several diverse forms, such as trivalent Cr (III) and hexavalent Cr (VI), of which hexava-

lent chromium Cr6+ is the so-called carcinogen to a potential soil, surface water, and groundwater 

contaminant [3]. Due to its toxicity, stringent regulations are imposed on the discharge of Cr (VI) to surface water below 0.05 mg/L by the U.S. Environmental Protection Agency (EPA) [4] and the European Union, while total Cr, including Cr (III), Cr (VI), and its other forms, is below 2 mg/L. 

Since the industrial revolution, the anthropogenic inputs of chromium have increased rapidly [5]. 

Chromium is extensively used in electroplating and leather tanneries. 

In Tamil Nadu, Ambur (Vellore district) is the major source for small- and large-scale tanneries. 

Large amounts of effluent produced from these industries are directly discharged into nearby rivers, 

streams, and open pits. It is directly affecting the nature of the ground and river water. Palar is the 

major affected river due to the direct discharge of tannery effluent from Ambur tanneries. 

Palar is a south Indian river that originated from the Nandidurg hills of Karnataka state and flows 

through Karnataka (93 km), Andhra Pradesh (33 km), Tamil Nadu (222 km), and finally converges 

into the Bay of Bengal at Vayalur, Tamil Nadu, India. Palar is one of the major rivers flowing through 

Vellore district (120 km long with 4,710 hectares of river basin). Elevated chromium concentrations 

in the effluents from tanneries pose a serious environmental concern in the Vellore district, home to 

innumerable small- and large-scale tanneries. The Palar River is the source of drinking water for 30 

towns and 50 villages on its banks and is also used for cultivation purposes. The tanneries present 

on the banks allowed effluents into the Palar River, which has become more polluted recently and 

is no longer useful for drinking or agricultural purposes. Due to pollution, people around the river 

are suffering from a number of diseases such as asthma, skin disease, and stomach ailments, and 

thousands of acres of fertile land have become wastelands and are no longer used for cultivation 

(Vellore environmental profile). Ranipet, an industrial area present on the bank of the Palar River, 

has been reported as the most polluted place in the world by the Blacksmith Institute, U.S., in 2006 

(top ten worst polluted places in the world rated by the Blacksmith Institute, U.S., in September 

2006), which are heavily contaminated with salts and heavy metals, especially chromium [5]. 

6.1.2  need for study

Chromium (VI) is a toxic heavy metal present in tannery effluent that is harmful to both humans and 

the environment. Bioremediation is the most promising and cost-effective biological method widely 

used to clean up both soil and wastewater containing organic or inorganic contaminants. This inves-

tigation has been taken to establish the remedial route for the detoxification of Cr (VI) present in 

tannery effluent using indigenous microorganisms isolated from tannery effluent- contaminated soil. 

6.1.3  oBjeCtive

•  To isolate and identify the metal-resistant strain from a tannery effluent-contaminated site. 

•  Genus characterization of an isolated metal-resistant strain identified using biochemical 

assays and straining techniques. 

•  Species characterization of a metal-resistant strain using the 16s rRNA sequencing technique. 

•  To optimize the parameters pH, temperature, absorbance, and agitation velocity using 

response surface methodology (RSM) for heavy metal reduction. 

•  To measure the Cr (VI) reduction by the diphenylcarbazide method. 

•  Separation of Cr (III) from tannery effluent by the chemical precipitation method. 
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6.2  REVIEW OF LITERATURE

6.2.1  introduCtion

Chromium (Cr) is a transition metal present in group VI-A of the periodic table. Although it can exist 

in nine valence states, from −2 to +6, only trivalent chromium Cr (III) and hexavalent chromium 

Cr (VI) are ecologically important because these are the most stable oxidation states in the natural 

environment. Hexavalent chromium-polluted anthropogenic effluents are principally responsible 

for environmental contamination through toxicity and carcinogenicity. Chromium-polluted soils 

and sediments are usually the result of sewage sludge disposal or the dumping of chromate wastes 

from industrial and manufacturing activities. Chromium contamination of the environment is of 

concern because of the mobility and toxicity of Cr (VI). Trivalent and hexavalent chromium differ 

widely in physicochemical properties and biological reactivity. While Cr (VI) species and dichro-

mates are extremely water soluble and mobile in the environment, Cr (III) species are much less 

soluble and comparatively immobile [6]. Moreover, Cr (VI) is recognized to be highly toxic, car-

cinogenic, mutagenic, and teratogenic for mammals, including humans [7], whereas Cr (III) is an essential trace element necessary for glucose, lipid, and amino acid metabolism as well as a popular 

dietary supplement [7]. Studies have revealed that Cr (VI) is approximately 100 times more toxic 

and 1,000 times more mutagenic than Cr (III). 

6.2.2  Chromium

Chromium is a chemical element which has the symbol Cr and the atomic number 24. It is a steely 

gray, lustrous, hard metal that takes a high polish and has a high melting point. It is an odorless, 

tasteless, and malleable metal. The name of the element is derived from the Greek word “chroma”, 

meaning color, because many of its compounds are intensely colored. Chromium is an important 

metal due to its high corrosion, resistance, and hardness. It is used extensively in the manufactur-

ing of stainless steel. Although trivalent chromium (Cr (III) or Cr3+) is required in trace amounts 

for sugar and lipid metabolism in humans, its deficiency causes disease. Hexavalent chromium (Cr 

(VI) or Cr6+) is a toxin and a carcinogenic metal pollutant that tremendously affects the environ-

ment at abandoned chromium production sites. Hence, its environmental cleanup is highly essential 

(Table 6.1). 

TABLE 6.1

Comprehensive Data on the Chemical 

Element Chromium

Name, symbol, number

Chromium, Cr, 24

Group, period, block

6, 4, d

Element category

Transition metal

Appearance

Silvery metallic

Standard atomic weight

51.9961 g/mol

Electron configuration

[Ar] 3d5  4 s

Crystal structure

Cubic body centered 

Oxidation states

6, 5, 4, 3, 2, 1

Atomic radius

140 μm

Thermal conductivity

(300 K) 93.6 W m/K
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6.2.3  uses and toxiCity

Elemental chromium (Cr) does not occur in nature but is present in ores, primarily chromite 

(FeOCr O ). Hexavalent chromium is the main chromium species used in industrial processes, 

2

3

including the manufacturing of metallic alloys (the most important use of Cr), chrome leather tan-

ning, metal cleaning processing, wood preservation, ceramics, pyrotechnics, electronics, and so on 

and is, therefore, the most common pollutant in a wide variety of industrial wastes [7]. Considering 

its potential for hazardous toxicity and exposure, Cr (VI) has been designated as a priority pollut-

ant in many countries. Non-occupational exposure to the metal occurs via the ingestion of chro-

mium-containing food and water, whereas occupational exposure occurs via inhalation. Workers in 

the chromate industry have been exposed to estimated chromium levels of 10–50 μg/m3 for Cr (III) 

and 5 μg/m3 for Cr (VI). Humans and animals localize chromium in the lungs, liver, kidney, spleen, 

adrenals, plasma, bone marrow, and red blood cells (RBC). The main routes for the excretion of 

chromium are via the kidneys/urine and the bile/feces [8]. Hexavalent chromium is transported into cells via the sulfate transport mechanisms, taking advantage of the similarity of sulfate and chro-

mate with respect to their structure and charge. 

6.2.4  Chromium (vi) regulations

The presence of Cr (VI) more than the standard limit in the water bodies causes many adverse effects 

to human beings, animals, plants, etc. Hence, stringent regulations have been imposed by vari-

ous organizations. According to the World Health Organization (WHO) drinking water guidelines, 

the maximum allowable limits for hexavalent chromium and total chromium (including Cr (III), 

Cr (VI), and other forms) are 0.05 and 2  mg/L, respectively [7]. According to the Safe Indian 

Drinking Water Act, the maximum contaminant level (MCL) is 0.1 mg/L (total chromium). The 

maximum permissible level of chromium in bottled water is 0.1 mg/L. The Occupational Safety 

and Health Administration (OSHA) prescribes the permissible exposure limit (PEL) for Cr (VI) as 

0.1 mg/m3 based on the chromic acid and chromates listing. The National Institute for Occupational 

Safety and Health (NIOSH) indicates the immediately dangerous to life and health (IDLH) limit 

for Cr (VI) as 15 mg/m3. 

6.2.5  Conventional methods for heavy metal


Various conventional methods to reduce Cr (VI) from the wastewater stream include physical and 

chemical methods such as ion exchange, filtration, precipitation, electrochemical treatment, chemi-

cal reduction, adsorption, membrane technologies, and evaporation recovery [7]. 

6.2.6  eleCtroChemiCal PreCiPitation

This method utilizes an electrical potential to maximize the removal of heavy metals from contami-

nated wastewater over the conventional chemical precipitation method [8]. It is the most common 

method for removing toxic heavy metals up to parts per million (ppm) levels from water. Using 

the electrochemical precipitation (ECP) process, Cr (VI) concentration could be reduced from 

3,860 mg/L to less than 0.2 mg/L. Although the process is cost-effective, its efficiency is affected by 

low pH and the presence of other salts (ions). The process requires the addition of other chemicals, 

which finally leads to the generation of high-water content sludge, whose disposal is cost-intensive. 

Precipitation with lime, disulfide, or ion exchange lacks specificity and is ineffective in the removal 

of metal ions at low concentrations. 
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6.2.7  ion exChange

Among the physicochemical methods developed for chromium removal from wastewater, ion 

exchange is becoming a popular method that has received much attention in recent years. Ion 

exchange is a unit process by which ions of a given species are displaced from an insoluble exchange 

material by ions of a different species in solution. The chromium-containing solution enters one end 

of the column under pressure and passes through the resin bed, and the chromium is removed from 

the solution. When the resin capacity is exhausted, the column is backwashed to remove trapped 

solids and then regenerated. Commonly used matrices for ion exchange are synthetic organic ion 

exchange resins. Synthetic Dowse 2-X4 ion exchange resin has been employed to investigate the 

uptake of Cr (VI) from real plating wastewater. A strongly basic anion resin in hydroxide form has 

been used in the columns as anionic exchangers. About 100% removal of Cr (VI) has been achieved 

in the studies. A disadvantage of an ion exchange method for chromium removal is that ion exchange 

resins are very selective. A resin must be chosen that selectively removes the metal contaminant of 

concern. Further, ion exchange equipment can be expensive, and there can be incomplete removal 

of chromium from the salt solution. Besides, it cannot handle concentrated metal solutions as the 

matrix gets easily fouled by organics and other solids in the wastewater. Moreover, ion exchange is 

non-selective and is highly sensitive to the pH of the solution. 

6.2.8  BiosorPtion

Biosorption of chromium from aqueous solutions is a relatively new process that has proven very 

promising in the removal of contaminants from aqueous effluents. Adsorbent materials derived 

from low-cost agricultural wastes can be used for the effective removal and recovery of chromium 

ions from wastewater streams [9]. Metal biosorption is a rather complex process, affected by sev-

eral factors. Mechanisms involved in the biosorption process include chemisorption, complexation, 

adsorption-complexation on surfaces and pores, ion exchange, microprecipitation, heavy metal 

hydroxide condensation onto the biosurface, and surface adsorption. This method suffers from low 

adsorption capacity and a low intensity of biosorption. 

6.2.9  Bioremediation of hexavalent Chromium

With advances in biotechnology, bioremediation has become one of the most rapidly developing 

fields in environmental restoration, utilizing microorganisms to reduce the concentration and tox-

icity of heavy metals. Bioremediation has developed from a laboratory to a fully commercialized 

technology over the last 30 years in many industrial countries. A successful bioremediation scheme 

relies on the management of a soil microbial population capable of catabolizing contaminants. 

Heavy metals exhibit toxic effects on soil biota, and they can affect key microbial processes and 

decrease the number and activity of soil microorganisms. The discovery of microorganisms capable 

of reducing Cr (VI) to Cr (III) has significant potential for the development of in-situ or onsite bio-

remediation strategies. 

Addis (2006) worked on the reduction of hexavalent chromium by  Vagococcus species isolated 

from Cr (VI)-contaminated industrial effluent in a packed-bed reactor. The optimum parameters 

found by them for this reduction process are a pH of 7, a temperature of 37°C, and an incubation 

period of 96 h. They also found that the chromium reduction efficiency ranges up to 92%. It could 

tolerate up to 25 mM of chromium concentration. 

Lace (2009) state that the reduction of hexavalent chromium by  mucor species and optimization 

of the growth conditions for the effective Cr (VI) reduction have been found to be a pH of 5.5, a 

temperature of 35°C, and an incubation period of 5 days. It also found that it could tolerate up to 

20 mM of hexavalent chromium concentration. 

120

Control of Heavy Metals in the Environment

Urvashi Thacker et al. (2004) state that the reduction of hexavalent chromium by bacterial cul-

ture has been isolated from the contaminated sites of chemical industries. The optimum parameters 

found by them for this reduction process are a pH of 7 and a temperature of 35°C. It could tolerate 

chromium up to a maximum concentration of 300 ppm of hexavalent chromium. 

Johnstone (1997) reported that in the basic survey study on tanneries and their pollution in the 

Palar River Basin of Vellore district, chromium-tolerant strains were isolated from contaminated 

sediments, water, and effluents of various tanneries. The minimum and maximum concentra-

tions of chromium sediments have been in the range of 47.4 and 682.4 mg/L, with an average of 

306.285 mg/L in the study area. Sixty-eight chromium-resistant bacterial strains are isolated, and 

maximum tolerance concentration (MTC) studies have indicated that the tolerance concentration 

of the isolates is in the range of 100–3,300 mg/L. The isolates also showed tolerance to salt (NaCl) 

up to 9%. 

Garbisu (1998) worked on the isolation and characterization of a chromium-reducing bacterium 

from a chromate copper arsenate-contaminated site. Reports conclude that a gram-negative bacte-

rium isolated from a chromium-contaminated site has been capable of reducing hexavalent chro-

mium to an insoluble precipitate, thereby removing this toxic chromium species from the solution. 

Analysis of the 16s rRNA from the isolate revealed that it belongs to the genus  Pseudomonas, 

showing high similarity to  Pseudomonas species known for their tolerance to high concentrations 

of chromate (500 mg/L). This isolate can reduce Cr (VI) under both aerobic and anaerobic condi-

tions. It also exhibited a broad range of reduction efficiencies under minimal nutrient conditions, at 

temperatures between 48°C and 37°C, and pH levels from 4 to 9. 

Thanga (2015) reported factors affecting chromium (VI) reduction by  T. ferrooxidans.  In  T. ferro-

 oxidans cultures with sulfur as an energy source, the capacity for Cr (VI) reduction has been related 

to the generation of sulfur compounds (sulfite, thiosulfate, and polythionates) with high reducing 

power. In contrast with other Cr (VI)-reducing microorganisms,  T. ferrooxidans 15 showed higher 

Cr (VI) reduction at low pH. The reduction of Cr (VI) also increased with the age of the culture.  T. 

 ferrooxidans cells are capable of growing under anaerobic conditions with chromium (VI) as the 

terminal electron acceptor. 

Gong (2021) reported Cr (VI) reduction in a chromate-resistant strain of  Candida maltosa iso-

lated from the leather industry. The resistance of the strain to high Cr (VI) concentrations and its 

ability to chemically reduce chromium have been studied. When compared to the three laboratory 

yeasts,  Candida albicans,  Saccharomyces cerevisiae,  and  Yarrowia lipolytica, the  C.  maltosa strain has been found to tolerate chromate concentrations as high as 100 mg/mL. 

Smith (2012) reported the biological removal of carcinogenic chromium (VI) using mixed 

 Pseudomonas strains. In this study, an aerobic reduction of Cr (VI) to Cr (III) by employing mixed 

 Pseudomonas cultures isolated from a marshy land has been reported. The role of chromium con-

centration, temperature, pH, and additives on the microbial reduction of Cr (VI) has been investi-

gated. NADH - Nicotinamide adenine dinucleotide has been found to enhance the rate of reduction 

of Cr (VI). A complete reduction of Cr (VI) has been possible even at Cr (VI) concentrations of 

300 ppm. 

Batch studies were conducted to evaluate the effect of environmental factors on the rate of Cr 

(VI) reduction by two organisms,  Bacillus  sp. and  P.   fluorescens, under aerobic conditions. Higher Cr (VI) reduction rates are obtained with higher initial cell concentrations, but the specific rate 

(normalized) against initial cell concentration has been higher at lower initial cell concentrations. 

The rate of Cr (VI) reduction by  Bacillus sp. increased with initial Cr (VI) concentrations ranging 

from 20 to 70 mg/L and decreased at higher concentrations. Also, no correlations are found between 

the rate of Cr (VI) reduction and the redox potential of culture media. Experiments with cell-free 

extracts of  Bacillus sp. indicated that soluble types of enzymes are responsible for Cr (VI) reduction 

in this organism [10]. 

Chromium-containing industrial effluents are primarily responsible for environmental contami-

nation by toxic and highly mobile hexavalent chromium. Bacterial populations resistant to 500 mg/L 
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Cr (VI) are isolated from all soils except the heavily contaminated soil, and Cr-resistant bacterial 

populations are indigenous to both the contaminated and the uncontaminated soils. Enrichment 

cultures containing Cr (VI) at concentrations ranging from 0 to 1,000 mg/L are employed. The 

results suggest that Cr-resistant microorganisms may be present in soils, even those with no history 

of Cr contamination [11,12]. 

Chromium oxide on lantana-zirconia is reduced at higher temperatures between 37°C and 41°C 

and is completely redoxidable at Cr loadings of 4.0 wt. The results suggest that lanthanum strength-

ens the interaction between the zirconia surface and chromium species and, therefore, stabilizes a 

dispersed state of chromium species [11]. 

Microbial tolerance to Cr (VI) and reduction of Cr (VI) are independent phenomena Seema 

(2012). Some sulfate-reducing bacteria and Fe (III)-reducing bacteria, such as  Desulfovibrio vul-

 garis [13] and  T. ferrooxidans (Quilntana et al., 2001), also display chromate-reducing activity by producing reductive metabolites, e.g., S and H S. 

2

In a study conducted by Srinath et al., strains that are capable of bioaccumulating Cr (VI) were 

isolated from treated tannery effluent from a common effluent treatment plant. Biosorption of Cr (VI)  

has been shown by  Bacillus megaterium and another strain of  Bacillus coagulans. Living and dead cells of  B. coagulans biosorbed 23.8 and 39.9 mg Cr/g dry weight, respectively, whereas 15.7 and 

30.7 Cr/g dry weight have been biosorbed by living and dead cells of  B. megaterium, respectively. 

Biosorption by dead cells has been higher than that of living cells [14]. 

During the studies conducted on Cr toxicity in  Actinomycetes, a strain of  Streptomyces griseus 

has been found to grow and reduce high toxic Cr (VI) to less toxic Cr (III) from media containing 

5–60 ppm of Cr (VI). Conversion of Cr (VI) to Cr (III) has been completed within 24–48 h of Cr 

addition, with significant uptake in the biomass. Reduction of Cr by resting cells and the effect of 

various factors have been observed [15]. 

Hexavalent chromium Cr (VI) is a common and toxic pollutant in soils and wastewater. 

Conversion of the mobile Cr (VI) to less mobile and less toxic trivalent Cr (III) can be achieved with 

conventional chemical reduction and its subsequent precipitation. Alternatively, Cr (VI) can also be 

reduced to Cr (III) by microorganisms and has the potential for application in the decontamination 

of industrial effluents. 

Biotransformation of hexavalent chromate to the non-toxic trivalent form by Cr-resistant bacteria 

(CRB) therefore offers an economical as well as eco-friendly option for chromate detoxification and 

bioremediation. The reduction of Cr (VI) to Cr (III) is therefore an attractive and useful process for 

the remediation of Cr (VI) pollution [16]. 

In this study, bacterial strains are isolated and enriched from the contaminated site of Tamil 

Nadu Chromates and Chemicals Limited (TCCL) premises in Ranipet, Tamil Nadu, India. This 

strain, which has been isolated from a highly contaminated location, has shown a high Cr (VI) 

reduction potential. Cr (VI) reduction has been evaluated both in aerobic and anaerobic conditions. 

This study also showed that bioremediation is a viable and environmentally friendly technology for 

cleaning up the chromium-contaminated site [17]. 

Gram-negative chromate-reducing bacteria identified as  Providencia sp. could grow and reduce 

chromate to 100% at a concentration ranging from 100 to 300 g/L and 99.31% at a concentration of 

400 g/L with a pH of 7 and a temperature of 37°C [18]. 

Chromate-resistant and reducing strains are isolated from chromium-contaminated soil and are 

identified as  Bacillus  sp.,  Leucobacter sp., and  Exiguobacterium sp., and Cr (VI) reduction by CFEs 

- Critical Focused Elements; all the strains are inhibited by Hg2+ and enhanced by Cu2+ [19]. 

A locally isolated gram-negative strain of  Brucella sp., which has been identified by biochemical 

methods and 16s rRNA analysis, reduced chromate to 100%, 94.1%, 93.2%, 66.9%, and 41.6% at 

concentrations of 50, 100, 150, 200, and 300 mg/L, respectively, at a pH of 7 and a temperature of 

37°C. Increasing concentrations of Cr (VI) in the medium loaded the growth rate but could not be 

directly correlated with the amount of Cr (VI) reduced. The high Cr (VI) concentration resistance 

and high Cr-reducing ability of the strain make it a suitable candidate for bioremediation [19]. 
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The   Chromobacterium sp. strain has been a Cr (VI)-reducing bacterium with high reduc-

tion performance. Initial pH value and lactate (electron donor) concentration are found to 

influence the reduction rate of Cr (VI), and the optimal conditions are pH 9 and supplemented 

with 40 mM of lactate. The maximal reduction capacity of the  Achromobacter strain has been 

achieved at 54.2 nM, while the cell density of the reduction system has been 364,109 cells mL/L. 

Energy-dispersive X-ray (EDX) analysis showed that chromium has been precipitated, perhaps in 

the form of Cr(OH)  [20]. 

3

A gram-positive moderately hemophilic chromate-reducing bacterial strain has been isolated 

from effluents of tanneries and identified as  Nesterenkonia sp. strain MF2 by phenotypic char-

acterization and 16s rRNA analyses. It could tolerate up to 600 mM of chromate and completely 

reduce 0.2 mM of highly toxic and soluble Cr (VI) into almost non-toxic and insoluble Cr (III) in 

24 h under aerobic conditions. The maximum chromate removal has been exhibited in 1.5 mM NaCl 

at 35°C and pH 8. The isolate has been capable of chromate reduction in the presence of various 

concentrations of salts [21]. 

In a study of aerobic and anaerobic microorganisms which are capable of reducing Cr6+ in the 

presence of oxygen, microbial reduction of Cr6+ is commonly catalyzed by soluble enzymes, except 

in  Pseudomonas maltophilia O-2 and  B. megaterium TKW3, which utilize membrane-associated 

reductases. These two soluble Cr6+ reductases, ChrR and YieF, have been purified from  Escherichia 

 coli. ChrR catalyzes an initially one-electron shuffle followed by two-electron transfers to Cr6+, 

with the formation of Cr5+ and/or Cr4+ before further reduction to Cr3+. YieF displays a four-electron 

transfer that reduces Cr6+ directly to Cr3+. With this and the advancement in technology for enzyme 

immobilization, it is speculated that the direct application of Cr6+ reductases may be a promising 

approach to bioremediation of Cr6+ in a wide range of environments [21]. 

The removal mechanism of Cr (VI) by natural biomaterials is “adsorption-coupled reduction”. 

Finally, the removal behavior of Cr (VI) by each biomaterial has been described by a kinetic model 

based on a redox reaction [22]. 

A chromium-resistant bacterial strain, KK6, has been isolated from chromium-contaminated 

soil. On the basis of different morphological and biochemical characteristics and 16s rRNA gene 

analysis, the strain KK6 has been identified as  Staphylococcus sp. The hexavalent chromium 

resistance of the strain showed that it could tolerate very high concentrations of K CrO  in a nutri-
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ent agar medium. Assays with resting cells, permeabilized cells, and crude cell-free extracts dem-

onstrated that the hexavalent chromium reduction is mainly associated with the soluble fraction 

of cells. The strain could also reduce hexavalent chromium in industrial effluent.  Staphylococcus 

sp. has a great potential for bioremediation of Cr (VI)-containing waste. This approach per-

mits the selection of bacterial strains, which could be used for specific environmental cleanup 

operations  [23]. 

Toxic hexavalent chromium, Cr (VI), has been reduced to a less toxic trivalent chromium form 

by  E.   coli ATCC 33456. The suitable electron donor for Cr (VI) reduction has been glucose.  E. coli ATCC 33456 has been more resistant to metal cations than other reported Cr (VI)-reducing micro-

organisms. Cell growth has been inhibited by the presence of Cr (VI) in a liquid medium, and Cr 

(VI) reduction accompanied cell growth. With a hydraulic retention time of 20 h, Cr (VI)-reducing 

efficiency has been 100%–84% when Cr (VI) concentration in the influent has been in the range of 

10–40 mg/L. The specific rate of Cr (VI) reduction has been 2.41 mg Cr (VI) g DCW-1 h-1 when 

40 mg/L of Cr (VI) influent has been used. This result suggested the potential application of  E. coli 

ATCC 33456 for the detoxification of Cr (VI) in Cr (VI)-contaminated wastewater [24]. 

The potential for biological treatment of Cr (VI)-polluted wastewater has attracted increased 

interest, because this alternative is more efficient and less expensive than conventional physi-

cochemical treatments. In this work, a microbial enrichment capable of tolerating and reducing 

high Cr (VI) has been isolated. The kinetic parameters of the Cr (VI) reduction process indi-

cate that the enrichment culture has a significant potential for bioremediation of Cr (VI)-laden 

wastewater [25]. 
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Bioremediation of chromium through the reduction of hexavalent chromium (as the chromate 

ion, CrO4 2-) is based on the notion that the product, trivalent chromium (Cr (III)), is less toxic 

than chromate. In this study, we show that soluble Cr (III), present at pH 6–8 as the Cr 3+ ion and/

or hydroxyl complexes (henceforth referred to as uncomplexed Cr (III)), can be found  transiently in 

significant concentrations and has a deleterious effect on  Shewanella sp. MR-4. However, Cr (III) 

complexed with an organic ligand or precipitated as Cr(OH) (s) has little or no effect on cells. 

3

Similarly, during the reduction of Cr (VI) by strain MR-4, complexation of the product, Cr (III), 

results in increased cell survival and extended Cr (VI) reduction activity. These results and gene 

expression data obtained by qRT-PCR (quantitative reverse transcription-PCR) suggest that the 

observed toxic effect of Cr (III) formed during Cr (VI) reduction or added as an uncomplexed 

species is due to the interference with basic cell activities such as DNA transcription and/or repli-

cation. Important implications for the bioremediation of Cr (VI)-contaminated sites emerge from 

this study: Cr (VI) reduction by  Shewanella sp. MR-4 is enhanced and sustained by the presence of 

compounds able to complex Cr (III) as it is being formed, but, in turn, the complexation of Cr (III) 

precludes its precipitation and immobilization [24]. 

A study of alternative chromium reduction methods has been performed for wastewater or con-

taminated water. Two existing chromium reduction treatment methods are tested on the wastewater 

samples: treatment with (a) zero-valent iron and (b) bacteria cultures. We found that both methods 

can reduce chrome. However, the chrome reduction process using bacteria is considerably slower 

than that using iron powder. When the iron powder has been used to reduce hexavalent chromium 

to trivalent chromium, we found that (a) when the sample containing low levels of total chromium 

(<20 mg/L) has been mixed properly with a sufficient amount of iron powder at a pH of 4–8, 70%–

90% of total chromium could be reduced in 2–4 h, and (b) the chrome adsorption-reduction effi-

ciency is limited by the transport process of Cr (VI) from the bulk of the wastewater to the surface of 

the iron powder. We also found that both the pH and conductivity of the sample gradually increased 

while the chromium concentration decreased. In a leaching test of used iron powder filtered from 

the treated wastewater, we found that most of the chromium adsorbed on the iron powder has been 

very stable, and only low levels of Cr (VI) were detected in the leachate. When hexavalent chrome 

samples are treated with mixed bacteria cultures (methanol-enriched) or the  Bacillus cereus strain, 

we found that (a) the presence of low chromium concentrations (between 0.6 and 3.1 mg/L) did not 

inhibit bacterial growth, and (b) the initial chromium reduction rates for the mixed cultures and  

 B. cereus are comparable (0.05 ± 0.03 mg/L/h for the first 24 h). However, when the sample con-

taining higher chromium concentrations (e.g., 8.9 mg/L) has been treated using the mixed bacte-

ria culture, the initial bacterial growth has been inhibited, but not completely suppressed, by the 

chromium. 

A chromium-resistant bacterial strain, KK15, has been isolated from chromium-contami-

nated soil. On the basis of different morphological and biochemical characteristics, the strain 

KK15 has been identified as  Pseudomonas oleovorans. The hexavalent chromium resistance of 

the strain showed that it could tolerate very high concentrations of K CrO  in a nutrient agar 
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medium. Assays with resting cells, permeabilized cells, and crude cell-free extracts demon-

strated that the hexavalent chromium reduction is mainly associated with the soluble fraction 

of cells. The strain has great potential for bioremediation of Cr (VI)-containing waste. This 

approach permits the selection of bacterial strains, which could be used for specific environ-

mental cleanup operations. 

Chromium-resistant bacteria are isolated from tannery effluent collected from Borg El Arab, 

Alexandria, Egypt. These isolates displayed different degrees of chromate reduction under aero-

bic conditions. Based on 16s rDNA gene sequence analysis, two of them (S3 and S4) are identi-

fied as  Acinetobacter and  Pseudomonas, respectively. The minimum inhibitory concentration for 

 Acinetobacter sp. strain S3 has been 160 mg/L, while it has been 200 mg/L for  Pseudomonas sp. 

strain S4. However, strain S4 has been able to reduce a wide range of Cr (VI) concentrations from 20 

to 200 mg/L, while it has been reducing 64.4% of Cr (VI) at 160 mg/L within 72 h. Immobilization 
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experiments demonstrated that strain S4 in the calcium alginate gel matrix has been more effective 

than the use of free cells in chromium reduction. 

Chromium has been widely used in various industries. Hexavalent chromium (Cr6+) is a prior-

ity toxic, mutagenic, and carcinogenic chemical, whereas its reduced trivalent form (Cr3+) is much 

less toxic and insoluble. Hence, the basic process for chromium detoxification is the transformation 

of Cr 6+ to Cr 3+. A number of aerobic and anaerobic microorganisms are capable of reducing 

Cr.6+. In the presence of oxygen, microbial reduction of Cr6+  is commonly catalyzed by solu-

ble enzymes, except in  P. maltophilia O-2 and  B. megaterium TKW3, which utilize membrane- 

associated reductases. Recently, two soluble Cr 6+ reductases, ChrR and YieF, have been purified 

from  Pseudomonas putida MK1 and  E. coli, respectively. ChrR catalyzes an initially one-electron shuttle followed by a two-electron transfer to Cr 6+, with the formation of intermediate(s) Cr5+ and/

or Cr 4+ before further reduction to Cr 3+. YieF displays a four-electron transfer that reduces Cr 

6+ directly to Cr 3+. The membrane-associated Cr 6+ reductase of  B. megaterium TKW3 has been 

isolated, but its reduction kinetics are as yet uncharacterized. Under anaerobic conditions, both 

soluble and membrane-associated enzymes of the electron transfer system are reported to medi-

ate Cr 6+ reduction as a fortuitous process coupled to the oxidation of an electron donor substrate. 

In this process, Cr 6+ serves as the terminal electron acceptor of an electron transfer chain that 

frequently involves cytochromes (e.g., b and c). An expanding array of Cr 6+ reductases allows the 

selection of enzymes with higher reductive activity, which genetic and/or protein engineering may 

further enhance their efficiencies. With the advancement in technology for enzyme immobilization, 

it is speculated that the direct application of Cr 6+ reductases may be a promising approach for 

bioremediation of Cr 6+ in a wide range of environments. 

Chromium is a highly toxic, non-essential metal for microorganisms and plants. Due to its 

widespread industrial use, chromium (Cr) has become a serious pollutant in diverse environmental 

settings. The hexavalent form of the metal, Cr (VI), is considered a more toxic species than the rela-

tively innocuous and less mobile Cr (III) form. The presence of Cr in the environment has selected 

microbial and plant variants able to tolerate high levels of Cr compounds. The diverse Cr-resistance 

mechanisms displayed by microorganisms and probably by plants include biosorption, diminished 

accumulation, precipitation, reduction of Cr (VI) to Cr (III), and chromate efflux. Some of these 

systems have been proposed as potential biotechnological tools for the bioremediation of Cr pollu-

tion. In this review, we summarize the interactions of bacteria, algae, fungi, and plants with Cr and 

its compounds. 

The present work describes the management of oxidative stress induced by heavy metal chro-

mium in marine  B. licheniformis (NCBI Gen Bank Accession Number-HM194725). It is identified 

that the isolate reduces 10–1,500  mg/L of Cr (VI) within 24–72 h. The existence of chromium 

reductase in the growth medium implies the possibility of enzymatic reduction of Cr (VI) to Cr (III). 

Nevertheless, no correlation has been observed between the real concentration of Cr (III) and the 

predicted concentration upon reduction of Cr (VI). The extracellular surface-active agent (biosur-

factant) of the isolate has been found responsible for the reduced level of Cr (III) in the solution, 

which eventually provides tolerance to the cells toward hexavalent chromium and protects the cells 

from oxidative stress. 

6.3  MATERIALS AND METHODS

6.3.1  general

This section describes the materials and methods used in the present work and also outlines the 

experimental design for the biodegradation of hexavalent chromium through a batch process. It 

provides the procedure for sample collection, isolation, identification, optimization, reduction, and 

separation of chromium from the tannery effluent. 
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6.3.2  Cleaning of glassWare

The glassware of Borosil qualities used in all the experiments is cleaned by soaking in chromic acid 

solution (10 g of potassium dichromate dissolved in 1 L distilled water with 500 mL of concentrated 

sulfuric acid) for 2 h and washed in tap water followed by distilled water. 

6.3.3  sterilization teChniques

All glassware are sterilized in a hot air oven at 180°C for 3 h or autoclaved at 121°C for 15 min at 

15 lbs, according to the requirement. All broth water blanks and growth media are sterilized in an 

autoclave at 1 atm pressure for 15 min. Isolation, purification, inoculation, and other microbiological 

procedures are carried out in the laminar flow chamber. 

6.3.4  aPParatus and instrument

The apparatus and the instruments required for this experiment are listed in the following Table 6.2. 

6.3.5  samPle ColleCtion

6.3.5.1  Sample Collection Procedure

The samples are collected from the Eastern Chrome Tanning Company, Periyakuppam, Ambur, 

Vellore district. The soil samples are collected at a depth of 0–15 cm from different locations (2–3 m 

intervals) at the chromium-contaminated site located at Ambur. 

6.3.6  PhysioChemiCal CharaCterization of ColleCted Waste Water

6.3.6.1 pH

The pH of the wastewater is determined using a pH meter. 

6.3.6.2  Chemical Oxygen Demand (COD)

A 10 mL sample is taken in a 500-mL refluxing flask, and a pinch of mercuric sulfate is added to it. 

Around 5–6 glass beads are also added to it and mixed well. Then, 15 mL of sulfuric acid reagent is 

added to it, mixed well, and allowed to cool. Then, 7 mL of potassium dichromate solution is added 

to it and mixed well. The mixture is then refluxed for 2 h, allowed to cool, diluted to twice its volume 

with distilled water, and titrated against 0.25 M ferrous ammonium sulfate using a ferroin indicator. 

The appearance of brown color is recognized as the endpoint

TABLE 6.2

Apparatus and Instrument Required for the Experiment

S.No

Apparatus

Purpose

1. 

Vertical autoclave

Sterilization

2. 

Analytical balance

Weight measurement

3. 

Laminar airflow

Aseptic environment

4. 

pH

Measurement of pH

5. 

Ultra-low temperature freezer

Preservation of cultures

6. 

Scanning electron microscope and 

Wastewater characterization

atomic absorption spectroscopy 

7. 

Spectrophotometer (UV)

Estimation of and Cr (VI) degradation
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 A B

8,000



COD (mg/L)

(

)

=

−

×

(6.1)

Volume of sample

where

 A= Volume of ferrous ammonium sulfate used for blank titration

 B = Volume of ferrous ammonium sulfate used for sample titration

 N = Normality of ferrous ammonium sulfate

6.3.6.3  Total Suspended Solids (TSS)

Twenty milliliter of the sample was filtered on pre-weighed filter paper and kept in the oven at 105°C 

for 1 h. The dried sample weight is then measured

 A B

1,000



TSS(mg/L)

(

)

=

−

×

(6.2)

Volume of sample

where

 A = Weight of China dish + filter paper + solids, mg

 B = Weight of China dish + filter paper, mg

6.3.7   quantifiCation and CharaCterization of hexavalent 

Chromium Present in tannery effluent

The presence of heavy metals in the collected wastewater has been estimated by the atomic absor-

bance spectroscopic (AAS) method, and the presence of hexavalent chromium and total chromium 

in the collected effluent has been quantified by the AAS method. 

6.3.8  isolation of Potential Chromium-resistant strain from Contaminated soil

6.3.8.1  Collection of Soil Sample

The sample has been collected at Eastern Chrome Tanning Company, Periyakuppam, Ambur, 

Vellore district, Tamil Nadu. The soil sample has been collected at a depth of 0–15 cm from differ-

ent locations (2–3 m intervals) at the chromium-contaminated site located at Ambur. The soil and 

effluent samples are collected in polythene bags and sterilized containers and stored at 40°c in the 

refrigerator. 

6.3.8.2  Biological Properties

The population of different groups of microorganisms has been enumerated in the effluent sample 

using the standard serial dilution plating technique [10] (Table 6.3). 

TABLE 6.3

Biological Properties

S.No

Organism

Dilution Factor

Media Used

1. 

Bacteria

10−6

PYE agar media

2. 

Fungi

10−4

Martin Rose Bengal agar

3. 

Actinomycetes

10−3

Kenknight agar
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6.3.8.3  Isolation of Bacteria

In order to ascertain the microbial biosystem for chromium reduction, bacterial species have been 

isolated from contaminated soil samples, and the same was collected from Ambur. The acclima-

tized microorganisms are isolated by employing standard serial dilution and plating techniques. 

The quantity of 10 gm of soil sample with 10 mL of double-distilled water is taken in 90 mL sterile 

water blanks and serially diluted for 10–6 times using sterile water blanks. After thorough shaking, 

1 mL of aliquots from 10–6 dilutions was drawn and plated in PYE agar media [26]. 

The plates are incubated at 30°C. The isolated microorganisms are further purified by subse-

quent sub-culturing and maintained in the slant culture at 4°C. 

6.3.8.4  Isolation of Consortium of Bacteria

The bacterium has been isolated from contaminated soil samples, and the same was collected from 

Ambur. One mL of the effluent sample with 9 mL of double-distilled water is taken in 90 mL sterile 

water blanks and serially diluted using sterile water blanks. After thorough shaking, 1 mL of ali-

quots from 10–6 dilutions was drawn and poured into PYE media. 

The plates are incubated at 30°C. The isolated microorganisms are further purified by subse-

quent sub-culturing and maintained in the slant culture at 4°C. 

6.3.8.5  Media Used to Isolate the Effective Chromium-Resistant Strain

The media used to isolate the effective metal-resistant strain is peptone yeast extract (PYE) media. 

The composition of the media is given in the following Tables 6.4 and 6.5. 

TABLE 6.4

Components and Composition 

of PYE Agar Media

Components

Composition

Peptone

1 g

NaCl

1 g

Yeast extract

0.5 g

Agar

1.5 g

pH

7.2–7.5

TABLE 6.5

Components and Composition 

of PYE Broth Media

Components

Composition

Peptone

1 g

NaCl

1 g

Yeast extract

0.5 g

pH

7.2–7.5
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6.3.9   identifiCation of isolated effeCtive Chromium-resistant 

strain using 16s rrna method

6.3.9.1   Genomic DNA Extraction

Preparation of Culture for the Isolation of DNA:

1. Luria-Bertani Broth

Tryptone—10 g

Yeast  extract—5 g

Sodium  chloride—10 g

Distilled  water—1,000 mL

Method

•  The pure culture of the isolated strains is inoculated in 10 mL of sterile Luria-Bertani broth 

and left for 24 h. 

•  From the 24-h-old culture, 1.5–3 mL have been withdrawn in Eppendorf tubes. The aliquot 

has been spun at 12,000 rpm for 15 min to get cell pellets. 

6.3.9.2  DNA Extraction

Reagents

1. Stock solution:

•  1 M tris hydrochloric acid

•  5 M sodium chloride

•  10× tris borate EDTA buffer

2. Working solution:

•  Standard tris EDTA buffer (lysis buffer)

•  Tris hydrochloric acid—0.1 m pH 8

•  Ethylenediaminetetraacetic acid (EDTA)—1 mM

•  Sodium  chloride—0.1 M

•  Final pH—8.5

•  Tank buffer—0.5 X TBE

3. 10 mg lysozyme in 100 mL sterile distilled water stored at −20°C

4. 10% sodium dodecyl sulfate (SDS)

5. 3 M sodium acetate pH 5.2

6. 100% ice-cold ethanol



7. 70% ice-cold ethanol

Method

•  The cell pellets are taken into Eppendorf tubes and tapped gently. To these tubes, 150–

200 μL of STE lysis buffer is added and tapped gently. 

•  Then, 10 μL of lysozyme enzyme (10 mg/100 mL) has been added, and the tubes are tapped 

gently. 

•  They are kept for incubation at 37°C for 2 h. Intermittent tapping should be done every half 

an hour to enhance the reaction of lysozyme. 

•  Then, about 150–200 μL of 10% SDS has been added, tapped gently, and incubated at 37°C 

for  30 min. 
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•  After incubation, the tubes are taken, and sodium acetate (pH 5.2) of about 150 μL has 

been added. 

•  The tubes are then centrifuged at 12,000 rpm for 15–20 mins. 

•  After centrifugation, the aqueous phase has been transferred into a fresh Eppendorf tube. 

•  An equal volume of 100% ice-cold ethanol has been added and has been kept at −20°C 

for 1 h. 

•  After an hour, the tubes are taken from −20°C and centrifuged at 10,000 rpm for 15 min. 

•  After centrifugation, the pellet has been washed twice with 70% ethanol and again centri-

fuged at 10,000 rpm for 15 min. 

•  Then, the ethanol has been discarded, and the tubes are allowed to dry. 

•  After drying, about 60 μL of sterile water has been added and stored at refrigeration tem-

perature for further use. 

6.3.9.3  PCR Amplification Using Genus-Specific Primers

Two hundred and fifty rhizobacterial isolates are screened for  Pseudomonas sp. This has been carried 

out by PCR amplification using  Pseudomonas genus-specific primers. Primers used are ps for 20 mer 

(5′-GGTCTGAGAGGATGATCAGT-3′) and ps rev 18 mer (5′-TTAGCTCCACCTCGCGGC-3′). 

PCR Reaction Mixture (Table 6.6)

PCR Reaction

•  Initial denaturation at 95°C for  5 min. 

•  Denaturation at 95°C for  5 min. 

•  Annealing at 57°C for  1 min. 

•  Extension at 72°C for  1 min

•  Thirty cycles repeat. 

•  Final extension at 72°C for  10 min. 

•  Hold at 4°C. 

Positive control— P. putida. 

Negative control—nuclease-free sterile water. 

6.3.9.4  Agarose Gel Electrophoresis

The PCR products are loaded in 1% agarose gel amended with 2 μL ethidium bromide and electro-

phoresed using 0.5 × TBE buffer (tank buffer)/100 mL of the gel. After electrophoresis, the agarose 

gel has been observed under a UV transilluminator. 

TABLE 6.6

Components and Composition 

of PCR Reaction Mixture

Components

Composition

Distilled water

9.7 μL

Taq buffer

2.0 μL

For primer

2.0 μL

Rev primer

2.0 μL

Taq polymerase

0.3 μL
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6.3.10  resPonse surfaCe methodology

The RSM is the statistical analysis of the linear sorption model. RSM is the bioinformatics soft-

ware which is used to minimize the time and materials required for the identification of optimum 

parameters. 

Response surface methods involve the following steps:

1. The experimenter needs to move from the present operating conditions to the vicinity of 

the operating conditions where the response is optimal. This is done using the method of 

steepest ascent in the case of maximizing the response. The same method can be used to 

minimize the response and is then referred to as the method of steepest descent. 

2. Once in the vicinity of the optimum response, the experimenter needs to fit a more elabo-

rate model between the response and the factors. Special experiment designs, referred to as 

RSM designs, have been used to accomplish this. The fitted model is used to arrive at the 

best operating conditions that result in either a maximum or minimum response. 

3. It is possible that a number of responses may have to be optimized at the same time. For 

example, an experimenter may want to maximize strength while keeping the number of 

defects to a minimum. The optimum settings for each of the responses in such cases may 

lead to conflicting settings for the factors. A balanced setting has to be found that gives 

the most appropriate values for all the responses. Desirability functions are useful in these 

cases. 

By using this RSM software, the optimum range for the following parameters has been identified 

as follows:

•  Effect of temperature on the reduction of hexavalent chromium in the tannery effluent. 

•  Effect of pH on the reduction of hexavalent chromium in the tannery effluent. 

•  Effect of agitation velocity on the reduction of hexavalent chromium in the tannery effluent. 

•  Effect of time on the reduction of hexavalent chromium in the tannery effluent. 

6.3.11  minimum inhiBitory ConCentration (miC)

The minimum inhibitory concentration (MIC) in microbiology is the lowest concentration of an 

antimicrobial that will inhibit the visible growth of a microorganism after overnight incubation. 

The MIC of chromate for the isolated metal-resistant strain has been determined by preparing 

various ranges of dichromate solutions ranging from 100 to 400  mg/L from the stock solution. 

A stock solution has been prepared by dissolving an appropriate amount of potassium dichromate 

in double-distilled water to produce a stock solution of 1,000 mg/L. In the prepared chromium solu-

tion, the growth of the isolated strain has been monitored at a regular time interval, and the optical 

density has been measured at 600 nm in a UV-visible scanning spectrophotometer. 

6.3.12   estimation of hexavalent Chromium reduCtion in 

tannery effluent By diPhenyl CarBazide method

6.3.12.1  Analysis of Chromium Reduction in Tannery Effluent

Chromium reduction has been monitored by means of color at varying predetermined time intervals 

from 1 to 144 h. The reaction mixture has been separated from biomass by centrifuging the sample 

at 2,000 rpm for 15 min, and the residual chromium concentration has been determined using the 

standard diphenyl carbazide method [27] and a calibration curve prepared at the corresponding optimum wavelength in a UV-visible scanning spectrophotometer. 
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6.3.12.2  Finding the Microbial Reduction of Hexavalent Chromium in Tannery Effluent

The chromium solution has been scanned in a UV spectrophotometer to ascertain the wave-

length, and the maximum absorbance has been observed at 540 nm for chromium. The mainly 

chromium-reduced content has been estimated as the decrease in chromium concentration in the 

supernatant with time using the hexavalent chromium-specific colorimetric reagent S-diphenyl car-

bazide (DPC) by spectrophotometric measurement, which is made immediately at 540 nm. The rate 

of reduction has been monitored at this respective wavelength. Ingredients for sample preparation 

and estimation of chromium reduction at 540 nm are as follows (Table 6.7). 

6.3.12.3  Estimation of Chromium Reduction Percentage

The presence of chromium reduction has been measured using the formula described by Thanga [28]. 

Initial absorbance final absorbance



Chromium removal (%) =

−

×100 (6.3)

Absorbance of uninoculated effluent

6.4  RESULTS AND DISCUSSION

6.4.1  CharaCteristiCs of ColleCted WasteWater

Chromium-contaminated tannery effluent is collected in screw-capped sterilized bottles from the 

Eastern Chrome Leather Tanning Factory, Periyakuppam, Ambur, Vellore district. The wastewater 

sample has been characterized. The pH of the sample has been determined with an ion-specific 

electrode, and the pH of the wastewater sample is in the range of 7.4–7.8. The temperature range of 

the collected wastewater has been 28°C–30°C. This indicates that chromium-contaminated waste-

water has been slightly alkaline in nature. The range of chromium (VI) in the collected wastewater 

sample has been 28 mg/L, and the total chromium concentration is 30 mg/L. Total dissolved solids 

(TDS) and total suspended solids (TSS) in the effluent have been 485 and 580 mg/L, respectively. 

The COD of the collected wastewater is 1,180 mg/L (Table 6.8). 

TABLE 6.7

Preparing the Samples for the Estimation of Chromium Reduction at 540 nm

Amount of Sample (mL)

Amount of DPC (mL)

Amount of Sulfuric Acid (mL)

Distilled Water (mL)

0.4

0.4

0.4

8.8

TABLE 6.8

Characterization of the Water Sample

Parameters

Values

pH

7.4–7.8

Temperature

30°C

COD

1,180 mg/L

TDS

485 mg/L

TSS

580 mg/L

Total chromium

30 mg/L

Chromium (VI)

28 mg/L

[image: Image 20]
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6.4.2  isolation of Chromium-resistant BaCterial strain

Soil contains a very large number of microorganisms, which can include a number of chromium 

(VI)-utilizing bacteria. From this, single chromium-resistant bacterial strains are isolated from the 

soil sample by the serial dilution technique. Within that 10–6 dilution, it helps to isolate the bacte-

rial strain and also the consortium of bacteria. The isolated microorganisms are further purified by 

subsequent sub-culturing and maintained in a slant culture at 4°C (Figures 6.1 and 6.2). 

FIGURE 6.1  Isolated  P. putida in PYE agar media. 

FIGURE 6.2  Slant culture of  P. putida strain. 

[image: Image 22]

[image: Image 23]
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6.4.3   identifiCation of isolated Chromium-resistant strains By 16s 

rrna sequenCing alignment and PhylogenetiCs

Genomic DNA has been isolated from the pure culture pellet using consequence primers PS 20 mer 

and RED 18 mer, which are used to amplify the 16s rDNA fragment using high-fidelity PCR poly-

merase. The PCR product has been bi-directionally sequenced using forward, reverse, and internal 

primers. Sequenced data has been aligned and analyzed to find the closest homologous for the 

microbe. Based on nucleotide homology and phylogenetic analysis, the microbe has been detected 

to be  P. putida (Figures 6.3 and 6.4). 

6.4.4  minimum inhiBitory ConCentration (miC)

The identified strain,  P. putida, showed a survival limit of up to 100–400 mg/L hexavalent chro-

mium concentration. The minimum inhibitory concentration of the selected  P. putida strain showed 

high-level resistance against potassium dichromate in PYE agar media (Table 6.9; Figure 6.5). 

FIGURE 6.3  Band absorbance of gel electrophoresis for  P. putida. 

FIGURE 6.4  Phylogenetic tree for the  Pseudomonas species. 

[image: Image 24]
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TABLE 6.9

Minimum Inhibitory Concentration of  Pseudomonas putida

Time (h)

Growth at 100 ppm

Growth at 200 ppm

Growth at 300 ppm

Growth at 400 ppm

0

3.011

2.344

1.278

0.33

6

3.967

2.245

1.265

0.231

12

2.705

2.365

1.208

0.295

18

2.657

2.225

1.185

0.265

24

2.388

1.950

1.105

0.241

30

2.118

1.856

1.026

0.204

36

2.004

1.658

0.942

0.187

42

2.887

1.455

0.875

0.176

48

1.745

1.222

0.779

0.154

54

1.612

1.010

0.645

0.138

60

1.428

0.878

0.547

0.125

66

1.112

0.658

0.412

0.112

72

0.956

0.456

0.327

0.107

FIGURE 6.5  Graphical representation of minimum inhibitory concentration. 

6.4.5  oPtimization of Parameters

6.4.5.1  Effect of Temperature on the Reduction of Hexavalent Chromium

For the effective degradation of hexavalent chromium present in the tannery effluent, optimum 

temperature values are found to be 30°C for  P. putida and a consortium of bacteria. It shows maxi-

mum growth at 30°C for overnight incubation. The growth of microorganisms in tannery effluent is 

estimated at 600 nm in a UV spectrophotometer (Figure 6.6). 

6.4.5.2  Effect of pH on the Reduction of Hexavalent Chromium

For the effective degradation of hexavalent chromium present in the tannery effluent, optimum pH 

values are found to be 7 for  P. putida and a consortium of bacteria. It shows maximum growth at 

7 for overnight incubation. Various pHs are adjusted by using NaOH and HCl solutions, and pH 

is maintained by phosphate buffer (the phosphate buffer has been prepared by a combination of 
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Absorbance at 600nm

Temperature°C

FIGURE 6.6  Effect of temperature on the reduction of hexavalent chromium. 

Absorbance at 600 nm

bsorbance at 600 nmA

pH

FIGURE 6.7  Effect of pH on the reduction of hexavalent chromium. 

mono-potassium hydrogen phosphate and dihydrogen phosphate.). The growth of microorganisms 

in tannery effluent is estimated at 600 nm in the UV spectrophotometer (Figure 6.7). 

6.4.5.3  Effect of Agitation Velocity on the Reduction of Hexavalent Chromium

For the effective degradation of hexavalent chromium present in the tannery effluent, optimum agi-

tation velocity values are found to be 100 rpm for  P. putida and a consortium of bacteria. It shows 

136

Control of Heavy Metals in the Environment

Absorbance at 600 nm

bsorbance at 600 nmA

Agitation velocity in rpm

FIGURE 6.8  Effect of agitation velocity on the reduction of hexavalent chromium. 

Absorbance at 600nm

bsorbance at 600 nmA

Time(hr)

FIGURE 6.9  Effect of time on the reduction of hexavalent chromium. 

maximum growth at 100 rpm for overnight incubation. Agitation velocity was varied by using an 

incubating shaker. The growth of microorganisms in tannery effluent is estimated at 600 nm in the 

UV spectrophotometer (Figure 6.8). 

6.4.5.4  Effect of Time on the Reduction of Hexavalent Chromium

For the effective degradation of hexavalent chromium present in the tannery effluent, optimum time 

values are found to be 12 h for  P. putida and a consortium of bacteria. It shows maximum growth 

after 12 h of overnight incubation. The growth of microorganisms in tannery effluent is estimated at 

600 nm in the UV spectrophotometer (Figure 6.9). 
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6.4.6  reduCtion of hexavalent Chromium Present in tannery effluent

6.4.6.1  Reduction of Hexavalent Chromium by  P. putida

The reduction efficiency of hexavalent chromium by  P. Putida is found to be 90.412% under the 

optimum parametric condition. Hexavalent chromium reduction has been estimated by the DPC 

method at 540 nm in a UV spectrophotometer (Table 6.10). 

6.4.6.2  Estimation of Chromium Reduction Percentage by  P. putida

The reduction percentage of hexavalent chromium is estimated by using the following formula 

(Figure 6.10)

Initial absorbance final absorbance

Chromium removal (%) =

−

×100

Absorbance of uninoculated effluent



(6.4)

= 2.232 − 0.214 = 90.412%

2.232

TABLE 6.10

Reduction of Cr (VI) by 

 Pseudomonas putida at  540 nm

Time (h)

Absorbance at 540 nm

0

2.232

12

2.145

24

2.045

36

1.958

48

1.801

60

1.698

72

1.465

84

1.224

108

0.898

120

0.657

96

1.025

132

0.456

144

0.214

E AT 540nmC

RBAN

ABSO

TIME IN HOUR

FIGURE 6.10  Graphical representation for reduction of Cr (VI) by  P. putida at 540 nm. 
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TABLE 6.11

Concentration of Hexavalent Chromium in Effluent Treated by  Pseudomonas putida

Element

Untreated Effluent (mg/L)

Treated Effluent (mg/L)

Permissible Limit (mg/L)

Hexavalent chromium

28

2.8

4

TABLE 6.12

Reduction of Cr (VI) By Consortium 

of Microbe at 540 nm

Time (h)

Absorbance at 540 nm

0

2.232

12

2.201

24

2.167

36

2.111

48

1.784

60

1.408

72

1.356

84

1.108

96

0.958

108

0.798

120

0.544

132

0.218

144

0.178

6.4.6.3   Concentration of Hexavalent Chromium in Untreated 

and Treated Effluent by  P. putida

The concentration of hexavalent chromium present in treated and untreated effluent is treated by  

 P. putida (Table 6.11). 

6.4.6.4  Reduction of Hexavalent Chromium by Consortium of Microbe

The reduction efficiency of hexavalent chromium by a consortium of microbes is found to be 

92.025% under the optimum parametric condition. Hexavalent chromium reduction has been esti-

mated by the DPC method at 540 nm in a UV spectrophotometer (Table 6.12). 

6.4.6.5  Estimation of Chromium Reduction Percentage by Consortium of Microbe

The reduction percentage of hexavalent chromium is estimated by using the following formula 

(Figure 6.11):



Initial absorbance final absorbance

Chromium removal (%) =

−

×100

Absorbance of uninoculated effluent



(6.5)

= 2.232 − 0.178 ×100 = 92.025%

2.232

6.4.6.6   Concentration of Hexavalent Chromium in Untreated and 

Treated Effluent by Consortium of Microbes

The concentration of hexavalent chromium present in treated and untreated effluent is treated by a 

consortium of microbes (Table 6.13 and Figure 6.12). 

[image: Image 25]
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FIGURE 6.11  Graphical representation for reduction of Cr (VI) by a consortium of microbes at 540 nm. 

TABLE 6.13

Concentration of Hexavalent Chromium in Effluent Treated by Consortium of Microbes

Element

Untreated Effluent (mg/L)

Treated Effluent (mg/L)

Permissible Limit (mg/L)

Hexavalent chromium

28

2.4

4

FIGURE 6.12  Reduction of hexavalent chromium in an incubating shaker. 

6.4.7  seParation of Chromium from tannery effluent

6.4.7.1  Chemical Precipitation

Reduced chromium in the tannery effluent has been separated by adding alkali (sodium hydroxide 

and potassium hydroxide) to it. Precipitated chromium is settled at the bottom over a period of time 

(Figure 6.13). 

[image: Image 26]
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FIGURE 6.13  Precipitated chromium settles at the bottom in a treated tannery effluent. 

6.5  SUMMARY AND CONCLUSION

Bioremediation is an effective and economical method for the detoxification of hexavalent chro-

mium when compared to conventional methods like membrane filtration, ion exchange, and biosorp-

tion techniques. The bacterial isolate has been identified by 16s rRNA sequencing as Pseudomonas  

P. putida., Isolated strains of Pseudomonas P. putida, capable of treatment of wastewater containing 

400 mg/L of Cr (VI) concentration. For the effective degradation of Cr (VI) present in the tannery 

effluent, the optimum parameters have been found to be a temperature of 30°C, a pH of 7, a time of 

12 h, and an agitation velocity of 100 rpm. Under these optimum parametric conditions, the reduc-

tion of Cr (VI) by isolated  P. putida has been found to be 90%, and the reduction of Cr (VI) by a 

consortium of microbes has been found to be 92%. Finally, reduced chromium is separated from 

the tannery effluent by the chemical precipitation method. The chromium reduction percentage has 

been observed to be highest in the consortium of microbes compared to the isolated pure culture of 

 P. putida.  Treated tannery wastewater contains a Cr (VI) concentration below 4 mg/L. According 

to the Indian Standard, the treated tannery wastewater is well within the permissible limit for the 

work undergone. 
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NOMENCLATURE

ABS: 

Alkyl benzene sulfonate

ACH: 

Aluminum chlorohydrate

CU: 

Color units

DAF: 

Dissolved air flotation

DAFF: 

Dissolved air flotation and filtration

DO: 

Dissolved oxygen

KEC: 

Krofta Engineering Corporation

LIWT: 

Lenox Institute of Water Technology

ND: 

Not detected

NYS: 

New York State

NYSDH: 

New York State Department of Health

NYU: 

Nephelometric turbidity unit

RO: 

Reverse osmosis

SCM: 

Streaming current monitor

STEM: 

Science, Technology, Engineering, and Mathematics

TCE: 

Trichloroethane

TDS: 

Total dissolved solids

THM: 

Trihalomethane

THMMFP:  Trihalomethane maximum formation potential

TNTC: 

Too numerous to count

USEPA: 

U.S. Environmental Protection Agency

UV: 

Ultraviolet

VOC: 

Volatile organic compounds

WTP: 

Water treatment plant

7.1 INTRODUCTION

7.1.1  Coverage

This memoir-style chapter documents: (a) the innovative dissolved air flotation and filtration 

(DAFF) potable water treatment systems, (b) the USEPA Drinking Water Standards and the local 

state drinking water quality goals, (c) promulgated standards for raw water sources of domestic 

water supply, (d) the procedure for determination of the trihalomethane maximum formation poten-

tial (THMMFP), (e) the alternatives of treating an unpredictable water supply source, (f) the filter 

backwash wastewater recycle and the total chemical sludge recycle technology, (g) the glossary of 

drinking water quality parameters, including simplified water quality standards or goals, and (h) a 

4-month DAFF research conducted by the Lenox Institute of Water Technology (LIWT) and Krofta 

Engineering Corporation (KEC) for treatment of an unpredictable water supply source in Oneida, 

NY, USA. 

Most of the technical data reported here can be found in the U.S. National Technical Information 

Service (NTIS) reports PB-86-172582 [1–4]. 
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FIGURE 7.1  A complete Krofta Sandfloat DAFF water purification system in the field. (Lenox Institute of Water Technology.)

7.1.2  Continuous flotation-filtration Pilot Plant

Figure 7.1 shows that a complete Krofta Sandfloat DAFF water purification system was treating the 

unpredictable water in the field. 

7.1.2.1  Normal Water Treatment Operation

The tested dissolved air flotation (DAF) and filtration continuous pilot plant is a Krofta Sandfloat 

Type 8 package plant (Figure  7.2; diameter = 8 ft. = 2.43 m;  flow = 100  gpm = 378.5 L/min) consist-

ing of chemical feeding, mixing, flocculation, DAF, filtration, and chlorination. Although the tested 

DAFF pilot plant is small, readers may visit the 37.5-MGD (142-MLD) once-largest flotation-filtra-

tion plant in the world—Pittsfield Water Treatment Plant, Pittsfield, Massachusetts, USA [5–7]. The Pittsfield WTP has six Krofta Sandfloat DAFF units. Each DAFF unit has a diameter of 49 ft, and 

each treats 6.25 MGD (23.66 MLD). The Pittsfield WTP has been in successful operation since 1986. 

The following is a short description of the continuous Sandfloat DAFF pilot plant. The outside 

tank (1) encloses an inside flocculation tank (2). A sandbed (3) is suspended with a screen over the 

tank bottom (4). In the upper center, a funnel is located (5) for sludge collection. 

A movable carriage (6) rolls and rotates on the upper rim of the tank (1). On the carriage, a spiral 

scoop (7) is mounted for scooping off the collected floated sludge. A variable speed drive (8) drives 

the scoop. The electrical power enters through the electrical rotary contact (9). 

A pressure pump (10) takes by flotation pre-clarified water in a spot over the sandbed and feeds it 

into the air dissolving tube (ADT) (11), with compressed air entering at (12). The pressurized water 

with dissolved air enters through a pipeline inside the flocculation tank (2) and discharges through 

the distribution pipes (13) into the upper part of the flocculated water just prior the overflowing into 

the main flotation tank. 

The raw water enters through the inlet regulating valve (14) and through the nozzle (16) in a jet 

motion into the flocculating tank (2), causing an agitation to further the flocculation process. The regu-

lating valve (14) is actuated by the sensor (15) that keeps the level in the main flotation tank constant. 

For improvement of the flocculation, chemicals (such as alum, sodium, and aluminate) are added 

at (17) and at (18) (polyelectrolyte). The flocculated water mixed with air bubbles from the aerated 

water (13) enters over the sub-merged overflow with a deflector ring (19) into the main flotation tank. 
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FIGURE 7.2  Bird’s view of Krofta Sandfloat DAFF pilot plant. (Lenox Institute of Water Technology.)

Clarified water is discharged from under the sandbeds through the pipeline (21), passing the 

valve (22). With this valve, the requested capacity and flow of the filtered water are manually preset. 

This valve can also be eliminated and the pipe directly connected to the user line of filtered water. 

In cases where the raw water is not in unlimited supply, the valve (22) must be automatically oper-

ated from a separate flotation tank-level sensor that closes the outlet valve (22) when the flotation 

level starts to fall because of the missing arrival of the raw water. This prevents the emptying of the 

flotation tank. 

The sludge is scooped off by the spiral scoop (7), discharged into the funnel (5), and flows out 

through the pipe (23). Figures 7.3 and 7.4 further describe the continuous Krofta Sandfloat Type 8 

DAFF pilot plant. The diameter of the pilot plant is 8 ft. (or 2.43 m). 

7.1.2.2  Filter Backwash Operation

The readers are referred to Figures 7.2 and 7.4 for the filter backwash operation of the continuous Krofta Sandfloat Type 8 (diameter = 8 ft = 2.43 m) DAFF pilot plant. A suction hopper (20) with a 

size fitting the size of the sandbed compartments hangs on the carriage (7). The sandbed is divided 

[image: Image 30]
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FIGURE  7.3  Flocculation and flotation clarification of continuous Krofta Sandfloat DAFF pilot plant. 

(Lenox Institute of Water Technology.)

FIGURE 7.4  Filtration, online backwashing, and sludge removal operation of continuous Krofta Sandfloat 

DAFF pilot plant. (Lenox Institute of Water Technology.)
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into a prime number of sections (19, 23, 29, 31, 37), and the carriage stops after passing a preset 

number of sections. In this way, the first section which is first backwashed comes ready for back-

washing again after all other sections have been backwashed. 

When the carriage stops, the motor (25) lowers the hopper (20) down and presses it over the sides 

of the backwash section. The suction pump (26) starts to pull water out of the sandbed section and 

lifts and fluidizes the sand. The dirty backwash water is discharged through the pipeline (28) back 

into the flocculation tank (2). After a preset time, in seconds, the suction pump (26) stops and any 

return flow is prevented by the check valve (27). After a further preset time in seconds, the sand 

settles under the hopper and then the motor (25) lifts the hopper again and the carriage, driven by 

a motor (24), moves again until it stops over the sandbed section which is in spaces further ahead. 

The backwashing in this way is uniformly extended over the complete filtering time. With a 

higher number of sections, the capacity of the backwashing pump is smaller, producing a lower 

overload on the filter at each backwashing. 

Heavy settleable solids, such as sand, settle on the bottom of the flocculation tank (2). Such a 

bottom is conical with a discharge line in the center. Accumulated heavy particles are periodically 

discharged through the drain line (29). 

7.1.3  unPrediCtaBle raW Water quality

It is very difficult to treat raw water with unpredictable water quality [8–10]. 

The raw water treated in this research had wide ranges of color (25–90 CU; average 40 CU), 

humic substances (1.5–9.6  mg/L; average 5.24  mg/L), turbidity (1.08–14.2 NTU; average 1.8 

NTU), coliform bacteria (1 to TNTC #/100 mL; average TNTC #/100 mL), THMMFP (127–683 

ppb; average 348 ppb), UV absorbance with 1 cm light path at 254 nm (0.13–0.28 UV; average 

0.19 UV), cysts-size microscopic count (410–34,623 #/mL; average 6,886 #/mL), chlorine demand 

(2–2.5 mg/L; average 2.3 mg/L), lead (0.038 mg/L), and pH (6.4–7.5 units; average 7.14 units). 

In a comparison between the above raw water quality and the promulgated standards for raw 

water sources of domestic water supply (Section 7.9), it can be seen that the unpredictable raw water source is between the “good source of water supply” and the “poor source of water supply”, requir-

ing special or auxiliary treatment (such as chemical coagulation, DAF, filtration, and disinfection). 

7.1.4  100-gPm Pilot-sCale treatment and PerformanCe results

Under the supervision of the New York State Department of Health (NYSDH), a continuous DAFF 

pilot plant (Figures 7.1 and 7.2) was operated by LIWT/KEC at 100 gpm flow for treating the above Oneida raw water using alum, sodium aluminate, and polymer from November 1983 to March 1984. 

The following sections introduce the more detailed data of the 4-month research:

Section 7.2. Introduction and water quality

Section 7.3.  Chlorine demand reduction

Section 7.4. Corrosion control and downtime record

Section 7.5. Chemical consumption

Section 7.6. Effect of water loss on chemical consumption

Section 7.7.  Sludge generation

Section 7.8. Total sludge recycle system

Section 7.9. Promulgated standards for raw water sources of domestic water supply

Section 7.10. U.S. Environmental Protection Agency and local state drinking water standards

Section 7.11. Method for determination of trihalomethane maximum formation potential 

(thmmfp)

Section 7.12. Glossary of drinking water quality and simplified drinking water standards

Complete research data, however, are only available from the U.S. National Technical Information 

Service (NTIS), No. PB-86-172582 [1–4]. 
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The DAFF effluent met the USEPA drinking water standards and NYS water quality goals 

(Sections 7.10 and 7.12), and the plant performance in terms of impurity percent removals was excel-

lent: color (93%), humic substances (80%), turbidity (93%), coliform bacteria (99%), THMMFP 

(82%), UV Absorbance (86%), cyst-size microscopic count (99.6%), chlorine demand (52%), and 

lead (43%). 

In addition to the “Standard Methods for the Examination of Water and Wastewater” (AWWA/

APHA/WEF), special analytical methods were used for determinations of humic substances 

[11], cysts-size particles [12], and trihalomethane maximum formation potential (THMMFP) (Section 7.11). 

7.1.5   filter BaCkWash WasteWater reCyCle for Water loss 

reduCtion and ChemiCal ConsumPtion reduCtion

The water loss of conventional water treatment plant (WTP) is about 9% due to discharges of both 

filter backwash wastewater and sludge flow. The chemical used for treating the lost 9% waster is 

also wasted. 

A comparable DAFF plant (including flocculation, DAF, filtration, and chlorination) recycles its 

filter backwash wastewater and chemical flocs for the reproduction of drinking water; thus, its water 

loss is only about 0.5% contributed by the floated sludge discharge. Therefore, 



Conventional WTP water production rate = Plant flow × 0.91 (7.1)



Innovative DAFF WTP water production rate = Plant flow × 0.995 (7.2)

Accordingly, the chemical and water savings of the innovative DAFF WTP are very significant and 

cannot be ignored. 

7.1.6  total ChemiCal sludge reCyCle teChnology

The total alum sludge recycle technology has been proven to be technically feasible [13]. However, the concerned water treatment plant prefers to reuse the recovered alum and/or sodium aluminate for 

wastewater treatment elsewhere instead of reusing the recovered chemicals within the water treatment 

plant. Marketing the recovered chemicals will remain to be a business research topic for a long time. 

7.1.7  alternatives of treating an unPrediCtaBle Poor sourCe of raW Water suPPly

It has been proven that the DAFF will be an excellent process system for the reduction of high color, 

humic substances, turbidity, coliform bacteria, trihalomethane (THM) precursors, cysts, THM for-

mation potential, lead, chlorine demand, water loss, and chemical consumption. 

Although the tested DAFF water treatment plant (WTP) was KEC’s Sandfloat DAFF plant, any 

manufacturer’s DAF and filtration process equipment (such as AquaDAF and Clari-DAF) may 

achieve similar high technical performance for water purification [14,15]. 

7.2  INTRODUCTION AND WATER QUALITY

7.2.1  introduCtion

In September 1983, Krofta Engineering Corporation (KEC) was retained by the City of Rome, NY, 

USA, to conduct a pilot plant study for determination of the feasibility of treating the City’s raw 

reservoir water by Krofta Sandfloat process system, which consists of chemical mixing/floccula-

tion, DAF, and sand filtration. The Lenox Institute of Water Technology (formerly Lenox Institute 

for Research) was invited by KEC as a research partner in this academic investigation. 
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The combination of dissolved air flotation and filtration is also academically called a DAFF 

process system. Post-chlorination and corrosion were provided in the effluent pipe of the Sandfloat 

DAFF clarifier. The purpose of this study was to test Krofta Sandfloat DAFF Type 8 at a location 

adjacent to the Rome pre-chlorination station in Annsville, NY. Data on water purification by the 

pilot plant were collected from November 17, 1983, to March 5, 1984. 

This Lenox Institute of Water Technology (LIWT) publication briefly summarizes the data of 

water quality, chemical consumption, and sludge generation of the LIWT Sandfloat Pilot Plant 

Study, which was conducted in Rome, NY, in the 4-month testing period. All technical data and 

important correspondence are properly documented in the following four reports:

1. Krofta, M and Wang, LK, “Treatment of Rome Raw Water by Krofta Sandfloat Process 

System—Project Summary”, Report No. KEC/12-83/4A, Dec. 20, 1983. 

2. Krofta, M and Wang, LK, “Treatment of Rome Raw Water by Krofta Sandfloat Process 

System – Project Documentation, Part A”, Report No. KEC/01-84/4B1, Feb. 29, 1984. 

3. Krofta, M and Wang, LK, “Treatment of Rome Raw Water by Krofta Sandfloat Process 

System – Project Documentation, Part B”, Report No. KEC/01-84/4B2, Feb. 29, 1984. 

4. Krofta, M and Wang, LK, “Treatment of Rome Raw Water by Krofta Sandfloat Process 

System – Project Documentation, Part C”, Report No. KEC/03-84/1, March 16, 1984. 

7.2.2  Water quality requirements and sandfloat daff effluent quality

Based on the findings of our pilot plant investigations, we conclude that Krofta Sandfloat is fea-

sible for significant removal of turbidity, color, UV absorbance (Table 7.1a and 1b) trihalomethane formation potential (THMFP) (Table 7.3), coliform bacteria (Table 7.3), microscopic particulates (Table 7.4), iron, manganese, and lead (Table 7.5) from the City of Rome’s raw water. 

TABLE 7.1A

Water Quality Data Summary of Rome Water Treatment Pilot Plant 

Operated at 70–100 GPM Range (November 2 to December 2)

U.S. Drinking 

Parameters

Range

Average

Water Standards

Water 

Influent

Quality

Flow, GPM

70–100

82.2

Temperature, °F

34–40

41.2

pH, unit

6.9–7.5

7.1

Turbidity, NTU

0.4–12.0

1.3

Color, unit

35–90

45

Microscopic count, #/mL

410–14,382

6,669

Aluminum, ppm

0–0.074

0.009

Alkalinity, ppm CaCO

4–40

15.5

3

THMFP, ppb

127–683

392

UV  (254 nm)

0.13–0.28

0.222

Total coliform, #/100 mL 

NA

<1-TNTC

Total plate count #/mL

4–6

5

Humic substances, ppm

4.2–8.8

5.9

( Continued)
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TABLE 7.1A ( Continued)

Water Quality Data Summary of Rome Water Treatment Pilot Plant 

Operated at 70–100 GPM Range (November 2 to December 2)

U.S. Drinking 

Parameters

Range

Average

Water Standards

Chemical Treatment

Polymer, type

1,849A

1,849A

Polymer dosage, ppm

0.40–1.9

1.16

Sodium aluminate, ppm, Al O  

3.0–4.0 

3.90

2

3

Alum, ppm Al (SO )

10.0–33.0

14.5

2

4 3

Other chemical, type

None

None

Other chemical, ppm 

0

0

Sandfloat Effluent

Flow, gpm 

67.0–99.4

80.8

pH, unit 

6.8–7.3

7.0

Turbidity, NTU

0.1–0.39

0.14

Color, unit

2–3

2.1

Microscopic count, #/mL

<1–67

29

Aluminum, ppm

0.0–0.08

0.024

Alkalinity, ppm CaCO

4–20

8.6

3

THMFP, ppb

19–97

66

<100

Chlorine demand, ppm

0.65–1.5

1.2

UV  (254 nm)

0.02–0.089

0.037

Total coliform, #/100 mL

<1<1

Total plate count, #/mL

0

0

Humic substances, ppm

0.3–3.1

1.26

Chlorinated Effluent

Flow, gpm

3.0–3.5

3.4

pH, unit

6.8–7.2

7.2

6.5–8.5

Turbidity, NTU

0.17–0.35

0.2

<1

Color, unit

2–3

2.0

<15

Microscopic count, #/mL

22–85

37

Aluminum residue, ppm Al

0–0.04

0.03

Chlorine residue, ppm

0.2–0.5

0.3

Temperature, °F

39–48

44

Calcium hardness, ppm 

20–30

23

CaCO3

Corrosion control

OK

OK

Non corrosive

THHFP, ppb

34–65

40

<100

UV  (254 nm)

0–0.05

0.05

Total coliform, #/100 mL

<1

<1

0

Total plate count, #/mL

NA

NA

Humic substances, ppm 

0.4-2.0

1.4

Sludge from Sandfloat

Flow, gpm

0.4–2.0

1.4

Total suspended solids, ppm

549–4,931

2,645
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TABLE 7.1B

Water Quality Data Summary of Rome Water Treatment Pilot Plant 

Operated at 100 GPM Range (December 10 to March 05 Next Year)

U.S. Drinking 

Parameters

Range 

Average 

Water Standards

Water 

Influent

Quality

Flow, gpm

100

100

Temperature, °F

33–37.4

34.4

pH, unit

6.4–7.5

7.2

Turbidity, NTU

0.08–14.2

1.16

Color, unit

25–73

34.36

Microscopic count, #/mL

2,430–34,623

6,980.4

Aluminum, ppm

0–0.05

0.025

Alkalinity, ppm CaCO

5–20

15.5

3

THMFP, ppb

176–560

328.4

UV  (254 nm)


0.110–0.202

0.157

Total coliform, #/100 mL 

NA

NA

Total plate count #/mL

NA

NA

Humic substances, ppm

1.5–9.6

4.56

Chemical Treatment

Polymer, type

1,849A

1,849A

Polymer dosage, ppm

0.40–1.9

1.16

Sodium aluminate, ppm Al O

3.0–5.2

4.58

2

3

Alum, ppm Al (SO )

4.0–7.0

4.94

2

4 3

Other chemical, type

None

None

Other chemical, ppm 

0

0

Sandfloat Effluent

Flow, gpm 

97.9–99.7

99.16

pH, unit 

6.7–7.5

7.11

Turbidity, NTU

0.05–0.20

0.12

Color, unit

2

2.0

Microscopic count, #/mL

0–267

134.6

Aluminum, ppm

0.01–0.11

0.047

Alkalinity, ppm CaCO

5–14

7.98

3

THMFP, ppb

2–96

59.9

<100

Chlorine demand, ppm

0.3–0.5

0.386

UV  (254 nm)

0.002–0.063

0.022

Total coliform, #/100 mL

NA

NA

Total plate count, #/mL

NA

NA

Humic substances, ppm

0–3.4

0.88

Chlorinated Effluent

Flow, gpm

Batch

Batch

pH, unit

5.6–7.4

7.0

6.5–8.5

Turbidity, NTU

0.2–0.5

0.245

<1

Color, unit

0–5

1.0

<15

( Continued)
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TABLE 7.1B ( Continued)

Water Quality Data Summary of Rome Water Treatment Pilot Plant 

Operated at 100 GPM Range (December 10 to March 05 Next Year)

U.S. Drinking 

Parameters

Range 

Average 

Water Standards

Microscopic count, #/mL

NA

NA

Aluminum residue, ppm Al

0.01–0.11

0.0495

Chlorine residue, ppm

0.2–0.4

Temperature, °F

NA

NA

Calcium hardness, ppm CaCO

NA

NA

3

Corrosion control

OK

OK

Noncorrosive

THHFP, ppb

NA

NA

<100

UV  (254 nm)

NA

NA

Total coliform, #/100 mL

NA

NA

0

Total plate count, #/mL

NA

NA

Humic substances, ppm 

NA

NA

Sludge from Sandfloat

Flow, gpm

0.3–2.1

0.822

Total suspended solids, ppm

811–10,086

2,075

The effluent of the Sandfloat DAFF pilot plant met the New York State Water Quality Goals 

(Tables 7.6a–6c) for color, turbidity, residual aluminum, and removal of Giardia cyst-sized particles (in terms of microscopic particle count). The chlorinated water had no coliform bacteria and was 

non-corrosive after a corrosion control chemical was added. The water quality range and average 

values of a few selected important parameters are further summarized below:

Turbidity (135 analyses each for raw water and Sandfloat DAFF effluent)

Raw Water Turbidity, NTU = 1.08–14.2 (1.8 average)

Effluent Turbidity, NTU = 0.05–0.39 (0.13 average)

Percent Removal,% = 93

U.S. Drinking Water Standard = 1 NTU or less

NY Water Quality Goal = less than 0.5 NTU over 95% time

Color (135 analyses each for raw water and Sandfloat DAFF effluent)

Raw Water Color, CU = 25–90 (40 average)

Effluent Color, CU = 2–3 (2.1 average)

Percent Removal,% = 95

U.S. Drinking Water Standard = 15 CU or less

NY Water Quality Goal = less than 5 CU over 95% time

pH (135 analyses each for raw water and Sandfloat DAFF effluent)

Raw Water pH, Unit = 6.4–7.5 (7.14 average)

Effluent pH, Unit = 6.7–7.5 (7.05 average)

U.S. Drinking Water Standard, Unit = 6.5–8.5

NY Water Quality Goal = less than 5 CU over 95% time

The efficiency of Krofta Sandfloat DAFF process for the removal of trihalomethane (THM) precur-

sors (in terms of trihalomethane formation potential, UV absorbance, and humic substances) and 

coliform bacteria can be demonstrated by the following removal data:
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Trihalomethane formation potential (THMFP) (80 analyses for raw water and 78 analyses for 

Sandfloat DAFF effluent)

Raw Water THMFP, ppb = 127–683 (347.5 average)

Effluent THMFP, ppb = 2–97 (61.9 average)

Percent Removal,% = 82 (average)

U.S. Drinking Water Standard, ppb = 100

UV Absorbance (1 cm light path at 254 nm) (51 analyses for raw water and 33 analyses for 

effluent)

Raw Water UV = 0.13–0.28 (0.19 average)

Effluent UV = 0.002–0.09 (0.026 average)

Percent Removal,% = 86 (average)

Humic Substances (49 analyses for raw water and 44 analyses for Sandfloat DAFF effluent)

Raw Water, mg/L = 1.5–9.6 (5.24 average)

Effluent, mg/L = 0.0–3.4 (1.06 average)

Percent Removal,% = 80 (average)

Coliform Bacteria (8 analyses for raw water and 8 analyses for Sandfloat DAFF effluent)

Raw Water Coliform, #/100 mL = less than one to TNTC (TNTC average)

Effluent Coliform, #/100 mL = <  1 (< 1 average)

Percent Removal,% = 99 (average)

U.S. Drinking Water Standards, #/100 mL = less than one

TNTC stands for “too numerous to count”. The total coliform counts were determined by the Rome 

Laboratory of Murphy Memorial Hospital, a NYSDH-certified laboratory in Rome, NY. 

It can be seen that the trihalomethane formation potential (THMFP), humic acid, UV absor-

bance, and total coliform bacteria were all significantly removed by the Sandfloat DAFF process. 

Partial data on the THMFP removal in the period January–March 1984 and the coliform bacteria 

removal in the period November–December 1983 are presented in Tables 7.2 and 7.3, respectively, for the purpose of illustration. 

It is important to note that there was a close correlation among trihalomethane formation poten-

tial (THMFP), UV absorbance, and humic substances concentration. The removals for THMFP, 

UV absorbance, and humic substances were 82%, 86%, and 80%, respectively, which were very 

close, meaning that either UV absorbance removal data or humic substances removal data can be 

used for the prediction of THMFP removal data. 

The color and turbidity removals, however, were 95% and 93%, respectively. It is tentatively con-

cluded that the trihalomethane precursor’s removal is directly proportional to the removal of THMFP, 

UV absorbance, and humic substances (but not directly proportional to the color and turbidity removal). 

Coliform bacteria are also classified as one type of trihalomethane precursor. It has been demon-

strated by the data in Table 7.2 that the innovative Sandfloat DAFF process can remove over 99% of coliform bacteria even without the use of any disinfectant (i.e. chlorine). 

The post-chlorination process is still required for a final safeguard of the water quality in the water 

distribution system. The chlorine dosage, however, shall be reduced by about 50% if the Sandfloat 

DAFF process (or any other equivalent dissolved air flotation and filtration process) instead of the 

conventional flocculation/sedimentation/filtration process is used for water purification. 

Additional data on the removal of metals and anions by the Sandfloat DAFF plant are presented 

in Table 7.5. It is seen that lead was also removed by the Sandfloat DAFF process. All metal con-

centrations (chromium, lead, sodium, iron, manganese, silver, barium, cadmium, copper, selenium, 

zinc, and aluminum) and non-metal inorganics (arsenic, nitrate, fluoride, sulfate, and chloride) in 

the Sandfloat effluent met the New York State Drinking Water Standards. 

Both the New York State Department of Health (NYSDH) Water Quality Goals and the Sandfloat 

pilot plant performance are summarized in Tables 7.6a–6c for the entire period from November 7, 1983, to March 5, 1984. It can be seen that the DAFF plant’s filter effluent in the testing period met 

the four water quality goals on effluent turbidity, color, residual aluminum, and microscopic count. 
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TABLE 7.2

Reduction of Trihalomethane Formation Potential (THMFP) 

by Sandfloat Water Treatment Plant In Rome, NY, USA 

(1/11/84–3/5/84)

Raw Water 

Sandfloat (DAFF) 

THMFP 

Date

THMFP, ppb

THMFP, ppb

Removal, %

1/11/84

425

68

84

1/12/84 

338

66

81

1/13/84 

285

70

75

1/16/84

300

63

79

1/17/84

380

75

80

1/18/84 

261

35

87

1/19/84 

350

59

83

1/20/84 

270

69

74

1/23/84 

310

45

85

1/24/84 

450

73

84

1/25/84 

330

68

79

1/26/84 

490

89

82

1/27/84 

263

70

73

1/30/84 

259

68

74

1/31/84 

335

82

76

2/01/84 

410

87

79

2/02/84 

346

64

82

2/03/84 

295

61

79

2/06/84 

286

30

90

2/07/84 

257

81

68

2/08/84 

260

73

72

2/09/84 

246

75

70

2/10/84 

265

65

75

2/13/84 

280

73

74

2/14/84 

278

69

75

2/15/84 

275

66

76

2/16/84 

269

70

74

2/17/84 

271

68

75

2/22/84 

256

59

77

2/23/84 

283

71

75

2/24/84 

290

70

76

2/29/84 

266

72

73

3/01/84 

300

80

73

3/02/84 

256

67

74

3/05/84

273

63

77

Average

305

68

77.7

Samples were spiked with calcium hypochlorite; average raw water 

THMFP = 305 ppb; average sandfloat effluent THMFP = 68 ppb; average per-

cent THMFP  removal = 77.7%

The microscopic counts were determined in accordance with the apha/awwa/wpcf Standard 

Methods for the Examination of Water and Wastewater (15th Edition, 1980). The objective of this 

measurement was for monitoring the consistent efficiency of Giardia cysts removal by the Sandfloat 

DAFF plant. Since no practical means of rapid detection for Giardia cysts could be employed, KEC 
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TABLE 7.3

City of Rome Sandfloat (DAFF) Water Treatment Pilot Plant 

Samplinga and Analysesb

Total Coliformsd 

Total Plate 

Sitec

Date

Sample

#/100 mL

Count #/mL

1

11/14/83

1,127

<1

NA

2

11/14/83

1,129

<1

NA

3

11/14/83

1,128

<1

NA

1

11/15/83

1,130

<1

NA

2

11/15/83

1,132

<1

NA

3

11/15/83

1,131

<1

NA

1

11/16/83

1,153

<1

NA

2

11/16/83

1,155

<1

NA

3

11/16/83

1,154

<1

NA

1

11/17/83

1,156

<1

NA

2

11/17/83

1,158

<1

NA

3

11/17/83

1,157

<1

NA

1

11/21/83

1,174

TNTC

NA

2

11/21/83

1,176

<1

NA

3

11/21/83

1,175

<1

NA

1

11/22/83

1,177

TNTC

NA

2

11/22/83

1,179

<1

NA

3

11/22/83

1,178

<1

NA

1

12/05/83

1,232

<1

6

2

12/05/83

1,233

<1

0

1

12/06/83

1,234

<1

4

2

12/06/83

1,235

<1

0

 Notes: a    Sampling was done by Krofta Engineering Corporation and the Lenox Institute of Water Technology, MA, USA. 

b  Samples were analyzed by Rome Hospital & Murphy Memoiial Hospital, Rome, 

NY, USA. 

c  Site 1, raw water influent; Site 2, Sandfloat (DAFF) effluent; Site 3, chlorinated 

effluent. 

d  TNTC, too numerous to count; NA, not available. 

and LIWT utilized the electronic microscope to verify the removal of cyst-size (about 8 μm) con-

taminants by DAFF. Some data on the removal of microscopic particulates by the Sandfloat process 

in the period January–March 1984 are presented in Table 7.4 for illustration. The following sum-

marized data show that over 99.6% of microscopic particles (with a size range of 8 μm or larger) can 

be efficiently removed by DAFF:

Microscopic Count (82 analyses for raw water and 24 analyses for Sandfloat DAFF effluent)

Raw Water Microscopic Count, #/mL = 410–34,623 (6,886 average)

Effluent Microscopic Count, #/mL = 0–267 (29 average)

Percent Removal,% = 99.6 (average)

NY Water Quality Goal = less than or equal to 1,000 #/mL over 95% of time

156

Control of Heavy Metals in the Environment

TABLE 7.4

Removal of Microscopic Particulates by Sandfloat Water Treatment Plant in Rome, 

NY, USA* (1/11/84–3/05/84)

Sandfloat Influent 

Sandfloat Effluent 

Microscopic Count 

Date

Microscopic Count, #/mL

Microscopic Count, #/mL

Percent Removal (%)

1/11/84

9,306

254

97.3

1/12/84

6,341

120

98.1

1/13/84

7,383

214

97.1

1/16/84

5,006

227

95.5

1/17/84

6,313

147

97.7

1/18/84

5,260

187

96.4

1/19/84

4,531

147

96.8

1/20/84

5,660

160

97.2

1/23/84

4,872

147

97.0

1/24/84

3,884

107

97.2

1/25/84

4,245

67

98.4

1/26/84

4,245

93

97.8

1/27/84

4,325

93

97.8

1/30/84

4,138

107

97.4

1/31/84

4,365

120

97.3

2/01/84

3,484

107

96.9

2/02/84

3,417

134

96.0

2/03/84

3,404

147

96.0

2/06/84

4,512

234

95.0

2/07/84

3,497

227

94.0

2/08/84

2,669

107

96.0

2/09/84

4,672

214

95.0

2/10/84

3,831

220

94.3

2/13/84

3,777

200

95.0

2/14/84

4,178

174

95.8

2/15/84

3,777

254

93.3

2/16/84

3,644

187

95.0

2/17/84

3,323

154

95.3

2/22/84

3,364

187

94.4

2/23/84

3,604

174

95.0

2/24/84

3,257

240

93.0

2/29/84

3,430

174

95.0

3/01/84

4,243

254

94.0

3/02/84

4,018

214

95.0

3/05/84

4,245

240

94.0

 Notes: a  All microscopic particulates with sizes greater than or equal to 8 μm were counted. 

b  Sandfloat Type 8 (DAFF) was used for treatment of raw reservoir water in Rome, NY, USA. 

c  Average Sandfloat influent microscopic count = 4,406 #/mL

d  Average Sandfloat effluent microscopic count =172 #/mL. 

e  Average microscopic count removal = 96.1%. 
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TABLE 7.5

Removal of Metals and Anions by Rome Pilot Plant 

(11/17/1983)

Parameters

Raw Water Quality

Effluent Quality

Manganese 

0.005

0.004

Chromium

0

0

Iron 

0.114

0

Lead 

0.038

0.020

Sodium 

0

3.28

Silver 

0.002

0.001

Arsenic 

0.000

0.000

Cadmium 

0.001

0.001

Copper 

0.007

0.007

Selenium 

0.007

0.007

Zinc 

0

0

Aluminum 

NA

0.04

Nitrate 

0

0

Fluoride 

0

0

Sulfate 

20

18

Chloride

2.5

1.5

 Notes:   Both raw reservoir water and Sandfloat effluent were collected 

on November 17, 1983 for analyses. 

TABLE 7.6A

Statistical Data of Sandfloat Effluent Turbidity, Color, Aluminum and  

Microscopic Count in Comparison with New York State Water Quality Goals 

(November 7–December 9, 1983)

Water Quality Parameters

NYSDH Water Quality Goals

Sandfloat DAFF Effluent

Turbidity

Equal to or less than 0.5 TU

Over 95% time

100% time

Equal to or less than 0.3 TU

Over 75% time

Over 97% time

Equal to or less than 0.2 TU

Over 50% time

Over 94% time

Color

Equal to or less than 5 CU

Over 95% time

100% time

Aluminum

Equal to or less than 0.15 mg/L 

Over 95% time

100% time

Equal to or less than 0.09 mg/L

Over 75% time

100% time

Equal to or less than 0.05 mg/L

Over 50% time

Over 82% time

Microscopic Count

Equal to or less than 1,000 #/mL

Over 95% time

100% time

Equal to or less than 400 #/mL

Over 75% time

100% time

Equal to or less than 300 #/mL

Over 50% time

100% time
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TABLE 7.6B

Statistical Data of Sandfloat Effluent Turbidity, Color, Aluminum and 

Microscopic Count in Comparison with New York State Water Quality Goals 

(December 10, 1983–January 10, 1984)

Water Quality Parameters

NYSDH Water Quality Goals

Sandfloat DAFF Effluent

Turbidity

Equal to or less than 0.5 TU

Over 95% time

100% time

Equal to or less than 0.3 TU

Over 75% time

100% time

Equal to or less than 0.2 TU

Over 50% time

100% time

Color

Equal to or less than 5 CU

Over 95% time

100% time

Aluminum

Equal to or less than 0.15 mg/L 

Over 95% time

100% time

Equal to or less than 0.09 mg/L

Over 75% time

Over 91% time

Equal to or less than 0.05 mg/L

Over 50% time

Over 68% time

Microscopic Count

Equal to or less than 1,000 #/mL

Over 95% time

100% time

Equal to or less than 400 #/mL

Over 75% time

100% time

Equal to or less than 300 #/mL

Over 50% time

100% time

TABLE 7.6C

Statistical Data of Sandfloat Effluent Turbidity, Color, Aluminum and 

Microscopic Count in Comparison with New York State Water Quality Goals 

(January 11–March 5, 1984)

Water Quality Parameters

NYSDH Water Quality Goals

Sandfloat DAFF Effluent

Turbidity

Equal to or less than 0.5 TU

Over 95% time

100% time

Equal to or less than 0.3 TU

Over 75% time

100% time

Equal to or less than 0.2 TU

Over 50% time

100% time

Color

Equal to or less than 5 CU

Over 95% time

100% time

Aluminum

Equal to or less than 0.15 mg/L 

Over 95% time

100% time

Equal to or less than 0.09 mg/L

Over 75% time

Over 93% time

Equal to or less than 0.05 mg/L

Over 50% time

Over 70% time

Microscopic Count

Equal to or less than 1,000 #/mL

Over 95% time

100% time

Equal to or less than 400 #/mL

Over 75% time

Over 97% time

Equal to or less than 300 #/mL

Over 50% time

Over 94% time
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7.3  CHLORINE DEMAND REDUCTION

The Sandfloat DAFF plant removed the chlorine demand of raw reservoir water by about 52%. The 

treatment results in the testing period November 7–December 9, 1983, are summarized below:

Chlorine Demand (3 analyses for raw water and 13 analyses for Sandfloat DAFF effluent)

Raw Water Chlorine Demand, mg/L = 2.0–2.5 (2.3 average)

Effluent Chlorine Demand, mg/L = 0.65–1.5 (1.2 average)

Percent Reduction,% = 52 (average)

It is expected that if a new water treatment plant (using four Sandfloat DAFF Type 49 or three 

Sandfloat DAFF Type 55) is constructed and operational, the chlorine requirement for disinfection 

could be reduced by about 50%. 

7.4  CORROSION CONTROL AND DOWNTIME RECORD

7.4.1  Corrosion Control

In addition to the pH values of both influent and effluent presented earlier in this report, the follow-

ing are the total alkalinity data generated from the Sandfloat DAFF plant study in the entire testing 

periods:

Alkalinity (65 analyses for raw water and 63 analyses for Sandfloat DAFF effluent)

Raw Water Alkalinity, mg/L as CaCO  = 4–40 (15.5 average)

3

Effluent Alkalinity, mg/L as CaCO  = 4–20 (8.2 average)

3

The pH Sandfloat DAFF effluent was near neutral, and its total alkalinity was positive in value after 

sodium aluminate was dosed for increasing pH and alkalinity. In addition, sodium meta-phosphate 

was added to the Sandfloat DAFF effluent for further corrosion control. It is concluded that the 

treated water was non-corrosive. 

7.4.2  doWntime reCord

In the entire Sandfloat pilot plant testing period (November 7, 1983, to March 5, 1984), the DAFF 

plant performed properly and had no major mechanical breakdowns. There was no downtime for 

the pilot plant operation in Rome, NY, due to the use of a flexible work schedule at a minimum of 

7 h per day operation. 

The tested Krofta Sandfloat DAFF process has been officially approved by the New York 

State Department of Health (NYSDOH) for potable water treatment (Appendix A) because of the Sandfloat’s extremely and consistently higher removals of impurities, lower costs for construction, 

lower costs for chemicals, and more superior reliability, in comparison with conventional water 

purification technologies. 

7.5  CHEMICAL CONSUMPTION

The chemical consumption data were calculated based on our pilot plant studies in the period 

January 11–March 5, 1984, when both Krofta Sandfloat DAFF plant and Neptune were treating 

the same Rome raw water. The KEC/LIWT raw chemical dosages used in the said period are fully 

documented in the Krofta Engineering Corporation Technical Report No. KEC/03-84/1, March 16, 

1984. The average chemical dosages are calculated and summarized here:
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Chemical Required for Basic Water Purification

Magnifloc 1,849 A = 0.956 mg/L

Alum (as Al O ) = 4.662 mg/L

2

3

Chemical Required for Alkalinity Supplement and Corrosion Control

Sodium Aluminate (as Al O ) = 4.22 mg/L (pH >7)

2

3

Sodium Aluminate (as Al O ) = 2.11 mg/L (pH 6.5)

2

3

The estimated annual chemical requirements (assuming 15 MDG) shall also be divided into two parts:

Chemical Required for Basic Water Purification

Magnifloc 1,849 A = 43661.3 llb/year

Alum (8.3% Al O ) = 2,533,812 llb/year

2

3

Chemical Required for Alkalinity Supplement and Corrosion Control at pH >7

Sodium Aluminate (ASA 38) = 951,874 llb/year, or

Sodium Aluminate (ASA 45) = 742,835 llb/year (recommended)

Chemical Required for Alkalinity Supplement and Corrosion Control at pH 6.5

Sodium Aluminate (ASA 38) = 475,937 llb/year, or

Sodium Aluminate (ASA 45) = 371,417 llb/year

The latest chemical cost data for Magnifloc 1,849 A, alum, and sodium aluminate are attached in 

the appendixes for more detailed cost estimates below:

Chemical Required for Basic Water Purification

Magnifloc 1,849 A = $ 36,893.8/year

Alum (8.3% A1 O ) = $121,622.9/year

2

3

Chemical Required for Alkalinity Supplement and Corrosion Control

ASA 38 = $118,853.7/year at pH >7, or

ASA 45 = $ 59,426.9/year at pH 6.5

7.6  EFFECT OF WATER LOSS ON CHEMICAL CONSUMPTION

The water loss of a conventional water treatment plant consisting of chemical feeding, rapid mixing, 

coagulation/precipitation, flocculation, sedimentation, and filtration is about 9% due to the fact that 

its filter backwash wastewater is totally wasted. A comparable innovative Krofta Sandfloat DAFF 

plant includes all conventional plant’s unit processes, except that DAF clarification replaces sedi-

mentation clarification. Krofta Sandfloat DAFF plant recycles its filter backwash wastewater and 

chemical flocs for the reproduction of drinking water; thus, its water loss is only about 0.5% contrib-

uted by floated sludge. The rates of water treatment by the two plants can be estimated as follows:

Conventional Water Treatment Plant

Effective Water Production Rate = Plant Flow x 0.91

Plant Flow = 1.0989 Effective Water Production Rate

Innovative Krofta Sandfloat DAFF Plant

Effective Water Production Rate = Plant Flow x 0.995

Plant Flow = 1.005 Effective Water Production Rate

Assuming the coagulant dosages (mg/L) for both conventional and innovative plants are identical, 

the conventional plant requires much more coagulants by weight (ton/day) because the conventional 

plant must treat about 9% more water (i.e. factor 1.0989 vs. factor 1.005) in order to supply the same 

water consumption rate to the City of Rome, NY. 
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7.7  SLUDGE GENERATION

An extensive study on sludge generation from our Rome pilot plant (Sandfloat DAFF Type 8) was 

conducted in the period from November 16, 1983, to January 10, 1984. The raw data are docu-

mented in the Technical Report No. KEC/01-84/4B1, February 29, 1984. 

The sludge flow generated from the Sandfloat’s DAF clarifier and the sludge’s total suspended 

solid (TSS) concentrations content were measured and summarized below based on 33 data points 

listed in Table 7.7:

Influent Flow Range, gpm = 70–100 (96.36 Average)

Sludge Flow Range, gpm = 0.3–2.1 (0.855 Average)

Sludge TSS, mg/L = 394–10,086 (2,057 Average)

TABLE 7.7

Sludge Generation Data in ROME, NY, USA

Date

Sludge Flow (gpm)

Sludge TSS (mg/L)

Plant Flow (gpm)

11/16/83

0.6

2,542

70

11/17/83

0.4

4,931

70

11/28/83

0.8

567

70

11/29/83

0.5

955

70

11/30/83

0.6

549

100

12/01/83

1.5

1,341

100

12/02/83

1.5

1,282

100

12/03/83

1.5

616

100

12/04/83

1.0

394

100

12/05/83

1.0

4,213

100

12/06/83

1.0

2,682

100

12/07/83

1.0

639

100

12/08/83

0.7

1,180

100

12./13/83

0.6

1,675

100

12/14/83

1.0

2,556

100

12/15/83

1.3

1,028

100

12/16/83

1.0

1,042

100

12/17/73

1.0

3,557

100

12/19/83

0.6

1,665

100

12/20/83

1.0

1,052

100

12/21/83

0.5

3,901

100

12/22/83

0.8

1,885

100

12/23/83

0.8

1,826

100

12/27/83

2.1

3,396

100

12/28/83

0.6

1,477

100

12/29/83

1.0

997

100

12/30/83

0.4

2,007

100

01/03/83

0.3

10,086

100

01/04/84

0.66

1,111

100

01/05/84

0.4

3,023

100

01/06/84

0.53

811

100

01/09/84

0.53

939

100

01/10/84

1.0

1,970

100

Total

28.22

67,895

3,180

Average

0.855

2,057

96.36
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In accordance with a design flow of 15.0 MGD and the average TSS concentration of 2,057 mg/L, 

the sludge production rate is estimated to be 2281.66 dry pounds per day (1034.96 dry kg/day). The 

average sludge flow for the future Rome Water Treatment Plant is estimated to be 0.133 MGD, or 

92.426 gpm, or 0.5034 MLD, or 349.83 Lpm. 

The amount of waste sludge to be generated for a one-year period (at 15 MGD plant flow) is 

estimated to be:

Volume as Wasted Sludge = 48,545,000 gallons

Total Suspended Solids = 832,808 pounds

7.8  TOTAL SLUDGE RECYCLE SYSTEM

The general public as well as the responsible officials of governmental and industrial sectors are 

becoming increasingly conscious of the need to safeguard our environment. The development and 

implementation of pollution control techniques to minimize industrial waste discharges have made 

significant gains in recent years. Further efforts for environmental quality improvements by achiev-

ing “zero” waste discharges are being suggested. It is recognized that a major difficulty in achieving 

a “zero” discharge objectives lies in the lack of satisfactory technologies for the ultimate disposal 

of liquid and solid waste residuals accumulated from pollution abatement controls. Inasmuch as any 

further treatment of such residuals will introduce an endless cycle of air, water, or land contami-

nants, recovery and recycle of waste treatment reagents would have to be implemented if “zero” 

waste discharge is to be achieved. 

One of the most important water treatment processes in which relatively large quantities of chem-

ical reagents are expended is coagulation-clarification (by sedimentation or flotation). Conventional 

water treatment plants use sedimentation for clarification, while Krofta Sandfloat plants use flota-

tion for clarification. The coagulations containing aluminum are generally accepted as the pri-

mary coagulants in a series of physical-chemical treatment practices. Effective coagulant recycling 

would represent a major step in achieving “zero” waste discharge objectives. This study is therefore 

directed toward evaluating potential coagulant recovery and reuse techniques. Waste sludges from 

a Krofta Sandfloat DAFF plant have been selected as study materials to provide a study addressing 

realistic waste management applications. 

In a Krofta Sandfloat DAFF treatment plant, major waste components consist of sludges col-

lected from flocculation-clarification and filter backwash water. When alum and/or sodium alu-

minate is employed as the primary coagulant, the sludge may be characterized chemically as a 

combination of inert silt and alum floc. Aluminum floc can be recovered from the sludge mixture by 

solubilization with either acid or alkaline reagents. The relevant chemical reactions are illustrated 

as Equations (7.3) and (7.4) assuming that sulfuric acid is used as the acid, and sodium hydroxide 

is used as the base:



(

)+ (

)→

3+ +

2−

2 Alum Sludge

3 Acid

2A1

3SO4 + 6 H2O (7.3)



→

+ +

−

Alum Sludge + Base

Na

A1O2 + 2 H2O (7.4)

The solubilized reagent must be subjected to pH adjustments to regenerate aluminum floc for effec-

tive reuse as a coagulant. The systems approach employed in this study is based on optimum design 

applications of adequate acid and alkaline reagents so that the requirement for added pH adjustment 

reagents would be minimized. Waste characterization and aluminum recovery experimental data 

are presented elsewhere. The significance of our findings is then applied in the evaluation of the 

process feasibility for alum sludge recovery and reuse in Sandfloat treatment plants. 

A plausible alum sludge recovery scheme is presented as shown in Figure 7.5. The major source of alum sludge comes from the clarification units (i.e. flotation or sedimentation). A small portion 

[image: Image 32]
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FIGURE  7.5  Recovery and reuse of chemical sludge containing aluminum hydroxide chemical sludge 

recycling system can be route A, route B, or a combination of routes A and B. (Lenox Institute of Water 

Technology.)

of alum sludge could be contributed by backwashing the sand filters. Route A in Figure 7.1 shows that the alum can be recovered as aluminum sulfate (i.e. filter alum) by adding acid. Route B shows 

that the alum can be recovered as sodium aluminate (i.e. soda alum) by adding base. Route A and 

route B have been demonstrated to be feasible, but a pH adjustment procedure is generally needed 

when either recovered alum is being recycled for reuse. This is due to the fact that the pH of the acid 

reactor effluent must be extremely low, and the pH of the alkaline reactor effluent must be extremely 

high. The optimum pH for alum coagulation, however, is about 6.3. 

A suggested alum recycle alternative is that part of alum sludge can be regenerated by adding a 

strong acid (route A in Figure 7.1) in an acid reactor and the remaining portion of alum sludge can be regenerated by adding a strong base (route B in Figure 7.1) in an alkaline reactor. Recycling both aluminum sulfate and sodium aluminate (or the like), at appropriate ratios, to the intake system for 

reuse would eliminate the additional pH adjustment requirement. Each reactor consists of a mixing 

chamber and a solids separation chamber. The chemical reactions taking place in the acid reactor 

and the alkaline reactor are represented by Equations (7.3) and (7.4), respectively. The residual slud-

ges are mainly inert materials which can be separated in the solids separation chambers. The two 

supernatants containing high concentrations of recovered alums can then be withdrawn for reuse 

either separately or combinedly at any desired ratio. 

The daily chemical treatment costs can be significantly reduced if the newly developed complete 

sludge recycle system can be adopted. 
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TABLE 7.8

Promulgated Standards for Raw Water Sources of Domestic Water Supply

Excellent Source of 

Good Source of Water 

Poor Source of Water 

Supply Water, 

Supply, Requiring Usual 

Supply Requiring 

Requiring Disinfection 

Treatment Such as 

Special Treatment 

Constituent of Water Sample

Only, as Treatment

Filtration and Disinfection

and Disinfection

BOD (5 day), mg/L

Monthly average 

0.75–1.5

1.5–2.5

>2.5

Maximum day 

1.0–3.0 

3.0–4.0

>4.0

Coliform,  MPN/100 mL

Monthly average

50—100

50–5,000

>5,000

Maximum day 

<5% over 100

<20% over 5,000

<5% over 20,000

Dissolved Oxygen

Average-mg/L

4.0–7.6

4.0–6.5

4.0

Saturation-%

75% or better

60% or better

pH average

6.0–8.5

5.0–9.0

3.8–10.5

Chlorides, mg/L maximum

50 or less

50–250

>250

Fluorides, mg/L concentration

<1.5

1.5–3.0

>3.0

Phenolic, mg/L maximum

None

0.005

>0.005

Color-units range

0–20

20–150

>150

Turbidity, units range

0–10

10–250

>250

The purpose of sludge recovery is to solve a sludge problem. Coagulant recovery offers added 

economic benefits. 

These benefits include less coagulation chemical cost and smaller amounts of a more easily han-

dled solid carried to disposal. Most of the chemical cost saving involves the acid and base treatment. 

The design engineer can be assured that there will always be a cost difference between an acid and 

an alum, as it requires acid to manufacture the sulfate. There will be a big cost difference between 

a base and sodium aluminate, because the former is the raw chemical and the latter is the product. 

Table 7.8 is an abstract of annual operating costs from the study of Raw Water No. 3. Raw Water 

No. 3 might be considered the typical raw water source with no unusual problems, so the economics 

are typical of what is to be expected. Annual costs include coagulation and stabilization chemicals, 

dewatering costs on a stationary horizontal vacuum bed, and hauling and disposal of the residue. 

These annual costs show a saving in favor of coagulant recovery of $48,350.00/yr: some 20% more 

than the cost of commercial alum itself if recovery is not practiced. 

Table 7.9 is an excerpt of a bonded bid to design, construct, and operate a plant treating Water No. 4. A coagulant recovery system was bid against contract hauling and disposal of several years 

of sludge accumulated in a large lagoon. The final column calculated at a conservative annual infla-

tion of 4% shows a cumulative saving of $20,079,000 in 20 years in favor of coagulant recovery. The 

annual saving for the 20th year is $1,928,000. 

In another study in Germany (“Methods and Feasibilities of Aluminum Recovery from 

Precipitation Sludge”,  Recycling Institute,   Recovery Energy Matter,    Residues Waste, p. 792–799, 1982; by Juslyna Kempa), a computer program was developed which compares the capital and 

operational costs for water treatment plants with and without aluminum recovery from precipitation 

sludges. Annual costs of chemical consumption in a water treatment plant with aluminum recovery 

are at least 25% lower than those with no coagulant recovery. 
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TABLE 7.9

US Environmental Protection Agency and Local State Drinking Water 

Standards

Water Quality Parameters, 

US EPA 

US EPA 

NYS Safe Drinking 

mg/L Except as Noted (1)

Primary MCL

Secondary MCL 

Water Regulations MCL

Physical Factors

Color, platinum units 

–

15

–

Odor, threshold number

–

3

–

Turbidity, JTU

1

– 

1

pH, unit

–

6.5–8.5

–

Chemical Factors

Arsenic

0.1

–

–

Barium

1

–

1

Cadmium

0.01

–

0.01

Chloride

–

250

–

Chromium

0.05

–

0.05

Copper

–

1.0

–

Fluoride

1.4–2.4

–

1.4–2.4

Iron

–

0.3

–

Lead

0.05

–

0.05

Manganese

–

0.05

–

MBAS 

–

0.5 

–

Mercury

0.002

–

0.002

Nitrate (as N)

10

–

10

Selenium

0.01

–

0.01

Silver

0.05

–

0.05

Sulfate

–

250

–

Total dissolved solids

–

500

–

Zinc

–

5

–

Corrosion and Scaling Factors

Hardness

–

Noncorrosive

–(2)

Sodium

–

Noncorrosive

15

Bacteriological Factors

Coliform,  #/100 mL

1

–

–

Radiologic factors

Cross alpha activity

15 pCi/L

–

15 pCi/L

Gross beta activity

–

–

50 pCi/L (3)

Radium 226 and 228

5 pCi/L

–

5 pCi/L

Strontium 90

–

–

8 pCi/L (3)

Pesticides-herbicides

Chlorinated Hydrocarbons

Endrin

0.0005

–

0.0002

Lindane

0.005

–

0.004

Methoxychlor

1.0

–

0.1

Toxaphene

0.005

–

0.005

( Continued)
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TABLE 7.9 ( Continued)

US Environmental Protection Agency and Local State Drinking Water 

Standards

Water Quality Parameters, 

US EPA 

US EPA 

NYS Safe Drinking 

mg/L Except as Noted (1)

Primary MCL

Secondary MCL 

Water Regulations MCL

Chlorophenoxy Herbicides

2,4-D

0.02

–

0.1

2,4,5-TP (Silvex)

0.03

–

0.01

Total tribalomethane

0.1

–

0.01

a  Units are in mg/L unless noted otherwise. MCL, Maximum Contaminant Level. 

b  A quality monitoring program must be installed. Supplier must give annual notification if sodium 

level reaches 20 mg/L. 

c  Annual averge concentration. 

Coagulant recovery systems are economically worthy of the design engineer’s consideration. 

Such systems can be properly designed and safely operated. With the extreme variability from one 

raw water or wastewater to another, it is highly recommended that pilot testing be undertaken before 

such a design is attempted. 

7.9   PROMULGATED STANDARDS FOR RAW WATER 

SOURCES OF DOMESTIC WATER SUPPLY

Table 7.8 lists the U.S. Federal and local promulgated standards for raw water sources of domestic water supply, 

7.10   U.S. ENVIRONMENTAL PROTECTION AGENCY AND 

LOCAL STATE DRINKING WATER STANDARDS

Table 7.9 presents the U.S. Environmental Protection Agency (USEPA) and local state drinking water standards. 

7.11   METHOD FOR DETERMINATION OF TRIHALOMETHANE 

MAXIMUM FORMATION POTENTIAL

The trihalomethane maximum formation potential (THMMFP) is defined as the maximum 

THMMFP as the concentration of trihalomethane produced in a given water, containing excess free 

chlorine after 7 days at 25°C. Therefore, in order for the tests to be valid, the water samples must 

be chlorinated and have an applied chlorine dose that will result in a free chlorine residual after the 

seven-day holding period. The chlorine dosages employed for the THMMFP test should be propor-

tional to the organic content (such as total organic carbon, TOC) of the test sample. 
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7.12   GLOSSARY OF DRINKING WATER QUALITY AND 

SIMPLIFIED DRINKING WATER STANDARDS

Alkalinity (no limit) additional: Alkalinity is a measurement of the capacity of water to neutralize 

acids. It is also called the buffering capacity of water. The greater the alkalinity, the less 

effect environmental problems such as acid rain have on water. 

Alkyl benzene sulfonate (ABS) (0–2.0  mg/L): ABS indicates detergent contamination (check 

leach field). Common household products contain ABS (non-biodegradable alkyl benzene 

sulfonate). 

Ammonia (no limit): Ammonia (NH ) is a gas produced by the breakdown of organic waste mate-

3

rials. It is a part of the nitrogen cycle and an indication of organic waste contamination. 

Arsenic (0–0.05 mg/L) primary: Arsenic (As) is a naturally occurring heavy metal that can con-

taminate well waters. Arsenic is very toxic at high levels. It has been used as an insecticide 

in the past. Arsenic can be removed by filtration, flotation, and adsorption. 

Calcium (no limit) additional: Calcium (Ca) is a component of the water’s hardness. Calcium is 

found in soil and can leach into water supplies affecting hardness, alkalinity, and pH. 

Chloride (0–250 mg/L) secondary: Chloride (Cl-) is a component of salt. The concentration of 

chloride in water tends to relate to the concentration of sodium. Salt run-off from roads 

will contribute to high sodium and chloride levels. 

Chlorine (0–0.05 mg/L) additional: Chlorine (Cl ) is used to disinfect waters which contain bac-

2

teria or other pathogens. Residual chlorine can cause taste and odor problems along with 

forming chlorinated by-products (CBP). Carbon filtration can remove residual chlorine. 

Coliform bacteria (1 or less in 100 mL) primary: Coliform bacteria are widely distributed in 

nature. Contamination from surface waters, septic systems, and direct contamination from 

animal feces can contribute to the growth of coliform bacteria in wells. Chlorine is used 

to disinfect well water that contains more than 1 coliform bacteria per 100 mL of water. If 

one has a problem with coliform bacteria in his/her well, then it is a good idea to check for 

coliform bacteria content every month. 

Color (0–15 CU) secondary: It is a measurement of clarity or discoloration. Color is considered 

for aesthetic reasons and can also be used to confirm problems with various minerals and 

metals such as iron. 

Copper (0–1.0 mg/L) secondary: Copper (Cu) is not naturally found in well waters. It is commonly 

the result of corrosive water or a low pH. A blue/green stain or bitter taste may indicate 

higher than normal levels of copper ions in water. 

Conductivity (no limit) additional: Water will conduct electricity when ions such as soluble 

sodium, iron, and manganese are present. This conductivity test confirms high levels of 

ions (minerals). 

Corrosiveness (non-corrosion) secondary: It is a calculation of the Langelier index, which is 

related to pH, alkalinity, dissolved oxygen (DO), and hardness. 

Dissolved oxygen (no limit) additional: Stagnant waters do not contain dissolved oxygen (DO). 

DO indicates a non-polluted water. 

Fecal coliform bacteria (1/100 mL): Fecal bacteria are normally a good indication of septic con-

tamination, or bacterial growth caused by the feces of any warm-blooded animal. 

Hardness (no limit) additional: The term “hard water” has been traditionally used to describe 

conditions that limit soap foaming ability in water. On your water test, results of 0–75 as 

calcium carbonate are considered soft water, 76–150 as calcium carbonate are considered 

normal hardness, and above 150 as calcium carbonate is hard. High hardness may be 

objectionable due to scaling and poor lathering. A water softener can be used to eliminate 

or reduce hardness. 
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Iron (0–0.3 mg/L) secondary: Iron (Fe) is a naturally occurring element in soils. From soil, it can 

leach into well waters. Iron causes problems because it can affect the water’s color and 

taste and because it causes brown stains on laundry and plumbing fixtures. Iron can eas-

ily be removed from water with chemical coagulation-precipitation and filtration systems. 

Lead (0.05 mg/L) primary: Lead (Pb) contamination is normally caused by the corrosion of lead 

pipe. High levels can be toxic if accumulated in the bloodstream and affect the growth of 

children. 

Magnesium (no limit) additional: Magnesium (Mg) is a component of the water’s hardness. 

Magnesium is found in soil and can leach into water supplies affecting hardness. 

Manganese (0–0.05 mg/L) secondary: Manganese (Mn) is another naturally occurring element 

commonly found in well waters in the United States. As with iron, manganese levels over 

the U.S. Environmental Protection Agency (USEPA) contaminant levels do not necessarily 

cause health problems but do cause taste and staining problems. Manganese can cause laun-

dry to turn gray. Oxidation and filtration systems are used to remove manganese from water. 

Nitrate (0–10 mg/L) primary: Nitrate (NO −) contamination from septic systems, fertilizers, and 

3

decayed plant material can add nitrate to well waters. At high levels, nitrates can be poison-

ous to infants. Nitrates can be removed by reverse osmosis (RO). However, if high levels 

are present, it is better to eliminate or correct the source of well contamination. 

Nitrite (no limit): Nitrite (NO −) is a part of the nitrogen cycle. It can be correlated or converted to 2

high levels of nitrate. 

Odor (0–3 units) secondary: Odor is measured in threshold number units. Its presence indicates 

possible contaminants. 

pH (6.5-8.5 units) secondary: The pH measurement indicates how acidic (e.g. acid rain, vinegar) 

or alkaline (e.g. baking soda) your water is. A scale from 0 to 14 is recognized, with 7.0 

being neutral, below 7 being acidic, and above 7 being basic or alkaline. Water in the 

northeastern United States tends to be acidic, which can create corrosion problems with 

plumbing. A pH conditioner or neutralization process can correct problems. 

Potassium (no limit) additional: Potassium (K) is a soft metal often linked up with chloride to 

form a salt. Normally, it is not considered a toxic metal. 

Sediment (no limit): A visual identification made for the presence or absence of sediment after a 

period of standing. 

Sodium (0–20 mg/L): Sodium (Na) is commonly found in table salt, rock salt, and soils. High 

levels of sodium are found in wells that are near roads that are salted during the winter 

months. People on low-sodium diets need to be aware of the sodium content of the water 

they drink. Reverse osmosis (RO) systems are available for the removal of sodium. 

Sulfate (no limit) secondary: When high levels of sulfate (SO 2-) and calcium (Ca) are present, 

4

scaling can occur in boilers and heat exchangers. High levels may affect taste and odor 

and be a laxative. 

Total dissolved solids (TDS) (0–500 mg/L) secondary: The total amount of dissolved materials 

present. High levels of TDS may affect the corrosiveness of the water. Remove by filtration. 

Turbidity (1–5 NTU) primary: It is a suspension of fine particles in water. Usually, turbidity is 

caused by bacterial contamination, organic matter, iron, manganese, or silt. Obviously, it is 

very important to have drinking water free of foreign matter. Turbidity may cause sediment. 

Volatile organic compounds (VOC) (variable): VOCs are chemicals from the chlorination of water, 

local industry, or waste leaking from landfills. Both chlorinated and aromatic compounds are 

detected with USEPA methods 601 and 602. Chlorinated chemicals such as trichloroethane 

(TCE) are found in drain cleaners, industrial degreasers, and commercial cleaners. Aromatic 

chemicals such as benzene and toluene are found in gasoline and oils. Granular activated 

carbon filtration systems are generally used to eliminate VOCs from water. 
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APPENDIX A: NYDEC WATER QUALITY STANDARDS AND NYSDOH 

DRINKING WATER STANDARDS OF THE STATE OF NEW YORK, USA

New York State has specific drinking water quality standards to ensure the safety and health of its 

residents. These standards are detailed in the New York Codes, Rules, and Regulations (NYCRR), 

specifically in Title 10, Part 5, Subpart 5-1. Here are some key points:

1. 

Contaminant limits: The regulations set maximum contaminant levels (MCLs) for vari-

ous substances, including microorganisms, disinfectants, disinfection byproducts, inor-

ganic chemicals, organic chemicals, and radionuclides. 1

2. 

Monitoring and reporting: Public water systems are required to regularly monitor water 

quality and report the results to the New York State Department of Health (NYSDOH). This 

includes testing for contaminants and ensuring that levels remain within the established 

limits.2

3. 

Treatment techniques: Specific treatment techniques are mandated to control contami-

nants that cannot be measured directly. For example, filtration and disinfection are required 

to control microbial contaminants.2

4. 

Public notification: If a water system violates any drinking water standard, it must notify 

the public and take corrective actions to address the issue. 2

5. 

Special contaminants: New York has also established guidance values for emerging con-

taminants like PFOA, PFOS, and 1,4-dioxane, which are not yet regulated at the federal 

level.1

For more detailed information, you can refer to the official NYSDOH website or the NYCRR 

documentation.2

NOTES

1 Water Quality Standards and Classifications  –  New York State Department of Environmental Conservation (NYSDEC), Albany, NY, USA. https://dec.ny.gov/environmental-protection/water/

water-quality/standards-classifications

2  Drinking Water Protection Program  –  Regulations (ny.gov), New York State Department of Health, Albany, NY, USA. https://www.health.ny.gov/environmental/water/drinking/regulations/
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NOMENCLATURE

BOD: 

Biochemical oxygen demand

COD: 

Chemical oxygen demand

Cr3+: 

Trivalent chromium ion

Cr2S3: 

Chromium sulfide

CRCP: 

Column bioreactor clarifier process

DAF: 

Dissolved air flotation

DAOF: 

Dissolved air-oxygen flotation

DCDF: 

Dissolved carbon dioxide flotation

DNF: 

Dissolved nitrogen flotation

DOF: 

Dissolved ozone flotation

Fe S: 

Ferrous sulfide

Fe2+: 

Ferrous ion

FeSO4: 

Ferrous sulfate

FMBR:  Flotation-membrane bioreactor

GHG: 

Greenhouse gas

KEC: 

Krofta Engineering Corporation

LIWT: 

Lenox Institute of Water Technology

MBR: 

Membrane bioreactor

MF: Microfiltration

NF: Nanofiltration

NH3-N:  Ammonia nitrogen

O&G: 

Oil and grease

PC: Physicochemical

RO: 

Reverse osmosis

S2−: 

Sulfide ion

DOI: 10.1201/9781003451754-8 

171

172

Control of Heavy Metals in the Environment

SO 2−

4 : 

Sulfate ion

TDS: 

Total dissolved solids

TKN: 

Total Kjeldahl nitrogen

TNPCB:  Tamil Nadu Pollution Control Board

TOC: 

Total organic carbon

TSS: 

Total suspended solids

UASB: 

Upflow anaerobic sludge blanket

UF: Ultrafiltration

UNIDO:  United Nations Industrial Development Organization

USAEP:  United States of Asia Environment Programme

USBF: 

Upflow sludge blanket filtration

USEPA:  US Environmental Protection Agency

UV: Ultraviolet

VSS: 

Volatile suspended solids

WWTP:  Wastewater Treatment Plant

8.1 INTRODUCTION

8.1.1  existing effluent treatment PraCtiCe

Talco Vaniyambadi Tannery is located in the state of Tamil Nadu on the southern coast of India. 

The plant is the largest tanning facility in the state of Tamil Nadu and processes cattle hide skin for 

manufacturing leather. The plant generates about 3,000 m3 of effluent per day. The major sources in 

tannery which contribute to the effluent are the beamhouse process and the tanyard process. 

The effluent from the tannery contains high concentrations of organics, sulfides, heavy met-

als, and total dissolved solids. The effluent from all the process in the tannery is currently mixed 

together and subjected to treatment in three stages for the purpose of the reduction of the pollutant 

load. The three stages of treatment being practiced are (a) preliminary treatment: screening and grit 

removal; (b) primary treatment: coagulation, flocculation and primary clarification; and (c) second-

ary treatment: anaerobic lagoon, extended aeration. 

In the preliminary treatment stage, the floating solids and hairy substances are removed using static 

screens and the screened effluent is passed through a grit chamber for the removal of the settleable grit. 

The effluent from the grit chamber is subjected to coagulation and flocculation using a coagulant 

and a polymer in order to enhance the process of separation from the effluent. The flocculated solids 

are separated by the process of gravity sedimentation. 

The supernatant from the primary sedimentation tank is led to a anaerobic lagoon, where the 

effluent is subjected to anaerobic biodegradation for a period of 10 days. The effluent from the anaer-

obic lagoon is subjected to the process of extended aeration for a period of 24 h in order to further 

reduce the organic load. The effluent from the aeration tank is subjected to secondary clarification 

in order to remove the mixed liquor suspended solids. The supernatant from the secondary clarifier 

is discharged into the surface water streams. 

With the above process scheme, the tanners are able to meet the Indian Effluent Standards for 

BOD, COD, and TSS. But they are unable to meet the standards for sulfides, heavy metals, chloride, 

sulfates, and total dissolved solids concentration in the treated effluent. 

Tables 8.1 and Table 8.2 indicate the raw effluent quality and the current treated effluent quality, respectively, of the combined tannery waste as reported by the tanners based on the existing perfor-

mance of the treatment plant. 

8.1.2  effluent standards in india

The minimum national standards of the treated effluent for tanners in India, shown in Table 8.3, were given by the Tamil Nadu Pollution Control Board (TNPCB). 
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TABLE 8.1

Raw Tannery Effluent Quality of the 

Combined Tannery Waste

Parameter

Concentration

BOD 5-day, mg/L

900–1,250 

COD, mg/L

2,500–4,000

TSS, mg/L

2,000–4,000

Sulfide, mg/L

40–60 

Total chromium, mg/L

40–60 

Chlorides, mg/L

5,000–6,000 

TDS, mg/L

10,000–12,000

 Source:  Talco Vaniyambadi Tanners Tamilnadu, India. 

TABLE 8.2

Treated Tannery Effluent Quality of the 

Combined Tannery Waste

Parameter

Concentration

BOD 5-day, mg/L

20–30 

COD, mg/L

180–250 

TSS, mg/L

40–100

Sulfide, mg/L

40–60 

Total chromium, mg/L

40–60 

Chlorides, mg/L

5,000–6,000

TDS, mg/L

10,000–12,000

 Source:  Talco Vaniyambadi Tanners Tamilnadu, India

TABLE 8.3

Treated Effluent Standards

Parameter

Concentration

BOD 5-day, mg/L

30

COD, mg/L

250 

TSS, mg/L

100

Sulfide, mg/L

2

Total chromium, mg/L

2

Sulfates, mg/L

1,000

Chlorides, mg/L

1,000

TDS, mg/L

2,100

 Source:  Tamil Nadu Pollution Control Board (TNPCB) 

Minimum National Standards for Tanneries India. 
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8.1.3  environmental ProBlems

A comparison between the current treated effluent quality (Table 8.2) achieved from the existing plant and the Indian Effluent Standards (Table 8.3) for surface discharge indicates that the mini-

mum National standards are exceeded for total dissolved solids (TDS), sulfides, chromium, and 

chlorides. 

Due to the toxicity of the waste, the tannery effluent is highly unsuitable for surface disposal. 

About 55 tanneries in south India are sealed at present by the order of the Supreme Court of India. 

The closure of the tanneries has involved the various industrial organizations all around the 

world and in India to focus it as a world industrial and health issue, and thus technical and manage-

ment teams involving researchers and tanners have been traveling all around the world to find out 

feasible economical solutions. 

The research team of the Lenox Institute of Water Technology (LIWT) and the United States of 

Asia Environment Programme (USEPA), a US-based environmental organization, have extended 

their co-operation and support to Indian tanners in their mission of identifying the ideal and eco-

nomical treatment methodology for the treatment of the tannery waste to meet the Indian Tannery 

Effluent Standards. 

8.1.4  researCh oBjeCtives

The research team of the Lenox Institute of Water Technology (LIWT) has decided the following 

objectives for this research:

1. To perform a detailed literature review on the existing available technologies for pollutant 

reduction and the recent technologies for treatment of tannery waste

2. To conceptualize a treatment scheme based on the literature review to achieve the treated 

water quality

3. To perform laboratory experiments using bench scale and pilot plants in order to practi-

cally achieve the required treated effluent quality meeting the Indian Standards (Table 8.3) 

for surface disposal

4. To propose a complete treatment methodology which is technically, economically, and 

legally feasible, meeting the Indian Standards for surface discharge. 

8.1.5  summary

Leather tanning industry is one of the oldest and traditional businesses in the southern part of India. 

They export and supply about 60% of the world’s leather products and employ around 200,000 

people as labor. The tanneries produce a highly toxic effluent as waste, which did lead to the impact 

on strong environmental safe guards, making the pollution control boards to introduce stringent 

limits, which involved major cost for treatment. 

Indian tannery markets subsided due to these stringent limits, leading to the closure of about 55 

tanneries in south India by the order of the Supreme Court of India for not meeting the limits of 

total dissolved solids (TDS = 2,100 mg/L) in the final treated effluent. The closure of the tanneries 

has involved various industrial organizations all around the world and in India to focus it as a world 

industrial and health issue and thus technical and management teams involving researchers and tan-

ners have been traveling all around the world to find out feasible solutions. 

The Lenox Institute of Water Technology (LIWT), a pioneer in water and waste treatment 

research, is recommending valuable approaches for the tanners who are seeking feasible solutions 

for their effluent treatment. 

Membrane filtration, being the only solution for TDS reduction of waste to meet the Indian stan-

dards, has proven to be an expensive system available for treatment. LIWT, under the guidance of 
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major advisors Dr. Milos Krofta and Dr. Lawrence K. Wang, has formulated a strategy of reducing 

the cost of the membrane filtration system by reducing the pollutant load to the membranes using 

dissolved air flotation and other innovative technologies. Valuable results have been generated from 

this research and have gained great appreciation from membrane manufacturers. 

The innovative approach of reducing the tannery pollutant load involves (a) the segregation of 

the various streams (beam house waste stream and tanyard waste stream); (b) first-stage beam 

house waste pretreatment: recycle of carbon dioxide in the stack flue gas for removing the protein, 

BOD, and COD from the beam waste stream and recovery and reuse of the recovered protein; 

(c) second-stage beam house waste pretreatment: addition of ferrous sulfate to the carbonation efflu-

ent for removing the sulfide, BOD, COD, and TSS and recovery of ferrous sulfide waste sludge; 

(d) total pollutant reduction from the overall beam house waste pretreatment: TSS (87%), COD 

(41.6%), BOD (39.8%), chromium (99.82%), sulfide (99.94%); (e) first-stage tanyard waste pretreat-

ment: screening removal of large substance, TSS, etc.; (f) second-stage tanyard waste pretreatment: 

reuse of ferrous sulfide waste sludge for the removal of toxic chromium and other heavy metals and, 

in turn, the release of ferrous ions; reuse of ferrous ions as coagulant; and separation of chromium 

sulfide sludge, BOD, COD, and TSS by dissolved air flotation (DAF); (g) total pollutant reduction 

from the overall tanyard waste pretreatment: TSS (93.2%), COD (62.9%), BOD (64.3%), chromium 

(99.97%), and sulfide (99.10%); (h) combination of both the beamhouse waste pretreatment effluent 

and the tanyard waste pretreatment effluent for the end-of-the-pipe treatment by biological pro-

cess, DAF, and membrane filtration; and (i) development of a new flotation-membrane bioreactor 

(FMBR) process including the required biological process, DAF, and membrane filtration for over-

all cost saving in the final end-of-the-pipe treatment. 

Valuable results were obtained meeting the Indian Tannery Effluent Standards. This treatment 

strategy of pretreating the waste followed by biological denitrification before membrane filtration 

has proven to be very effective for the treatment of leather tanning effluents. The innovative treat-

ment strategy may also reduce the environmental problem of global warming effect by utilization 

of the tanneries stack gas (carbon dioxide) for the treatment of waste. 

8.2  LITERATURE REVIEW

A literature review has been conducted [1–109] to explore the existing technologies or methods for: (a) available unit operations and unit processes for reduction of organic and inorganic pollutants; 

(b) potential technologies or methods for treatment of leather tanning effluents; and (c) potential 

technologies or methods for global warming control. 

8.2.1  availaBle unit oPerations and unit ProCesses for reduCtion of Pollutants

The major pollutants of the leather tanning effluent are organics, total suspended solids (TSS), 

total dissolved solids (TDS), sulfides, chromium and other heavy metals, organic nitrogen (TKN), 

ammonia nitrogen, and total phosphorus. Any unit operations and unit processes used for the 

removal of TSS, TDS, TKN, sulfides, chromium and other heavy metals, and nutrients are reviewed 

and screened for possible treatment of the leather tanning effluent. 

The 3rd edition of  Wastewater Engineering by Metcalf and Eddy [1] reveals that the organics 

present in the waste can be reduced significantly by biological aerobic/anoxic treatment of the waste 

or by anaerobic digestion of the waste. 

WJ Weber’s  Physicochemical Processes for Water Quality Control [2] reveals valuable studies 

and recommendations on total suspended solids reduction by coagulation and flocculation of the 

solids followed by the physical separation from the liquid phase by various clarification methods. 

 Handbook of Industrial Waste Treatment [3] reveals that the sulfides present in waste can be 

reduced by the addition of iron salts such as ferrous sulfate. Wastewater engineering1 recommends 

sulfide reduction by air stripping and catalytic oxidation. 
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US Patent on sequencing batch liquid treatment [4] reveals that chromium and heavy metals 

present in the waste can be reduced by the addition of ferric sulfide sludge.  Handbook of Industrial 

 Waste Treatment [3] provides valuable studies on chromium removal from electroplating industry 

by the hydroxide process. 

The 3rd edition of Wastewater Engineering [1] reveals that organic nitrogen (TKN) can be 

reduced and oxidized to ammonia nitrogen using the biological aerobic/anoxic treatment process. 

The book also suggests various methods for the removal of ammonia nitrogen such as biological 

aerobic/anoxic treatment by air stripping and by break point of chlorination and ion exchange. 

The 3rd edition of  Wastewater Engineering [1] also reveals that the total phosphorous content 

can be reduced by various methods such as biological aerobic/anoxic treatment process by addition 

of metallic salts and by the addition of lime. 

 Physicochemical Processes for Water Quality Control [2] reveals that the total dissolved sol-

ids of the waste can be reduced by processes such as ion exchange and reverse osmosis or by 

electrodialysis. 

Wang, Kurylko, and Wang [4] have invented various sequencing batch reactor (SBR) pro-

cesses, including physicochemical (PC) SBR, biological-flotation SBR, PC-sedimentation SBR, 

PC-flotation SBR, PC-ion exchange SBR, sulfide precipitation SBR, etc. 

Various adsorptive bubble separation processes, including, but not being limited to dissolved 

air flotation (DAF), dissolved ozone flotation (DOF), dissolved carbon dioxide flotation (DCDF), 

dissolved air-oxygen flotation (DAOF), dissolved nitrogen flotation (DNF), vacuum flotation, elec-

troflotation, dispersed air flotation, precipitate flotation, ion flotation, and vertical shaft flotation, 

are available for water, wastewater, and sludge treatments [14,28–59,70–72,96–98]. Most of the 

above innovative environmental flotation processes are introduced by Wang, Wang, Shammas, and 

Aulenbach [97]. 

Major physicochemical unit processes introduced and explained by Wang, Hung, and Shammas 

[77–79] in detail include screening, comminuting , equalization, neutralization, mixing, coagula-

tion, precipitation, flocculation, recarbonation, softening, oxidation, disinfection, ozonation, elec-

trolysis, sedimentation, flotation, filtration, adsorption, aeration, air stripping, adsorptive bubble 

separation, precoat filtration, microscreening, membrane filtration, ion exchange, fluoridation, 

defluoridation, ultraviolet radiation, chlorination, chloramination, dechlorination, advanced oxida-

tion processes, chemical reduction, oil-water separation, evaporation, solvent extraction, leaching, 

pressurization, nonthermal plasma, distillation, desalination, chemical feeding, wet air oxidation, 

lime calcination, etc. Additional literatures introducing physicochemical unit processes are also 

available [9–10,20,21,27,30,31,38,69–76,93–98,102]. Wang et  al. summarize the most important 

physicochemical treatment systems consisting of chemical coagulation, precipitation, sedimenta-

tion, and flotation in detail [96]. 

The following available biological unit processes or systems for wastewater and biosolids treat-

ment are introduced by Wang et  al. [80–85]: land application, subsurface application, aeration, 

conventional activated sludge, pure oxygen-activated sludge, waste stabilization ponds and lagoons, 

trickling filters, sequencing batch reactors, oxidation ditch, nitrification, denitrification, anaerobic 

digestion, aerobic digestion, composting, vermicomposting, odor biofiltration, vertical shaft biore-

actor, aerobic granulation, membrane bioreactor (MBR), rotating biological contactor (RBC), single 

sludge biological nutrient removal system, column bioreactor clarifier process (CRCP), upflow sludge 

blanket filtration, (USBF), anaerobic lagoons, vertical shaft digestion, deep well injection, natural 

processes, living machines, flotation bioreactor, flotation thickening, gravity thickening, vacuum fil-

tration, landfill, etc. Wang, Wang, and Shammas [104–105] introduce more available biological unit 

processes, including PACT-activated sludge, CAPTOR-activated sludge, activated bio-filter, vertical 

loop reactor, PHOSTRIP process, water hyacinth aquaculture, wetland aquaculture, evapotranspi-

ration, rapid rate land treatment, slow rate land treatment, and subsurface infiltration. Additional 

references of biological processes or systems and combined biological-physicochemical two-stage 

system are available [5–8,22,60–68,98]. 
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Membrane filtration technology includes microfiltration (MF), ultrafiltration (UF), nanofiltra-

tion (NF), reverse osmosis (RO), and membrane bioreactor (MBR) and is becoming one of the 

most important technologies for water and wastewater treatment [63,70,71,73,98]. Membrane filtra-

tion must be considered to be one of the candidate processes for improvement of tannery waste 

treatment. 

8.2.2  leather tanning effluent treatment teChnologies

The 45th Purdue Industrial Waste Conference Proceedings paper [5] on treatment of tannery waste 

by upflow anaerobic sludge blanket reactor reveals that the pollutant load of the leather tanning 

effluent can be considerably reduced by the process of anaerobic digestion using a upflow anaerobic 

sludge blanket (UASB) reactor. 

The 42nd Purdue Industrial Waste Conference Proceedings paper [6] on treatment of tannery 

effluent reveals that the pollutant load of the waste can be reduced by adopting the process sequence 

of segregation of the waste, sulfide and chromium precipitation of the segregated wastes, flow 

equalization, primary treatment with addition of a coagulant, and biological treatment of the waste 

using the activated sludge process. 

The 41st Purdue Industrial Waste Conference Proceedings paper [7] on anaerobic treatment of 

tannery waste water reveals that the pollutant load of the waste can be significantly reduced by the 

process of anaerobic digestion. 

The 38th Purdue Industrial Waste Conference Proceedings paper [8] on anaerobic treatment of 

tannery waste reveals that the pollutant load of the waste can be significantly reduced by the process 

of anaerobic digestion followed by aerobic polishing using attached growth systems such as rotating 

biological contactors. 

The 36th Purdue Industrial Waste Conference Proceedings paper [9] on ultraviolet oxidative 

degradation of protein containing wastewater reveals that the beamhouse waste containing a high 

concentration of proteins can be successfully treated for protein removal by the principle of ultra-

violet (UV) oxidation in a UV reactor. 

The 36th Purdue Industrial Waste Conference Proceedings paper [10] on improved color removal 

in spent vegetable tanning liquors (tanyard waste) reveals that the highly colored tanyard waste can 

be successfully treated for color removal by coagulating the waste at their isoelectric point (pH 2.3) 

with cationic polymers

The US Environmental Protection Agency (USEPA) Development Document for Effluent 

Limitations Guidelines and Standards for Leather Tanning and Finishing [11] reveals pollut-

ant load of the waste can be reduced by adopting the process sequence of stream segregation, 

pretreatment of the beamhouse waste by catalytic sulfide oxidation and flue gas carbonation, 

pretreatment of tanyard waste for chromium precipitation, equalization of the combined waste, 

upgraded biological treatment through powdered activated carbon addition and multimedia 

filtration. 

Money and Admins [20] report their efforts of recycling of lime and sulfide form unhairing 

liquors in a tannery. Sayera and Langlais [21] report their research data on removal and recovery 

of sulfide from tannery wastewater. Wang et al. [27] pretreat a tannery effluent by surface adsorp-

tion technology prior to further biological treatment by a municipal wastewater treatment plant 

(WWTP). 

The United Nations Industrial Development Organization (UNIDO) and the USEPA jointly pro-

mote ecologically sustainable industrial development technologies especially in the leather manu-

facturing industry around the world [11,17,18,22,23,26,89,93–95]. Wang and Wang [98] review the 

UNIDO-USEPA-promoted tannery effluent treatment technologies and introduce their new innova-

tions, including primary flotation clarification, secondary flotation clarification, protein separation, 

flue gas (containing carbon dioxide) reuse, physicochemical-biological two-stage systems, sulfide 

precipitation, chromium removal, sludge recycle, etc. 

[image: Image 33]

178

Control of Heavy Metals in the Environment

Anaerobic digestion treatment of tannery wastewater is reported by Tamilchelvan and Dhinakaran 

[90]. Efficiency of tannery effluent treatment plant and assessment of water quality parameters in 

tannery wastes are reported by Rajeswari [91]. General technical information on tannery effluent 

treatment are available in the literature [17,19,25,89,92]. 

8.2.3  teChnologies for gloBal Warming Control

The USEPA Global Warming website [12] refers global warming as an average increase in the 

Earth’s temperature, which in turn causes changes in climate. A warmer Earth may lead to changes 

in rainfall patterns, a rise in sea level, and a wide range of impacts on plants, wildlife, and humans. 

Reports and suggestions available on the USEPA Global Warming site [12] indicates that global 

warming can be controlled in various ways. Primarily, the amount of gases being emitted into the 

atmosphere (like carbon dioxide, methane) are the major causes for global warming. The reason 

is that these gases trap energy in the atmosphere and make the Earth warmer. Hence, in order to 

reduce global warming, the emission of these gases have to be reduced and controlled. The solutions 

of utilization of these gases for various purposes is also being practiced widely and highly recom-

mended in the USEPA reports listed in the website [12]. 

Wang et  al. have discussed the effect of global warming and climate change in glaciers and 

salmons [99]. Wong et al. have discussed the impacts of climate change and global warming on 

agricultural, food, and public utility industries [100]. Wang et al. have also introduced the glossary 

of climate change, global warming, and ozone layer protection [101]. Under the leadership of the 

United Nations Industrial Development Organization (UNIDO), the ecologically sustainable indus-

trial development and better solid and hazardous wastes management have been promoted by the 

UNIDO member nations internationally [102]. 

8.3  TANNING INDUSTRY PROFILE

8.3.1  overvieW

Leather tanning is a general term for the numerous processing steps involved in converting the 

animal hides or skins into leather. The three major types of hides and skins, which are used most 

often to manufacture leather, are cattle hides, sheepskins, and pigskins. Smaller quantities of hides 

and skins of horses, goats, deer, elks, calves, and other animals are also tanned around the world. 

Figure 8.1 is the photo of a small tannery. 

FIGURE 8.1  A typical small tannery in operation. (USEPA [109].)
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8.3.2  standard tanning ProCesses

Animal skins are composed of outer and inner (epidermal and dermal) layers, and it is the outer 

layer which is made into leather. This dermal layer consists mainly of protein collagen. The tanning 

process is generally the reaction of the collagen fibers with tannins, chromium, alum, or other tan-

ning agents that help to stabilize or preserve the skin and make it useful. 

There are three major groups of sub-processes, which are required to make the finished leather. 

They are:

1. Beamhouse operation

2. Tanyard process

3. Re-tanning and wet-finishing processes

The tanning process can be generalized as the above three steps for all the types of tanning indus-

tries. There are many sub-processes depending on different waste volumes and pollutant loads. 

8.3.2.1  Beamhouse Operation

In the beamhouse operation, the hides or skins are washed and soaked in order to remove the 

attached hairs. Washing and soaking generate large quantity of wastewater, which contains dirt, 

manure, salt (chlorides and dissolved solids), and other foreign materials. Solvent degreasing (usu-

ally only for sheep skins and pig skins) generates animal fat and related waste materials from the 

skins, plus spent detergents or solvents. The unhairing process is performed in an alkaline medium 

by either hair save or the hair burn process. 

The hair save process removes chemically loosened hair by mechanical means while the hair 

burn process dissolves the hairs completely. The hair burn process is the single most significant 

source of proteinaceous organic and inorganic (lime) pollutants characterized by high pH (range of 

10–12) and substantial amount of biochemical oxygen demand (BOD), total suspended solids (TSS), 

sulfides, alkalinity, and nitrogen. 

Beamhouse operation (washing through unhairing) typically generates up to 75% of the waste 

load from a complete tannery. 

8.3.2.2  Tanyard Process

In the tanyard process, the tanning agent reacts with and stabilizes the proteinaceous matters in the 

hides or skins. Deliming and bating are performed in an acid medium, which produce additional 

inorganic calcium salts, small additional amounts of proteinaceous hairs and waste hide substances, 

and large quantity of ammonia. Pickling generates a highly acid waste stream of pH 2.5–3.5, which 

also contains salts. 

Tanning is accomplished primarily by trivalent chromium salts or by vegetable tannins in 

extracts derived from special types of tree barks. Spent chromium tanning liquors contain high 

concentrations of trivalent chromium in the acid solution with low concentrations of BOD and TSS 

and elevated temperature. 

Blow down to maintain vegetable tanning liquor quality is highly colored and also contains sig-

nificant amounts of BOD, chemical oxygen demand (COD), and dissolved solids. 

8.3.2.3  Re-tanning and Wet-Finishing Processes

In re-tanning process, further tanning is done with chemical agents such as syntans, dyes, 

lubricants, and various finishes. Re-tanning, coloring, and fat liquoring generate additional 

quantities of trivalent chromium, vegetable tannins, synthetic tannins, natural oils, sulfonated 

oils, and spent acid dyes, which are all relatively low in BOD and TSS, but high in COD. 

Relatively small quantities of low-strength wastewater are produced by drying and other finish-

ing operations. 
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Most of the tanneries perform the entire tanning process system, from the beamhouse through 

wet-finishing operations. A smaller number of tanneries, which generally have relatively large 

capacities, perform only the beamhouse and tanyard operations to produce wet blue stock. 

The wet blue hides they produce are bought by tanneries which re-tan and finish the leather for 

specific  uses. 

A large number of tanneries purchase hides or skins that either do not require a beamhouse pro-

cess (such as pigskins) or which have previously undergone through beamhouse operations (such as 

pickled sheep skins or pickled cattle hides). 

8.3.3  tanning ProCesses Based on skin tyPes

The three major types of hides and skins, which are used most often to manufacture leather, are 

cattle hides, sheepskins, and pigskins. The major tannery processes which are based on skin type 

and are well practiced all over the world are:

1. Cattle hide tannery process

2. Sheep skin tannery process

3. Pigskin tannery process

8.3.3.1  Cattle Skin Tannery Process

The cattle skin tannery process consists of the following steps:

 8.3.3.1.1  Receiving and Storage

Mostly, all the cattle hides received at the tanneries are either green salted or brine cured. In few 

cases where the transit time is short, fresh green hides (without prior curing) are sent directly from 

a meat packer to a tannery for immediate processing. 

In the green salting process, the hides are spreaded with the flesh side up and covered with salt. 

Another layer of hides is placed over the salted hides and a pack of hides is formed and a heavy layer 

of salt is placed on the top layer of the hides. 

The natural fluids from the hides dissolve a portion of the salt to form brine, allowing the salt to 

be absorbed. Generally, a pack of hides is typically cured for 10–30 days. After the curing process, 

the pack is reopened and the excess salt is shaken off each hide. The cured hides are folded individu-

ally, repacked, and shipped in packs to storage places. 

In the brine curing process, the fresh hides are agitated with a saturated brine solution for 

2–3 days until the salt has replaced a desired amount of moisture within the hides. The hides are 

then removed, drained, and bundled in a manner similar to the green salted hides. 

Normally, the tannery stores the cured hides in a large, cool, and ventilated area, where it is suit-

able to maintain the moisture content. The packs are generally stored in the form they are received 

and they are taken to the beamhouse for the purpose of tanning. 

 8.3.3.1.2  Beamhouse Operation

The beamhouse operation consists of four typical sub-processes:

1. Side and trim

2. Soak and wash

3. Fleshing

4. Unhairing

 8.3.3.1.2.1    Side and Trim   The first step in preparing the hides for processing is to trim off the 

heads, the long shanks, and other areas along the perimeter, which do not produce good leather. The 

hides are then cut lengthwise along the backbone, head to tail to make two sides. 
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 8.3.3.1.2.2  Soak and Wash   The hides are soaked in vats or drums for 8–20 h to restore the 

moisture that has been lost during the curing process. Washing removes the dirt, salt, blood, manure, 

and nonfibrous proteins. 

 8.3.3.1.2.3  Fleshing   Fleshing is a mechanical operation, which removes the excess flesh, fat, and 

muscle from the interior of the hides. The fleshing machine carries the hides through the roller and 

across the rotating spiral blades, which remove the flesh. Cold water is used to keep the fat congealed. 

 8.3.3.1.2.4  Unhairing   Hair removal is facilitated by three de-haring chemicals, calcium hydrox-

ide, sodium sulfide hydrate, and sodium sulfide. These chemicals destroy the hair present in the 

hides, loosen the epidermis, and remove all the soluble skin proteins present in the hides. 

This process is generally done in paddle vats, drums, or hide processors containing water and 

the depilatory chemicals. The loosened hair are collected, washed, and dried. When chemical treat-

ment alone does not remove all of the hair, the process can be completed on an un-haring machine. 

The lime and sulfide chemicals used in the un-haring process produce a concentrated alkaline 

solution, causing the hide fibers to absorb a large amount of moisture. This results in the swelling of 

the hides and the phenomenon is called as alkaline swelling. 

 8.3.3.1.3  Tanyard Processes

The hides are then bought to the tanyard from the beamhouse for further preparation and tanning. 

The tanyard processes include:

1. Bating

2. Pickling

3. Tanning

4. Wringing

5. Splitting and shaving

 8.3.3.1.3.1  Bating   Bating is a two-step process that consists of deliming and enzyme addition. 

In deliming, salts of ammonium sulfate or ammonium chloride are used to convert the residual lime 

into soluble compounds, which later can be washed from the system. This process will reduce the 

alkaline swelling and the skins return to their normal thickness. 

Bates, which are natural enzymes, are then added to facilitate the separation of the collagen pro-

tein fibers through hydrolytic destruction of the peptide bonds, which cross-link the chains of the 

amino acids. Bating also attack and destroy most of the remaining undesirable constituents of the 

hide, such as the hair roots and pigments. 

When bating has been completed, the hides are washed thoroughly and all of the substances that 

have been loosened or dissolved are removed. 

 8.3.3.1.3.2  Pickling   Pickling prepares the hides to accept the tanning agents by providing an 

acid environment essential for the chrome tanning. Pickling most commonly uses the addition of 

sulfuric acid along a common salt or brine to the system. 

The salt and acid solution completely penetrates the hide in a few hours. Controlled pickling 

operation results in the separation of the collagen protein fibers, which facilitates further complex-

ing of the hide by the tanning agent. 

 8.3.3.1.3.3  Tanning   In the tanning process, tanning agents are added to convert the raw colla-

gen fibers of the hide into a stable product, which is no longer susceptible to putrefaction or rotting. 

The predominant tanning agents are the trivalent chromium and vegetable tannins. Vegetable tan-

ning is usually performed in vats and the process is basically applicable for heavy leathers. 
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Chrome tanning is highly preferred as it produces leather that best combines most of the chemi-

cal and physical properties preferred by the majority of leather users. Further the added advantage 

of the chrome tanning over vegetable tanning is that only a short period of time is required for 

tanning. 

 8.3.3.1.3.4  Wringing   Blue hides are prepared for splitting by wringing the excess moisture from 

the hides. In this process, the hides are fed through a machine equipped with two large rollers very 

similar to a clothes wringer. 

The process yields wet blue stock, which is either taken through re-tanning and wet finishing at 

the same plant or sold to another plant that produces finished leather products. 

 8.3.3.1.3.5  Splitting and Shaving   Splitting adjusts the thickness of the tanned hide to the 

requirements of the finished products. Splitting yields a grain portion of uniform thickness and a 

split side. The split layer can be processed separately at the same facility or sold to split tanneries 

for manufacturing suede types of leather. 

Shaving removes any remaining fleshy matter from the flesh portion of the hide where the thick-

ness is insufficient for contact with the splitting knife. The shaving machine also can adjust the 

tanned skin to meet exact thickness. 

 8.3.3.1.4  Re-tanning and Wet-Finishing Processes

In order to give the tanned hide desired characteristics, tanneries employ further processing steps 

such as:

1. Re-tanning

2. Bleaching

3. Coloring

4. Fat liquoring

5. Finishing

 8.3.3.1.4.1  Re-Tanning   The primary function of re-tanning is to impart certain characteristics, 

which are lacking in the leather after the initial tanning step. 

The more common re-tanning agents are chromium, vegetable extracts, and syntans. Re-tanning 

usually takes place in a drum during a 1- or 2-h period. 

 8.3.3.1.4.2  Bleaching   After re-tanning, hides can be bleached in vats or drums containing 

sodium bicarbonate and sulfuric acid. This is commonly practiced in the sole leather industry. 

 8.3.3.1.4.3  Coloring   Dyes are added to the same drums used for re-tanning for the purpose of 

coloring. The dyes stuffs are anilines-based compounds, which will combine with the skin fibers to 

form a insoluble compound. The shades and degrees of the penetration can be controlled by varying 

the pH, which affects the affinity of the dye for the leather fibers. 

 8.3.3.1.4.4  Fat Liquoring   The fat liquoring process lubricates the fibers so that they can slide 

over one another. Oils and related fatty substances in fat liquors replace the natural oils lost in the 

beamhouse and tanyard processes. Chemical emulsifiers are added to the fat liquor ingredients to 

permit their dispersion in water. Fat liquoring requires approximately 1 h to complete. Firmness of 

the finished product can be controlled by varying the amount of oil used in this process. 

 8.3.3.1.4.5  Finishing   The finishing process includes all the operations performed on the hides 

after fat liquoring. The finishing process involves setting out, drying, conditioning, staking, dry 

milling, buffing, finish, and plating. 
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1. 

Setting out: The setting out process smoothes and stretches the skin and removes the 

excess moisture. 

2. 

Drying: The drying process is done in one of the four ways such as hanging, toggling, 

pasting, and vacuum drying. In the hanging method, the hides are draped over a horizontal 

shaft and passed through a large drying oven. In the toggling method, the skins are dried 

in stretched position on frames, which slid into the channels of a drying oven. 

3. 

Pasting: In the pasting method, the skins are pasted onto vertical plates, which are placed 

in a drying oven. 

4. 

Vacuum drying: Finally, in the vacuum drying method, the hides are smoothened out 

on a heated steel plate and covered by a perforated belt or a cloth covered steel plate and 

vacuum is applied to extract the water from the leather. Generally, vacuum drying takes 

only 3–9 min while the first three methods require about 4–7 h per skin. 

5. 

Conditioning: Conditioning involves the spraying of mist on hides, which are then piled 

and wrapped with watertight cover and kept overnight to perform uniform moisture 

distribution. 

6. 

Skating: Skating stretches and flexes the leather on an automatic equipment to make it soft 

and pliable. 

7. 

Dry milling: Dry milling tumbles the hides in a large drum to mechanically flex and 

soften the leather. 

8. 

Buffing: Buffing smoothens the irregularities in the grain surface by mechanical abrasion. 

9. 

Finishing: Finishing provides abrasion and stain resistance to the leather and enhances 

color. Solvent-based coatings are used only for the special high luster finishes because they 

are difficult to handle and pose a fire hazard. 

10. 

Plating: Plating is the final processing step, which smoothens the surface of the coating 

materials and bonds them firmly to the grain. The finishing and plating operations occur 

in conjunction with each other over a period of 4–5 days. 

After finishing, the surface area of the hide is determined and the product is inspected for temper, 

uniformity of color, thickness, and surface defects. 

8.3.3.2  Sheep Skin Tanning Process

The processes used to produce leather from sheepskins are generally the same as those for cattle 

hides, except that the beamhouse process is usually omitted. In addition, the sheepskins require 

degreasing prior to tanning. The processes and sub-process, which distinguish sheepskin tanning 

from cattlehide tanning, are described below:

1. Tanyard processes

2. Re-tan and wet-finishing processes

 8.3.3.2.1  Tanyard Processes

The wool is removed from the skins at the packinghouse or wool pullery before the skins are pick-

led. Normally, the hides are stored in bundles. The skins are removed from the storage bundles and 

are subjected to fleshing. 

Even though sheepskins are usually fleshed after they have been washed and soaked, they are 

usually refleshed. Fleshing of sheepskins is generally accomplished in the same type of machines 

as the cattle hides. 

The skins are carried through rollers and across spiral blades, which remove the attached flesh. 

The fleshed skins are placed in drums, soaked, and washed. A solvent or detergent is added in order 

to remove the grease. Tanning of sheepskins are done either by chrome tanning process or vegetable 

tanning process. In the chrome tanning process, the degreased skins are placed in drums with salt 

water and mixtures of basic chromium sulfate. Generally, pickled skins require no liming or bating. 
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 8.3.3.2.2  Re-tan and Wet-Finishing Processes

Sheepskins are re-tanned much like cattle hides. Skins are colored in drums containing dye solu-

tions, generally made up of synthetic dyes. Shearlings are sometimes bleached before being colored. 

Fat liquoring replaces the natural oils lost in the tanning process and takes place in the same drum, 

which was used for coloring. 

A number of operations follow the coloring and fat liquoring steps involving drying, skiving, 

staking, carding, clipping, sanding, and buffing. These are essentially dry operations, which gen-

erate some solid waste. Dust from sanding and buffing may be collected dry or discharged to the 

process waste stream. 

8.3.3.3  Pigskin Tannery Processes

Degreasing pigskins is an essential part of pigskin tanning which is slightly different from cattle 

hide tanning. The major processes required for pigskin tanning are described below:

1. Beamhouse processes

2. Tanyard processes

3. Re-tan and wet-finishing processes

 8.3.3.3.1  Beamhouse Processes

Pigskin tanneries use solvent degreasing. The skins are placed in drums and soaked and washed in 

warm water to bring them up to a temperature suitable for degreasing. Solvent is then added to the 

drums and the skins are tumbled to facilitate grease removal. The skins are then placed in drums 

with a lime slurry and sulfide sharpeners. 

The above step removes the remaining embedded portion of the hair from the skins. Removal 

of the remaining hair stubble requires essentially a complete hair burn process as used in the cattle 

hide tannery. 

 8.3.3.3.2  Tanyard Processes

The bating operation is similar to that used in cattle hide tanning and occurs in the same drums 

used for liming. As in cattle hide tanning, the skins are placed in an acid bath for pickling to prevent 

precipitation of chromium salts and to facilitate tanning. The constituents required for this process 

are added to the same drums used for bating and liming. 

Pigskins may be either chromium tanned or vegetable tanned. Chrome tanning is conducted in 

the same drums used for liming, bating, and pickling. After the tanning operation, the skins are 

tumble dried, split, and shaved to the desired thickness. Since the split portion of the pigskin has 

no commercial value as leather, it is baled with other scrap and sold as a fertilizer component. The 

grain sides are processed further. 

 8.3.3.3.3  Re-tan and Wet-Finishing Processes

The tanned pigskins are colored by immersion in a solution containing a synthetic dye. The process 

considerations are similar to those involved in cattle hide tanning. Fat liquoring is also quite similar 

to the cattle hide and sheepskin and as are the subsequent drying processes. 

8.3.4  industry suB-Categorization

USEPA has determined the raw material and manufacturing process necessary to produce typical 

mixes of final products that are the most significant factors in sub-categorizing the leather tanning 

and finishing point source category. The nine subcategories based on distinct combinations of pro-

cessing and raw materials are:

1. Hair pulp, chrome tan, re-tan – wet finish

2. Hair save, chrome tan, re-tan – wet finish
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3. Hair save or pulp, non-chrome tan, re-ran – wet finish

4. Re-tan – wet finish (Sides)

5. No beamhouse

6. Through-the-blue

7. Shearling

8. Pigskin

9. Re-tan – wet finish (splits)

8.3.4.1  Hair Pulp, Chrome Tan, Re-tan and Wet Finish

These are facilities which primarily process raw or cured cattle or cattle-like hides into finished 

leather by chemically dissolving the hair (hair pulp), tanning with trivalent chromium, and re- 

tanning and wet finishing. Primary uses for the final products of this subcategory include shoe 

uppers, garments, upholstery, and gloves and lining material. 

8.3.4.2  Hair Save, Chrome Tan, Re-tan – Wet Finish

These are facilities which primarily process raw or cured cattle or cattle-like hides into finished 

leather by chemically loosening and mechanically removing the hairs, tanning with trivalent chro-

mium, and re-tanning and wet finishing. Primary uses for the final products of this sub – category 

includes shoe uppers, handbags, garments and gloves. 

8.3.4.3  Hair Save or Pulp, Non-Chrome Tan, Re-tan, and Wet Finish

These are facilities which process raw or cured cattle or cattle-like hides into finished leather by 

chemically dissolving or loosening and mechanically removing the hairs, tanning primarily with veg-

etable tannins, although other chemicals may be used such as alum, syntans, or other and re- tanning 

and wet finishing. Primary uses for the finals products of this subcategory include sole leather, lace, 

harness, saddle leather, mechanical strap and skirting leather, and sporting good leathers. 

8.3.4.4  Re-tan and Wet Finish (Sides)

These are facilities which process previously un-haired and tanned “wet blue” grain sides into 

finished leather through re-tanning with trivalent chromium, syntans, vegetable tannins or other 

tanning agents, coloring with dyes and wet-finishing processes including fat liquoring, drying, 

and mechanical conditioning. Primary uses for the final products of this subcategory include shoe 

uppers, garments, and personal goods. 

8.3.4.5  No Beamhouse

These are facilities which process previously un-haired and pickled cattle hides, sheep skins, or 

pigskins into finished leather by tanning with trivalent chromium or other agents and then re- 

tanning and wet finishing. Primary uses for the final products of this category include garments, 

shoe uppers, gloves, and lining materials. 

8.3.4.6 Through-the-Blue

These are facilities which process raw or cured cattle or cattle-like hides only through the wet blue 

tanned state by chemically dissolving or loosening the hair and tanning with trivalent chromium. 

No re-tanning or wet finishing is performed. 

The wet blue stock produced by this subcategory is subjected to further processing by plants in 

the subcategory 4 (grain sides) and plants in subcategory 9 (splits). 

8.3.4.7 Shearling

These are facilities which process raw or cured sheep or sheep-like skins with hair intact into 

finished leather by tanning with trivalent chromium or other agents, re-tanning, and wet finishing. 

Primary uses for hair on sheep skins (shearling) of this subcategory include hospital products, wool 

line suede coats, and similar garments or specialty footwear and seat covers. 
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8.3.4.8 Pigskin

These are facilities which process raw or cured pigskins into finished leather by chemically dissolv-

ing the hairs and tanning with trivalent chromium and then re-tanning and wet finishing. Primary 

uses for the final products of this subcategory include shoe uppers and gloves. 

8.3.4.9  R-Tan and Wet Finish (Splits)

These are facilities which process previously un-haired and tanned splits into finished leather 

through re-tanning and wet-finishing processes. Primary uses for the final products include seeded 

leathers for garments, shoe uppers, gloves, and other specialty or personal goods. 

8.4   WATER USAGE, CHEMICAL USAGE, AND WASTE 

WATER GENERATION IN TANNERIES

8.4.1  Water usage in the tannery

As per USEPA [11], the major usage of water within a tannery is: (a) soaking, washing, and un- 

haring of the unprocessed hides; (b) tanning and re-tanning with chromium, vegetable, alum, or 

other agents; (c) preparing bleach, dye, or pigment solutions which impart the desired color to the 

final product; and (d) cleaning and wash down of the process equipment and areas. 

8.4.2  Water inPuts Per tannery oPeration

The water usage per tannery operation was estimated by UNIDO [13] as shown below in Table 8.4. 

8.4.3  ChemiCal inPuts Per tannery oPeration

The chemical usage per tannery operation was estimated by UNIDO [13] as shown below in 

Table 8.5. 

8.4.4  Waste Water floW distriBution from various ProCesses

As per USEPA [11], the percentage of generation of waste water from various processes is as shown 

in Table 8.6. 

8.4.5  total quantity of Waste Water

As per USEPA [11], the total quantity of wastewater generated can be estimated for nine categories 

of the plants as shown below in Table 8.7. 

8.4.6  ComBined Waste CharaCteristiCs

As per USEPA [11], the average combined waste characteristics of the nine subcategories of tanner-

ies are as given in the following Tables 8.8–8.17 which clearly indicates the quality of the effluent along with the toxic pollutants present in them. 

8.4.7  segregated stream CharaCteristiCs

The typical characteristics of the beamhouse and tanyard waste are shown in Table 8.18 as follows. 
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TABLE 8.4

Water Inputs Per Tannery Operation

Unit Operation

Wet Salted Hide Processed (m3/ton)

Beamhouse Operation

Soaking

0

Prewash

4.30

Process water

1.90

Rinse water

2.10

Unhairing/Reliming

Process water

1.90

Rinse water

11.0

Soak water

1.90

Rinse water

2.10

Tanyard Operation

Deliming/Bating

Prerinse

3.63

Process water

0.86

Rinse water

1.20

Pickling

Brine water

0.22

Acid dilution water

0.07

Chrome tanning

Process water

0.50

Rinsing

3.90

Pressing

0.17

Re-tan and Wet Finishing

Prerinse

3.20

Process water

0.14

Rinse water

6.50

Process water

0.14

Floor and plant wash water

15.5

Total 

61.3

8.5  INNOVATIVE TREATMENT OF LEATHER TANNING EFFLUENT

Leather tanning effluent can be treated by adopting the following processes in order to reduce the 

pollutants of their various streams. Preliminary treatment consists of:

1. Stream segregation

2. Pretreatment of beamhouse waste

3. Pretreatment of tanyard waste

8.5.1  stream segregation

The two major streams, which contribute the tannery waste, are: (a) beamhouse waste containing 

lime, proteins, sulfides, chlorides, and sulfates; and (b) tanyard waste containing chromium, chlo-

rides, sulfates, and thick hairy substance. 
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TABLE 8.5

Chemical Inputs Per Tannery Operation

Unit Operation

Wet Salted Hide Processed (kg/ton)

BeamHouse Operation

Soaking

Bactericide

1.6

Sodium carbonate

0.8

Unhairing/Reliming

Hydrated lime (unhairing)

48

Sodium sulfide

43

Hydrated lime (reliming)

58

Tanyard Operation

Deliming/Bating

Lactic acid

4.30

Bate

8.70

Ammonium chloride

1.10

Pickling

Sodium chloride

51.9

Sulfuric acid

18.2

Chrome Tanning

Chromium sulfate

51.9

Sodium chloride

51.9

Syntan A 

21.6

Sodium formate

7.70

Sodium carbonate

8.70

Bactericide

0.90

Syntan B

35.5

Re-tan and Wet Finishing

Dyes

7.00

Calcium formate

3.60

Syntan B

15.4

Soyarich flour

5.60

Titanium dioxide

2.80

Glue/methyl cellulose

2.80

Tannin extracts and oils

41.3

TABLE 8.6

Waste Water Flow Distribution from Various Processes

Unit Operation

Percentage of Total Waste Water Generated

Beamhouse Operation

Soaking

42.1

Unhairing/reliming

31.4

Tanyard Operation

Deliming/bating

10.1

Pickling

5.6

Chrome tanning

5.0

Re-tan and wet finishing

5.8

Total

100
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TABLE 8.7

Total Quantity of Waste Water

Sub-Category No

Type of Plant

Liters/kg of Hide/Skin Processed

1

Hair pulp/chrome tan/re-tan wet finish

62 L/kg

2

Hair save/chrome tan/re-tan wet finish

44 L/kg

3

Hair pulp or save/chrome tan/re-tan wet finish

45 L/kg

4

Re-tan – wet finish

43 L/kg

5

No beamhouse

56 L/kg

6

Through-the-blue

17 L  /kg

7

Shearling

78 L  /kg

8

Pigskin

42 L/kg

9

Re-tan and wet finish

27 L/kg

TABLE 8.8

Combined Wastewater Characteristics

Table No

Subcategory Number

Type of Plant

9

1

Hair pulp/chrome tan/re-tan wet finish

10

2

Hair save/chrome tan/re-tan wet finish

11

3

Hair pulp or save/chrome tan/re-tan wet finish

12

4

Re-tan – wet finish

13

5

No beamhouse

14

6

Through-the-blue

15

7

Shearling

16

8

Pigskin

17

9

Re-tan and wet finish 

TABLE 8.9

Sub-Category-1: Hair Pulp, Chrome 

Tan, Re-Tan – Wet Finish

Parameter

Average Concentration

BOD, mg/L

1,078

COD, mg/L

3,569

TSS, mg/L

1,913

VSS, mg/L

1,664

Oil and grease, mg/L

990

TKN, mg/L

204

NH -N, mg/L

63

3

Sulfide, mg/L

64

Total chromium, mg/L

79

Phenol, mg/L

1.52

TOC, mg/L

1,243

 Source:  USEPA [11]. 
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TABLE 8.10

Sub-Category-2: Hair Save, Chrome 

Tan, Re-tan – Wet Finish

Parameter

Average Concentration

BOD, mg/L

1,364

COD, mg/L

3,357

TSS, mg/L

3,793

VSS, mg/L

1,293

Oil and grease, mg/L

306

TKN, mg/L

274

NH -N, mg/L

90

3

Sulfide, mg/L

36

Total chromium, mg/L

–

Phenol, mg/L

4.56

TOC, mg/L

1,243

 Source:  USEPA [11]. 

TABLE 8.11

Sub-Category – 3: Hair save or Pulp, 

Non-chrome Tan, Re-Tan – Wet Finish

Parameter

Average Concentration

BOD, mg/L

2,127

COD, mg/L

7,668

TSS, mg/L

3,306

VSS, mg/L

2,386

Oil and grease, mg/L

463

TKN, mg/L

456

NH -N, mg/L

180

3

Sulfide, mg/L

100

Total chromium, mg/L

2.16

Phenol, mg/L

9.59

TOC, mg/L

382

 Source:  USEPA [11]. 
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TABLE 8.12

Sub-Category – 4: Re-Tan – Wet Finish 

(Sides)

Parameter

Average Concentration

BOD, mg/L

456

COD, mg/L

6,204

TSS, mg/L

886

VSS, mg/L

700

Oil and grease, mg/L

153

TKN, mg/L

95

NH -N, mg/L

50

3

Sulfide, mg/L

0.51

Total chromium, mg/L

30

Phenol, mg/L

4.64

TOC, mg/L

907

 Source:  USEPA [11]. 

TABLE 8.13

Sub-Category – 5: No Beamhouse

Parameter

Average Concentration

BOD, mg/L

1,550

COD, mg/L

8,374

TSS, mg/L

714

VSS, mg/L

–

Oil and grease, mg/L

702

TKN, mg/L

86

NH -N, mg/L

47

3

Sulfide, mg/L

0.10

Total chromium, mg/L

21

Phenol, mg/L

–

TOC, mg/L

–

 Source:  USEPA [11]. 
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TABLE 8.14

Sub-Category – 6: through – the – Blue

Parameter

Average Concentration

BOD, mg/L

5,892

COD, mg/L

13,602

TSS, mg/L

8,629

VSS, mg/L

8,186

Oil and grease, mg/L

740

TKN, mg/L

894

NH -N, mg/L

292

3

Sulfide, mg/L

358

Total chromium, mg/L

295

Phenol, mg/L

5.01

TOC, mg/L

2,913

 Source:  USEPA [11]. 

TABLE 8.15

Sub-Category – 7: Shearling

Parameter

Average Concentration

BOD, mg/L

556

COD, mg/L

1,770

TSS, mg/L

762

VSS, mg/L

460

Oil and grease, mg/L

163

TKN, mg/L

46

NH -N, mg/L

16

3

Sulfide, mg/L

5.27

Total chromium, mg/L

64

Phenol, mg/L

–

TOC, mg/L

–

 Source:  USEPA [11]. 
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TABLE 8.16

Sub-Category – 8: Pigskin

Parameter

Average concentration

BOD, mg/L

3,402

COD, mg/L

4,919

TSS, mg/L

5,156

VSS, mg/L

3,922

Oil and grease, mg/L

1,632

TKN, mg/L

116

NH -N, mg/L

54

3

Sulfide, mg/L

263

Total chromium, mg/L

89

Phenol, mg/L

1.1

TOC, mg/L

1,396

 Source:  USEPA [11]. 

TABLE 8.17

Sub-Category – 9: Re-Tan – Wet Finish 

(Splits)

Parameter

Average Concentration

BOD, mg/L

864

COD, mg/L

3,833

TSS, mg/L

1,232

VSS, mg/L

2,852

Oil and grease, mg/L

678

TKN, mg/L

353

NH -N, mg/L

149

3

Sulfide, mg/L

1.70

Total chromium, mg/L

37

Phenol, mg/L

0.16

TOC, mg/L

–

 Source:  USEPA [11]. 
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TABLE 8.18

Segregated Stream Characteristics

Parameter

Beamhouse Waste

Tanyard Waste

pH

10.87

3.64

COD, mg/L

10,300

7,030

BOD, mg/L

1,704

526

TSS, mg/L

4,076

7,592

Sulfides, mg/L

530

0.629

Chromium, mg/L

180

1,100

Ammonia, mg/L

970

200

TKN, mg/L 

1,238

289

Oil and grease, mg/L

284

896

Sulfate, mg/L

4,500

6,400

Chlorides, mg/L

3,800

6,200

Copper, mg/L

0.06

0.12

Lead, mg/L

0.1

0.2

Nickel, mg/L

0.6

0.8

Zinc, mg/L

0.508

0.434

TDS, mg/L

14,670

13,890

 Source:  Talco Vaniyambadi Tannery Vaniyambadi Tamilnadu, India. 

When the above wastes are segregated and pretreated individually, the load to the secondary 

treatment and the tertiary treatment process and cost of the treatment facility can be significantly 

reduced. 

8.5.2  Pretreatment of Beamhouse Waste

Pretreatment of beamhouse waste involves the following three steps:

1. Coarse screening

2. Removal of proteins

3. Removal of sulfides

8.5.2.1  Coarse Screening

The beamhouse waste contains floating solids such as chunks of wood, rags, and other debris. 

Hence, the beamhouse waste is passed through coarse screens in order to remove these floating 

matters and the debris. 

8.5.2.2  Removal of Proteins

The beamhouse waste contains high concentration of proteins, which contribute to BOD and COD. 

The proteins present in the waste can be removed by the addition of carbon dioxide gas to the 

wastewater. 

In this process, carbon dioxide reacts with calcium present in the form calcium hydroxide to 

form calcium carbonate, which will precipitate. The proteins present in the waste gets attached to 

the charged sites in the calcium carbonate precipitate. 

The basic reaction, which governs the treatment by carbon dioxide, is as follows:



Ca(OH)2 + Proteins + CO2 → CaCO3-Proteins + H2O  (8.1)
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The carbonated beamhouse waste is then subjected to the process of clarification in order to sepa-

rate the precipitated calcium carbonate-protein mixture from the waste stream. 

It should be noted that the tanneries generate a large quantity of carbon dioxide as byproduct and 

are discharged into the atmosphere as stack gas, creating an imbalance in the eco system, resulting 

in the global warming effect which is the biggest issue of today’s environmental world. 

Thus, the utilization of carbon dioxide results in two advantages, namely the removal of proteins 

and preventing the global warming effect by discharging carbon dioxide in the eco system. 

Further it should be noted that the sludge generated from the above process is rich in protein, 

and USEPA [11] studies on this protein sludge recommends the usage of the above protein sludge as 

animal food for chickens and also as a soil conditioner. 

This recommendation of usage of the sludge reduces the problem for the tannery merchants with 

regards to disposal of the sludge. 

8.5.2.3  Removal of Sulfides

The beamhouse waste is then subjected to sulfide removal, a toxic pollutant, by the addition of fer-

rous sulfate. The basic reaction, which governs the removal of sulfides from the waste, is as follows:



2

2

4 +

− →

+

−

FeSO

S

FeS SO4  (8.2)

In the above process, ferrous sulfate precipitates the soluble sulfides present in the waste as insol-

uble ferrous sulfide. The beamhouse waste, after ferrous sulfate addition, is then again subjected 

to the process of clarification in order to separate the precipitated ferrous sulfide sludge from the 

waste stream. 

It should be noted that the inlet characteristics of the beamhouse waste indicates that the waste 

contains about 530 mg/L of sulfides, which has to be reduced to a value of less than 2 mg/L, which 

is the effluent disposal standard for sulfides. The stoichiometric calculation results in a require-

ment of 2.5 gm/L of ferrous sulfate for the removal of sulfides present in the waste from a value of 

530 mg/L to a value less than 2 mg/L. 

Even though the dosage of ferrous sulfate is a little high, the advantages of this process are 

two-fold: (a) reduction of sulfide can be achieved from the waste to a value much less than 2 mg/L, 

and thus the toxicity is reduced; and (b) the ferrous sulfide sludge formed by this process can be 

recovered and reused for the purpose of chromium removal in the tanyard operation. 

8.5.3  Pretreatment of tanyard Waste

Pretreatment of Tanyard waste involves the following two steps: (a) screening and (b) removal of 

chromium. 

8.5.3.1 Screening

The tanyard waste contains suspended solids such as hairs, buffing dusts, and scraps from flesh-

ing and hide washing operations, which contributes to the high COD and BOD values. In order to 

remove these suspended solids, the tanyard waste is subjected to fine screening, which results in a 

substantial reduction in the COD and BOD value of the waste, due to the removal of organic matter. 

8.5.3.2  Removal of Chromium

The tanyard waste contains high content of chromium (1,100 mg/L), which is a high toxic pollutant. 

The removal of chromium from the tanyard waste can be achieved by adding ferrous sulfide sludge. 

The reaction that governs the process is as follows:



+

3+ →

2

2 3 +

+

3 FeS 2Cr

Cr S

3 Fe  (8.3)
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The tanyard waste after ferrous sulfide addition is then subjected to the process of clarification in 

order to separate the precipitated chromium sulfide sludge from the waste stream. 

The stoichiometric calculation results in a requirement of 1,857 mg/L of ferrous sulfide sludge 

for the removal of chromium present in the tanyard waste from a value of 1,100 mg/L to a value less 

than 2 mg/L. 

Of this 1,857 mg/L of ferrous sulfide sludge required for chromium removal, the sulfide removal 

process in beamhouse waste treatment generates about 1,457 mg/L of ferrous sulfide, which can be 

reused. 

The additional sludge can be generated by mixing ferrous sulfate and sodium sulfide, which 

precipitates insoluble ferrous sulfide sludge within a period of 3 min. 

Hence, there is major savings in the chemical cost required for the removal of chromium present 

in the tanyard waste as the waste of one stream is used for the treatment of the other stream. 

Further, the sludge generated in the process of chromium precipitation can be handled in two 

ways, which can be recommended to the tanners. One is by making them into bricks and another 

way is to recover chromium from the sludge [13]. Thus, reducing the trouble of disposal of toxic 

sludge for the tannery merchants. 

8.5.4  Primary treatment

Primary treatment consists of: (a) flow equalization and blending; and (b) pH correction. 

8.5.4.1  Flow Equalization and Blending

After pretreatment, the beamhouse and the tanyard waste are received in a flow equalization basin 

in order to equalize the flow and provide a uniform blending and mass loading to the secondary 

treatment system. 

Mixing is provided in the equalization basin in order to prevent the effluent from becoming stale 

and to maintain aerobic conditions. 

8.5.4.2  pH Correction

The equalized flow is then subjected to pH correction in order to maintain a neutral pH. The reason 

for correcting the pH is that the biological treatment is generally effective at a neutral pH. Highly 

alkaline effluents may result in the destruction of the microorganism and hence neutral pH has to be 

ensured prior to entry to the biological system. 

8.5.5  seCondary treatment

Secondary treatment consists of: (a) aerobic/anoxic biological treatment; and (b) secondary 

clarification – flotation. 

8.5.5.1  Aerobic/Anoxic Biological Treatment

The pretreated beamhouse and tanyard waste is then subjected to biological treatment. Biological 

treatment is performed in order to achieve the following stages so as to obtain a considerable 


decrease in the organic pollutants such as BOD, COD, and ammonia removal. 

The three stages are (a) carbonaceous oxidation, (b) nitrification, and (c) denitrification. 

In the carbonaceous oxidation stage under aerobic conditions, the carbon present in the waste 

stream is oxidized to carbon dioxide and the organic nitrogen is converted to ammonia nitrogen. 

During the nitrification stage under prolonged aerobic conditions, the ammonia nitrogen present 

in the waste is converted to nitrite and then nitrates. 

During the denitrification stage, under anoxic anaerobic conditions, the nitrates are converted 

into nitrite and later liberated as nitrogen gas. 

The treated effluent from the biological treatment process will be with reduced COD, BOD, 

ammonia nitrogen, and nitrate content. 
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8.5.5.2  Secondary Clarification – Flotation

The effluent from the aerobic/anoxic treatment system is subjected to clarification using the prin-

ciple of dissolved air floatation for the purpose of removal of the mixed liquors suspended solids 

from the aerobic/anoxic tank effluent. Dissolved floatation systems produce good subnatant quality 

and yield a highly concentrated sludge. A portion of the sludge is recycled back to the aerobic/anoxic 

tank in order to maintain the mixed liquor suspended solids (MLSS) concentration. 

8.5.6  tertiary treatment

Tertiary treatment consists of two steps: (a) sand filtration and (b) membrane filtration. 

8.5.6.1  Sand Filtration

The secondary effluent from the dissolved air floatation system is subjected to sand filtration in 

order to further enhance the removal of suspended solids. 

8.5.6.2  Membrane Filtration

The filtered effluent is then subjected to the membrane filtration process under high pressure for the 

removal of the cations and anions present in water such as chlorides, which cannot be removed by 

conventional treatment processes. 

The treated water from the membrane filtration process will contain a low concentration of total 

dissolved solids (TDS) meeting the standards and thus achieving a complete treatment of the tan-

nery effluent. 

8.5.7  sludge treatment and disPosal

The sludge generated from the protein removal process is rich in protein, and USEPA [11] studies 

on this protein sludge recommend the usage of the above protein sludge as animal food for chickens 

and also as a soil conditioner. This recommendation of usage of the sludge reduces the problem for 

the tannery merchants with regards to disposal of the sludge. 

The sludge generated form the sulfide removal process is totally reused for the purpose of chro-

mium removal in tanyard waste treatment. 

The sludge generated from the process of chromium precipitation can be handled in two ways. 

The first method is by molding of the toxic sludge into black bricks with the addition of solidifica-

tion agents and the second method is to recover chromium from the sludge. The recovery and reuse 

of chromium from the sludge is highly recommended by the USEPA [11]. Thus, from the above, by 

following any one of the above two methods, the trouble of disposal of toxic sludge is reduced for 

the tannery merchants. 

The excess activated sludge from the aeration system can be thickened in order to increase the 

consistency of the sludge. The thickened sludge is then conditioned using a polymer in order to 

enhance the dewatering characteristics. The conditioned sludge is then dewatered using a dewater-

ing system in order to reduce the moisture content of the sludge. The dewatered sludge can be used 

as a soil conditioner due to the rich nutrient content. 

8.6  EXPERIMENTAL PROCESS APPARATUS AND PROCEDURES

8.6.1  Coarse sCreening

8.6.1.1  Apparatus Required

The required apparatus are (a) 5-inch diameter Buchner funnel, (b) 1,000 mL filtering flask, (c) 

vacuum pump, (d) filter paper (coffee filter), and (e) tweezers. 

[image: Image 34]
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8.6.1.2 Procedure

The filter paper is placed in the Buchner funnel fitted with a flask attached to a vacuum pump. The 

sample to be screened is poured slowly on the filter paper and it is subjected to filtration under 

vacuum force. Upon filtration, the time required for filtration of the sample and vacuum pressure 

required for the filtration of the sample are noted. 

8.6.1.3 Applications

The coarse screening is used for removing the floating solids and debris. 

8.6.2  fine sCreening

8.6.2.1  Apparatus Required

The required apparatus are:

1. 5-inch Diameter Buchner funnel

2. 1,000-mL Filtering flask

3. Vacuum pump

4. Filter pad (0.45 μm)

5. Tweezers

8.6.2.2 Procedure

The filter pad is placed in the Buchner funnel fitted with a flask attached to a vacuum pump. The 

sample to be screened is poured slowly on the filter pad and it is subjected to filtration under vacuum 

force. Upon filtration, the time required for filtration of the sample and vacuum pressure required 

for the filtration of the sample are noted. 

8.6.2.3 Applications

Fine screening is used mainly for removing the fine solids and hairy substances (Figures 8.2 and 8.3). 

FIGURE 8.2  Screening apparatus setup by vacuum filtration. 

[image: Image 35]

[image: Image 36]
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FIGURE 8.3  Filter papers used for coarse and fine screening. 

FIGURE 8.4  Carbonation apparatus setup. 

8.6.3  CarBonation

8.6.3.1  Apparatus Required

The required apparatus are:

1. 1,000-mL Glass beakers

2. Diffuser

3. Carbon dioxide cylinder filled with 100% concentration carbon dioxide gas

8.6.3.2 Procedure

The sample is taken in a 1,000-mL glass beaker and carbon dioxide gas is injected into the glass bea-

ker through porous diffusers. Addition of carbon dioxide through diffusers provides the necessary 

mixing required for coagulation, resulting in the precipitation of the proteins present in the waste. 

8.6.3.3 Applications

Carbonation is used for removing the proteins present in the waste (Figure 8.4). 
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8.6.4  vaCuum filtration

8.6.4.1  Apparatus required

The required apparatus include the following:

1. 5 inch Diameter Buchner funnel

2. 1,000-mL Filtering flask

3. Vacuum pump

4. Filter paper (coffee filter)

5. Tweezers

8.6.4.2 Procedure

The filter paper is placed in the Buchner funnel fitted with a flask attached to a vacuum pump. 

The sample to be clarified is poured slowly on the filter paper and it is subjected to filtration under 

vacuum force. Upon filtration, the time required for filtration of the sample and the vacuum pressure 

required for the filtration of the sample are noted. 

8.6.4.3 Applications

The application of vacuum is for dewatering of waste with high solid content. 

8.6.5  dissolved air flotation

8.6.5.1  Apparatus required

The required apparatus include (a) canister [14,49–51] and (b) calibrated column [14,49–51]. 

8.6.5.2 Procedure

In dissolved air flotation, the sample is subjected for clarification in a calibrated cylinder using the 

method of recycle flow operation. For a process to be operated at 20% recycle flow, about 800 mL of 

the sample is taken in the calibration column. Two hundred milliliters of tap water is pressurized in 

the canister to a pressure of 50 psi and is introduced into the calibrated cylinder for the purpose of 

flotation of the solids. On flotation, the subnatant is collected at the bottom of the calibrated cylin-

der for further treatment and analyses. A correction factor  is applied to the results obtained by the 

experiment due to the usage of tap water [14,49–51]. 

8.6.5.3 Applications

The application of dissolved air flotation is for the separation of solids from the liquid phase 

(Figure 8.5). 

8.6.6  aeroBiC/anoxiC reaCtor – BiologiCal treatment

8.6.6.1  Apparatus required

The required apparatus include:

1. 5-Gallon container

2. pH meter

3. Temperature analyzer

4. DO meter

5. Compressed air connection

[image: Image 37]
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FIGURE 8.5  Dissolved flotation apparatus setup. 

8.6.6.2 Procedure

The sample is filled in the 5-gallon container and is subjected to biological treatment in three steps, 

namely carbonaceous oxidation, nitrification, and denitrification. The apparatus is setup as shown 

in Figure 8.13 and the air is injected into the container through diffusers for the purpose of main-

taining aerobic conditions. During the carbonaceous oxidation and nitrification stages, the dissolved 

oxygen is maintained above 3 mg/L, and during the denitrification stage, the air supply is shut off 

and the dissolved oxygen is maintained below 1 mg/L by providing adequate mixing. 

8.6.6.3 Applications

The application of aerobic/anoxic reactor is for the reduction of BOD, ammonia nitrogen, nitrite 

nitrogen, and nitrate nitrogen (Figure 8.6). 

8.6.7  filtration

8.6.7.1  Apparatus required

The required apparatus are:

1. 5 inch Diameter Buchner funnel

2. 1,000-mL Filtering flask

3. Vacuum pump

4. Filter pad (0.45 μm)

5. Tweezers

8.6.7.2 Procedure

The filter pad is placed in the Buchner funnel fitted with a flask attached to a vacuum pump. The 

sample to be screened is poured slowly on the filter pad and it is subjected to filtration under vacuum 

force. Upon filtration, the time required for filtration of the sample and vacuum pressure required 

for the filtration of the sample are noted. 

8.6.7.3 Applications

The application of filtration is for removing the fine solids and hairy substances. 

[image: Image 38]
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FIGURE 8.6  Aerobic/anoxic reactor setup. 

8.7  ANALYTICAL APPARATUS AND PROCEDURES

Biochemical oxygen demand (BOD), chemical oxygen demand (COD), nitrite nitrogen, total phos-

phorous, chlorides, dissolved oxygen (DO), chromium, ammonia nitrogen, ammonia nitrogen, 

nitrate nitrogen, total suspended solids (TSS), total dissolved solids (TDS), pH, sulfate, sulfide, and 

temperature were all determined in accordance with the  Standard Methods for the Examination of 

 Water and Wastewater, 20th Edition [15], and a HACH DR 2000 Spectrophotometer (Figure 8.7) 

and a HACH pH meter (Figure 8.8) were used when needed [16]. 

8.8  EXPERIMENTAL INVESTIGATION

For the purpose of experimental investigation, the samples were collected from the Talco 

Vaniyambadi Tannery, India, by the All India Skin Hides & Tanners Association and was shipped 

to the Lenox Institute of Water Technology (LIWT), Massachusetts, United States. 

The samples underwent a rapid shipping to reach LIWT, and ever since, investigation was started 

for identification of the right treatment methodology. 

The samples received were two-folded, namely the beamhouse waste and the tanyard waste. The 

samples were analyzed for their characteristics and their qualities were compared with the typical 

tannery effluent data obtained from literature study. 

[image: Image 39]

[image: Image 40]
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FIGURE 8.7  HACH DR 2000 spectrophotometer. 

FIGURE 8.8  HACH pH meter. 

We were not able to see much of a difference in the quality on comparison with the typical tan-

nery effluent data obtained from literature study, but certainly, there was a chance of biodegradation 

of the waste due to long storage (1 month). 

8.8.1  Preliminary treatment

Preliminary treatment consists of (a) pretreatment of beamhouse waste and (b) pretreatment of 

tanyard waste. 

8.8.1.1  Pretreatment of Beamhouse Waste

Pretreatment of beamhouse waste consists of (a) removal of proteins and (b) removal of sulfides. 

 8.8.1.1.1  Removal of Proteins

The beamhouse waste contains a high concentration of proteins, which contribute to BOD and 

COD. The proteins present in the waste can be removed by the addition of carbon dioxide gas to 

the wastewater. 

[image: Image 41]
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When carbon dioxide was added at the rate of 25 liters/min for a duration of 30 sec, a COD 

reduction of about 2,000 mg/L (from 10,300 mg/L) was achieved in the beamhouse waste as shown 

in Table 8.19 (Figure 8.9). 

This process of carbonation generated a huge amount of suspended solids as shown in Figure 8.10. 

It is clearly seen from Figure 8.10 that when the carbonated sample was allowed to settle in a set-

tling Imhoff Cone, the solids separated leaving a clear supernatant (within a period of 3 min) and the 

TABLE 8.19

Beamhouse Waste Treatment; First Step; Addition  

of Carbon Dioxide for the Removal of Proteins

Filtrate Quality

Duration of Dosage at the 

Rate of 25 L/min for a Sample 

Volume of 600 mL

Parameter

Inlet Quality

10 s

15 s

30 s

COD, mg/L

10,300

8,960

8,750

8,467

pH

10.87

8.42

7.99

7.3

TSS, mg/L

4,076

512

542

550

Sulfides, mg/L

530

530

530

530

TDS, mg/L

14,670

14,750

14,930

15,250

FIGURE 8.9  COD reduction by carbonation. 

[image: Image 42]

Treating Tannery Waste

205

FIGURE  8.10  Settling cone indication of quantity of sludge; generated in the process of carbonation of beamhouse waste. 

TABLE 8.20

Beamhouse Waste Treatment; First Step; 

Vacuum Filtration Of The Carbonated Sample

Details Regarding Vacuum 

Filtration

Duration of Dosage of Carbon 

Dioxide at the rate 25 L/min

Parameter

10 s

15 s

30 s

Volume of Sample

600 mL

600 mL

600 mL

Volume of Filtrate

450 mL

440 mL

430 mL

Filtration Time

13.0 min

13.1 min

13.3 min

Volume of Sludge

150 mL

160 mL

170 mL

Vacuum Pressure

20 in Hg

20 in Hg

20 in Hg

volume of solids in the cone was 750 mL to the supernatant volume of 250 mL. And from that point 

onward, it took a long time following the process of sludge thickening and sludge concentration. 

This huge quantity of solids had to be separated from the liquid phase within a reasonable period 

of time. Dissolved flotation techniques were tried, but due to the high solids loading, requiring very 

high recycle, the technique did not suit the process of clarification. 

Hence, the option of dewatering a carbonated sample using a vacuum filter is based on review 

of the quality of the carbonated sample. Vacuum filtration of the carbonated sample did yield good 

results and faster separation of the solids and liquid phase as shown in Table 8.20. Further the sludge 

generated from the above process is rich in protein and can be used as animal food for chickens and 

also as a soil conditioner (USEPA recommendation [11]). 
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 8.8.1.1.2  Removal of Sulfides

The beamhouse waste is then subjected to sulfide removal, a toxic pollutant, by the addition of fer-

rous sulfate. 

When ferrous sulfate was added to the carbonated waste at a dosage of 2.5 gm/L, the sulfides 

present in the waste was reduced from a value of 530–0.37 mg/L, and additionally, the COD of the 

beamhouse waste was further reduced by a value of 2,300 mg/L as shown in Table 8.21. 

Thus, the net COD reduction of the beamhouse waste, achieved by the process of pretreatment, is 

around 4,300 mg/L. That is, the COD value of the beamhouse waste was reduced from an influent 

value of 10,300 to 6,000 mg/L as shown in Tables 8.19 and 8.21. 

This process of ferrous sulfate addition resulted in the formation of black-colored sludge and 

blackish effluent quality. The solids formed in this process where due to conversion of the soluble 

sulfides into insoluble ferrous sulfide sludge. 

In order to obtain a clear supernatant, various approaches were tried such as sedimentation and 

dissolved air flotation. Clarification by sedimentation required very long durations of time and 

proved to be not economical. 

Dissolved air floatation proved ineffective due to the poor formation of flocs. The reason is that 

the high dosage of iron salts interfered with the process of flocculation and thus the solids were not 

able to rise of to the surface of water. The process of flotation without flocculation also proved to be 

uneconomical requiring high recycle rates. 

The option of vacuum filtration was adopted again based on review of the quality of the sample. 

Vacuum filtration of the black-colored sample did yield good results and faster separation of the 

solid and liquid phase as shown in Table 8.22. 

TABLE 8.21

Beamhouse Waste Treatment; Second Step; 

Addition of Ferrous Sulfate for the Removal of 

Sulfides

Filtrate Quality

Addition of Ferrous Sulfate 

Parameter

Inlet Quality

at a Dosage of 2,515 mg/L

COD, mg/L

8,467

6,020

pH

7.3

6.82

TSS, mg/L, 

550

530

Sulfides, mg/L

530

0.317

TDS, mg/L

15,250

14,320

TABLE 8.22

Beamhouse Waste Treatment; Second Step; Vacuum 

Filtration for the Separation of the Ferric Sulfide Sludge

Parameter

Details Regarding Vacuum Filtration

Volume of Sample

430 mL

Volume of Filtrate

330 mL

Filtration Time

1 min

Volume of Sludge

100 mL

Vacuum Pressure

20 in Hg
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Further, the sludge generated from the above process can be recovered and reused for chromium 

removal in the tanyard waste. 

The results of the experiment are summarized in Tables 8.21 and 8.22. 

8.8.1.2  Pretreatment of Tanyard Waste

Pretreatment of tanyard waste consists of: (a) removal of thick hairy substance and (b) removal of 

chromium ions. 

 8.8.1.2.1  Removal of Thick Hairy Substance

The tanyard waste contains thick filmy hairy substances that wash out of the hides and skins, which 

are very thick, filmy and contribute substantial amount of organic concentrations such as COD and 

BOD. Further, it was visualized from the waste that the hairy substances partially floated to the top 

of the surface and partially suspended or settled. 

The physical removal by the process of fine screening of the hairy substances resulted in about 

3,000 ppm of COD reduction of the waste. 

The results of the fine screening process for pretreatment of tanyard waste are shown in 

Table 8.23. The results reveal that by fine screening of the tanyard waste, the TSS was reduced from 

7,952 to 550 mg/L and COD was reduced from 7,030 to 4,484 mg/L. 

 8.8.1.2.2  Removal of Chromium

The tanyard waste contains high content of chromium (1,100 mg/L), which is a high toxic pollutant. 

The removal of chromium from the tanyard waste can be achieved by adding ferrous sulfide sludge. 

Since the pH of the tanyard waste is highly acidic, the pH was corrected by addition of a base 

such as lime in order to maintain the pH at a neutral value. 

When ferrous sulfide sludge was added to the tanyard waste at a dosage of 1,857 mg/L, the chro-

mium present in the waste was reduced from a value of 1,100 to 0.30 mg/L, and the COD of the 

tanyard waste was further reduced by a value of 2,000 mg/L as shown in Table 8.24. 

Thus, a net COD reduction of the tanyard waste achieved by the process of pretreatment (i.e. fine 

screening and ferrous sulfate addition) is about 5,000 mg/L (from 7,030 to 2,600 mg/L) as shown 

in Tables 8.23 and 8.24. 

Of this 1,857 mg/L of ferrous sulfide sludge required for chromium removal, the sulfide removal 

process in beamhouse waste treatment generated about 1,457 mg/L of ferrous sulfide sludge, which 

was reused and only the remaining 400 mg/L of additional chemical sludge was required for remov-

ing chromium from a value of 1,100 mg/L to a value of less than 2 mg/L. 

This additional sludge was generated by mixing ferrous sulfate and sodium sulfide, which pre-

cipitates insoluble ferrous sulfide sludge within a period 3 min. 

TABLE 8.23

Tanyard Waste Treatment; First Step; Fine Screening of 

the Waste for the Removal of the Thick Hairy Substances 

Present in the Waste

Filtrate Quality After Fine 

Parameter

Inlet Quality

Screening (0.45 μm Filter Pads)

COD, mg/L

7,030

4,484

pH

3.64

3.57

TSS, mg/L

7,592

550

Chromium, mg/L

1,100

1,100

TDS, mg/L

13,890

13,555
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TABLE 8.24

Tanyard Waste Treatment; Second Step; Addition of the Ferrous Sulfide Sludge for the 

Removal of Chromium Present in the Waste

Parameter

Inlet Quality

Filtrate Quality

Addition of 1 gm/L of lime for pH adjustment followed by ferrous sulfide 

addition for the removal of chromium at a dosage of 1,857 mg/L

COD, mg/L

4,484

2,610 

pH

3.57

6.52

TSS, mg/L

550

520

Chromium, mg/L

1,100

0.30

TDS, mg/L

13,555

12,400 

TABLE 8.25

Tanyard Waste Treatment; Second Step; 

Separation of the Chromium Sludge by 

the Process of Dissolved Air Flotation

Parameter

Details Regarding DAF

Volume of sample

750 mL

Volume of recycle

250 mL

Coagulant dosage

60 mg/L

Polymer dosage

5 mg/L

Pressure of recycle

60 psig

This process of ferrous sulfide addition resulted in the formation of black-colored sludge, which 

contained the toxic chromium. The solids formed in this process were due to conversion of the 

soluble chromium into insoluble chromium sulfide sludge. 

The clarification process by dissolved air flotation was used to separate the black sludge from 

the waste stream. 

A coagulant and a polymer were added in order to aid the coagulation and flocculation of the 

sludge solids and thus enhancing the process of flotation. 

Dissolved air floatation in recycle mode did yield good results and faster separation of the solids 

and liquid phase as shown in Table 8.25. 

Further, the sludge generated from the above process can be handled in two ways. The first method 

is by molding of the toxic sludge into black bricks with the addition solidification agents and the 

second method is to recover chromium from the sludge. The recovery and reuse of chromium from 

sludge is highly recommended by the USEPA [11]. Thus, from the above, by following any one of 

the above two methods, the trouble of disposal of toxic sludge is reduced for the tannery merchants. 

The results on chromium removal are summarized in Tables 8.24 and 8.25. 

8.8.2  Primary treatment

Primary treatment consists of: (a) flow equalization and blending and (b) ph correction. 

8.8.2.1  Flow Equalization and Blending

After pretreatment, the beamhouse preliminary effluent and tanyard preliminary effluent were 

mixed in a reactor in proportions as generated in the tannery, i.e. 60%: 40% and was thoroughly 

mixed in order to equalize the flow and provide a uniform blending and mass loading to the primary 

and secondary treatment system. 
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8.8.2.2  pH Correction

The equalized flow was subjected to pH correction in order to maintain a neutral pH. The reason for 

correcting the pH is that the biological treatment is generally effective at a neutral pH. 

It was visualized that self-neutralization took place during the mixing and blending of the beam-

house waste and the tanyard waste in appropriate proportions with reference to their generation. 

Hence, there was no need for pH correction. But in real plant practice, provisions for pH correction 

must be made in order to provide the necessary corrections in case of emergency. 

8.8.3  seCondary treatment

Secondary treatment consists of: (a) aerobic/anoxic – biological treatment process and (b) secondary 

clarification by flotation. 

8.8.3.1  Aerobic/Anoxic – Biological Treatment Process

The primarily pretreated and blended beamhouse and tanyard waste (i.e. combined primary efflu-

ent) was then mixed and subjected to biological treatment. Biological treatment was conducted for 

14 h of aerobic conditions and 4 h of anaerobic conditions in order to have a visual and practical idea 

on how many hours was actually required for the process of biological treatment. 

The 14 h of aerobic conditions (i.e. dissolved oxygen > 3 mg/L) involved the process of carbo-

naceous oxidation and nitrification. The 4 h anaerobic conditions (i.e. dissolved oxygen < 1 mg/L) 

involved the process of denitrification. The above stages were followed in order to achieve the fol-

lowing conversions and reductions. 

In the carbonaceous oxidation stage under aerobic conditions, the carbon present in the waste 

stream is oxidized to carbon dioxide and the organic nitrogen is converted to ammonia nitrogen. 

During the nitrification stage under prolonged aerobic conditions, the ammonia nitrogen present 

in the waste is converted to nitrite and then nitrates. During the denitrification stage, under anoxic/

anaerobic conditions, the nitrates are converted into nitrite and later liberated as nitrogen gas. 

Basically in India, the place where the plant is located is always warm and temperature is around 

30°C during most of the time of the year. Hence, the biological treatment was conducted at a tem-

perature of 30°C and the Town of Lee municipal wastewater treatment plant activated sludge was 

used as seed for the process of biological treatment. 

The results were good, which resulted in the reduction of COD from a value of 7,817 to 2,123 mg/L 

and ammonia reduction from 270 mg/L to a value of 191 mg/L. This biological treatment was basi-

cally conducted to just check how much time really is required for the waste organic load reduction. 

The experiment did give good results in terms of percent COD reduction from a value of 

7,817 mg/L to a value of 2,123 mg/L. It is important to note that the results of 8 h aeration and 16 h 

are very close. Perhaps, there would be no need to have a prolonged aeration period. The results are 

summarized in Table 8.26. 

The planned biological treatment was not totally completed due to a shortage of wastewater 

sample and running out of research time. This research ended in May 2000 when author LNSP 

Nagghappan graduated from the Lenox Institute of Water Technology (LIWT) with a Master of 

Engineering degree [106]. Further anaerobic and/or anoxic biological research for treating the tan-

nery wastewater was conducted by the cosponsor in India instead of LIWT in the USA (Figure 8.11). 

8.8.3.2  Secondary Clarification – Flotation

The effluent from the biological treatment system is subjected to clarification using the principle of 

dissolved air flotation for the purpose of removal of the mixed liquors suspended solids from the 

biological reactor effluent. 

The clarification process was achieved using a dissolved air floatation (DAF) operated in recycle 

mode to separate the mixed liquor suspended solids from the biological effluent. Dissolved air floa-

tation in recycle mode did yield good results in the reduction of total suspended solids (TSS) and 

faster separation of the solids and liquid phase was observed. 

[image: Image 43]

210

Control of Heavy Metals in the Environment

TABLE 8.26

Biological Treatment Study

Temp, 

DO, 

pH, 

TDS, 

TSS, 

NH3-N,  NO3,  NO2,  COD,  BOD, 

P, 

Sample

Time

°C

mg/L

units

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

Primary 

2:40pm

29

4

7.00

10,500

1,272

270

4.0

4.1

7,817

1,854

0.48

effluent

Aerobic

2:40pm

29

4

7.00

10,500

4,394

195

5.5

3.7

2,893

1,070

0.34

0 h

Aerobic

10:40pm

34

3.9

7.83

10,780

4,454

196

20.0

5.4

2,597

750

0.26

8 h

Aerobic

4:40am

35

4.2

8.02

11,030

191

5.5

5.1

2,123

252

0.30

14 h

filtered

Aerobic

4:40am

35

4.2

8.02

11,030

–

–

–

–

3,510

776

1.78

14 h

settled

 Notes:  1. All filtered samples were filtered through a 1.5 μm glass fiber filter paper. 

   

2. All settled samples were settled for 1 h. 

FIGURE 8.11  Aerobic/anoxic – biological treatment. 

A coagulant and a polymer were added in to order to aid the coagulation and flocculation of the 

sludge solids and thus to enhance the process of flotation. 

The results of secondary clarification by the process of dissolved air flotation are summarized 

in Table 8.27. 
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TABLE 8.27

Secondary Clarification by the Process 

of Dissolved Air Flotation

Parameter

Details Regarding DAF

Volume of sample

800 mL

Volume of recycle

200 mL

Coagulant dosage

30 mg/L

Polymer dosage

4 mg/L

Pressure of recycle

60 psi

Subnatant TSS

55 mg/L

TABLE 8.28

Pretreated/Filtered Effluent Quality

Parameters

Concentration

TSS,mg/L

Nil

Cations

Calcium as Ca2+, mg/L

442 

Magnesium as Mg2+, mg/L

98 

Sodium as Na+, mg/L

4,920 

Chromium as Cr3+, mg/L

0.3 

Potassium as K+, mg/L

49.3 

Ammonia as NH +, mg/L

191 

4

Anions

Bicarbonates, mg/L as CaCO

496 

3

Chlorides as Cl−, mg/L

4,760 

Sulfides as S2−, mg/L

0.317 

Sulfates as SO 2−, mg/L

4,300 

4

Nitrates as NO −, mg/L

2.5 

3

8.4  tertiary treatment

Tertiary treatment consists of two steps: (a) prefiltration prior to membrane filtration and (b) mem-

brane filtration. 

8.8.4.1  Pretreatment Prior to Membrane Filtration

The subnatant from the dissolved air flotation system was subjected to pretreatment using a 0.45-μm 

filter pad as a simulation for advanced cloth filtration, advanced sand filtration, or microfiltration. 

The strategy behind the pretreatment was to reduce the TSS much below 1 mg/L before the effluent 

is subjected to final membrane filtration in the next stage [70]. It is important to note that membrane 

filtration includes microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmo-

sis (RO). A pretreatment by MF is already a coarse membrane filtration process. For ions removal, 

the finest membrane filtration, such as RO, is needed. 

The pretreated/filtered secondary effluent was analyzed for the ionic load in terms of cations and 

anions, which forms the basis of design for the membrane filtration system. Table 8.28 indicates the 

filtered water quality with detailed analysis for cations and anions. 

[image: Image 44]
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8.8.4.2  Membrane Filtration

The filtered effluent is then projected to membrane filtration process removal of the cations and 

anions present in water such as chlorides, which cannot be removed by conventional treatment 

processes. 

The cation and anion loads of the filtered water were used as design basis for arriving at the quan-

tity of membranes required in terms of number of elements and number of vessels and the pressure 

required for membrane filtration. 

The treated water from the membrane filtration process contained a low concentration of total 

dissolved solids as clearly indicated by the projections from the membrane manufacturers as shown 

in the next page and thus meeting the standards and achieving a complete treatment of the tannery 

effluent (Figure 8.12). 

For the given retreated/filtered quality of water (Table 8.28), the following are projections of the membrane filtration system:

1. No of stages: single stage

2. No of vessels: 20 vessels

3. No of elements/vessel: 6 elements

4. Feed pump pressure: 328 psi

5. Acid dosage required: 100 mg/L

Figure 8.13 is the single membrane filtration flow diagram provided by a process equipment manu-

facturer. The last treatment step shown in Figure 8.12 is membrane filtration (NF). Table 8.29 is a summary table showing the treatment results of each stage. The final stage of membrane filtration 

(NF membrane) treatment results (which are summarized in the last column of Table 8.29) were provided by the process equipment manufacturer. All other treatment results are the Lenox Institute 

of Water Technology research data. 

FIGURE 8.12  Process flow diagram of the proposed pretreatment and biological treatment. 

[image: Image 45]
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FIGURE 8.13  Process flow diagram of membrane filtration. (See the bottom of Table 8.29)

TABLE 8.29

Summary of Research Results

*Single Stage Membrane Filtration System (See Figure 8.13)

Parameter

1

2

3

4

5

6

7

Flow, gpm

600

580

20

580

290

290

310

Pressure, psi

0.0

0.0

0.0

313.8

303.2

0.0

0.0

TDS, mg/L

15,368

15,368

15,368

15,346

29,775

918

1,863
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8.9  RESULTS AND DISCUSSIONS

8.9.1  summary of results

The summary of the quality of wastewater at various stages is presented in Table 8.29, which has four columns for experimental data presentation. 

Column 1 of Table 8.29 indicates the quality of beamhouse waste before (inlet) and after (out-

let) pretreatment. The beamhouse pretreatment consists of the following processes: (a) addition of 

carbon dioxide for protein removal followed by rotary vacuum filtration and (b) addition of ferrous 

sulfate for sulfide and chromium removal followed by rotary vacuum filtration. 

The pretreated beamhouse effluent quality reported in column one (outlet) of Table 8.29 is after both carbonation for protein removal and the clarification of ferrous sulfide sludge. It can be seen 

from column 1 of Table 8.29 that COD was reduced from 10,300 to 6,020 mg/L (41.6% reduction), BOD was reduced from 1,704 to 1,025 mg/L (39.8% reduction), and TSS was reduced from 4,076 to 

530 mg/L (87% reduction) which all were contributed by carbonation, ferrous sulfate coagulation, 

and vacuum filtration, as shown in Figure 8.12, the flow diagram of tannery waste treatment. Sulfide reduction and chromium reduction are equally important. The beamhouse wastewater sulfide was 

reduced from 530 to 0.32  mg/L (99.94% reduction), while chromium was reduced from 180 to 

0.33 mg/L (99.82% reduction). The readers are referred to the chemical reactions in the previous 

section of this publication. More theoretical background of this pretreatment can be found from a 

Wang and Wang’s companion publication [98]. 

Figure 8.12 shows that the ferrous sulfide sludge from the vacuum filtration of beamhouse waste-

water pretreatment was recycled for the tanyard wastewater pretreatment based on the concept of 

LIWT green innovation concept [98]. 

Column 2 of Table 8.29 indicates the quality of the tanyard waste before (inlet) and after (outlet) tanyard waste pretreatment. This pretreatment consists of the following processes: (a) screening 

of thick hairy substance and (b) addition of ferrous sulfide sludge (recycled from the beamhouse 

waste pretreatment, shown in Figure 8.12) for the removal of chromium followed by dissolved air floatation (DAF). Additional ferrous sulfide sludge or chemical may be needed depending on the 

inlet chromium concentration to be removed. The standard jar test will determine the necessity of 

coagulant and/or polymer addition. 

The pretreated tanyard effluent quality (outlet) reported in column 2 (outlet) of Table 8.29 is after the DAF clarification of chromium sludge, shown in Figure 8.12. Again the tanyard waste pretreat-

ment results are very impressive. COD was reduced from 7,030 to 2,610 mg/L (62.9% reduction), 

BOD was reduced from 526 to 200 mg/L (64.3% reduction), and TSS was reduced from 7,592 to 

520 mg/L (43.2% reduction) which all were contributed by screening, recycled ferrous sulfide coag-

ulation, and DAF, as shown in Figure 8.12, the flow diagram of tannery waste treatment. Sulfide reduction and chromium reduction are again equally important. The tanyard wastewater sulfide 

was reduced from 0.629 to 0.32 mg/L (49.1% reduction), while chromium was reduced from 1,100 

to 0.30 mg/L (99.97% reduction), as indicated in Table 8.29, Column 2. These are very good pre-

treatment results. The DAF sludge contains high concentrations of chromium sulfide and must be 

properly disposed of as hazardous wastes. 

Going back to Figure 8.12 again, the pretreated beamhouse vacuum filtration effluent (Table 8.29, 

Column 1, outlet) and the pretreated DAF effluents (Table 8.29, Column 2 outlet) are combined together for the end-of-the-pipe treatment by biological system, secondary DAF clarification, and 

tertiary treatment. The readers are referred to Wang and Wang [98] for the detailed discussion of the 

tannery waste end-of-the-pipe treatment, and the advantages of using secondary flotation clarifica-

tion. Post-aeration is an added advantage when secondary flotation clarification is adopted [107]. 

Column 3 of Table 8.29 indicates the quality of the mixed and blended pretreated beamhouse 

waste and tanyard waste before (inlet) and after (outlet) biological treatment followed by second-

ary floatation and subsequent filtration. This portion of the end-of-the-pipe treatment involves the 

following four steps: (a) carbonaceous oxidation and nitrification for a period of 14 h (completed by 
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LIWT in the USA); (b) denitrification for a period of 4 h (completed in India instead of LIWT in the 

USA); (c) secondary flotation clarification of the biological effluent; and (d) filtration of the second-

ary effluent prior to membrane filtration. 

Ideally, actual beamhouse pretreatment effluent (Table 8.29, Column 1 outlet effluent) and actual tanyard pretreatment effluent (Table 8.29, Column 2 outlet effluent) should be mixed together in accordance with the wastewater volume ratio of beamhouse 25.20 to tanyard 36.03 (Table 8.4) for further biological treatment, secondary flotation clarification, and filtration. Unfortunately, there 

were not enough beamhouse pretreatment effluent and tanyard pretreatment effluent left for the 

further end-of-the-pipe biological treatment research. 

Accordingly, different batches of tannery beamhouse and tanyard wastewaters from other stor-

age tanks were separately pretreated and mixed together for the end-of-the-pipe combined biologi-

cal treatment (see Figure 8.12). Actual combined biological aeration, DAF, and filtration treatment results are reported in Table 8.29, Column 3. 

The filtered effluent quality (Table 8.29, Column 3 outlet) is after the filtration of the secondary DAF clarified effluent, as shown in Figure 8.12. The calculated percent reduction of combined bio-

logical aeration, DAF, and filtration are TSS almost 100%, COD 72.84%, BOD 86.27%, ammonia 

nitrogen 29.25%, nitrite nitrogen 99.51%, nitrate nitrogen 37.5%, total phosphorus 37.5%, chromium 

0%, and sulfide 0.9%. 

Column 4 of Table 8.29 indicates the quality of the treated effluent (outlet) after membrane filtra-

tion process, which involves the following processes: (a) membrane filtration (NF) and (b) chemical 

dosing. 

The final permeate quality (outlet) reported in column 4 of Table 8.29 is after the reduction of the total dissolved solids by the process of membrane filtration (NF/RO membrane). The test results 

were provided by a membrane process equipment manufacturer. 

8.9.2  disCussions and results

The results can be analyzed effectively by reviewing Table 8.29 in order to summarize the  following: (a) general overview of results and (b) advantages of various processes. 

8.9.2.1  General Overview of the Results

 8.9.2.1.1  Pretreatment of Beamhouse Waste

Pretreatment of beamhouse waste yielded wonderful results. The proteins present in the waste were 

removed effectively by the addition of carbon dioxide. A COD reduction of about 2,000 mg/L from 

10,300 mg/L (41.6% reduction) was achieved by carbonation of the waste (Table 8.29, Column 1). 

Sulfides present in the beamhouse waste were effectively removed by the addition of ferrous sul-

fate. Ferrous sulfate addition did result in the reduction of sulfides from a value of 530 to 0.32 mg/L 

(99.94% reduction). Further, addition of ferrous sulfate did result in a further COD reduction of the 

waste (Table 8.29 and Figure 8.12). 

Thus, an overall COD reduction achieved by pretreatment of the beamhouse waste is from a value 

of 10,300 mg/L to 6,020 mg/L, i.e. 4,300 mg/L of total COD reduction (Tables 8.16, 8.18, and 8.29). 

Both chromium and sulfide in the beamhouse wastewater were successfully reduced by 99.82% 

and 99.94%, respectively, in the beamhouse pretreatment. Total dissolved solids (TDS), however, 

could not be removed. The ferrous sulfide sludge from vacuum filtration was recycled to the flash 

mixing tank of tanyard pretreatment train, as shown in Figure 8.12. 

 8.9.2.1.2  Pretreatment of Tanyard Waste

Pretreatment of tanyard waste also yielded wonderful results. The thick hairy substances present in 

the waste contributed a high COD value and was removed effectively by the process of fine screening. 

Fine screening of the tanyard waste did result in a COD reduction of about 3,000 mg/L (Table 8.23). 
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Chromium present in the tanyard waste was effectively removed by the addition of ferrous sulfide 

sludge generated from the beamhouse waste treatment. Ferrous sulfide sludge addition (Figure 8.12) 

did result in the reduction of chromium from a value of 1,100 to 0.30 mg/L. Further, addition of fer-

rous sulfide did result in a further COD reduction of the waste to 2,000 mg/L (Table 8.24). 

Thus, an overall COD reduction achieved by pretreatment of the tanyard waste is from a value 

of 7,030 to 2,610 mg/L, i.e. 4,420 mg/L of total COD reduction (Tables 8.23, 8.24, and 8.29). The COD percent reduction was 62.9%. 

Pretreatment of tanyard waste (Table  8.29, Column2; Figure  8.12) also reduced 64.3% BOD, 99.97% chromium, 49.1% sulfide, 93.2% TSS, and 10.7% TDS. 

 8.9.2.1.3   Biological Treatment of the Mixed and Blended Pretreated  

 Beamhouse and Tanyard Waste

Biological treatment was conducted in three stages, namely carbonaceous oxidation and nitrifica-

tion for a period of 14 h and denitrification for a period of 2 h or more. The client in India already 

achieves good results with a 24-h extended aeration process for the reduction of BOD, COD, and 

organic nitrogen. The Lenox Institute of Water Technology (LIWT) researchers did perform the 

biological study to just check whether a shorter detention time was sufficient for the process of 

biological treatment. 

Pilot plant-scale studies proved that a typical extended aeration system is required for a detention 

time of 18–24 h. Biological treatment using a pilot plant did prove an effective reduction in COD 

and BOD of about 80% in a period of 8–14 h (Tables 8.26 and 8.29).  The organic reduction will be better (over 95%) when it is aerated for 24 h instead of 14 h according to the current practice in India. 

The authors’ planned additional achievement in this biological treatment process is the denitrifi-

cation stage of the process. Since denitrification is not practiced by the LIWT client in India, it was 

not extensively researched. 

 8.9.2.1.4  Secondary Clarification by Flotation

Figure  8.12 shows that dissolved air flotation (DAF) was successfully used for pretreatment of tanyard wastewater and then was used as a secondary flotation clarifier for treating the combined 

pretreated wastewater from both the beamhouse and the tanyard. 

Clarification of the effluent from the aeration system by the process of DAF in recycle mode did 

result in good subnatant quality with reference to suspended solids removal (Table 8.27). About 85% 

reduction of solids was achieved. Further, flotation did yield a highly concentrated sludge, which 

will be of great advantage in reducing the quantity of MLSS recycle required. High residual dis-

solved oxygen (DO) in the flotation effluent is another advantage [107]. 

 8.9.2.1.5  Membrane Filtration

Membrane filtration (using NF/RO membrane) projections of the filtered effluent from the Lenox 

Institute of Water Technology (LIWT) research did yield good subnatant quality with reference to 

total dissolved solids removal (Table 8.29). 

The treated water from the membrane filtration process indicates to contain substantially reduced 

concentration of total dissolved solids (TDS) which are projections from membrane manufactur-

ers for the given filtered water ionic load and thus meeting the standards and achieving a complete 

treatment of the tannery effluent. 

 8.9.2.1.6  Overall Treatment Accomplishments

The LIWT researchers successfully pretreated both the beamhouse waste and the tanyard waste 

using innovative carbonation, ferrous sulfate coagulation, sulfide precipitation, ferrous sulfide 

sludge recycle, vacuum filtration, screening, and dissolved air flotation (see Figures  8.12 and 

Table  8.29, Column 1 and Column 2). Table  8.30 summarizes partial treatment and the Indian Effluent Standards. Both high concentrations of chromium ions and sulfide ions were reduced to 
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TABLE 8.30

Treated Effluent Quality and Standards

Parameter

Inlet Quality

Treated Effluent Quality Achieved

Indian Effluent Standard

TDS, mg/L

14,670

1,863

2,100 

Chloride,mg/L

6,200

627

1,000

Sulfate, mg/L

6,400

384

1,000

COD, mg/L

8,000

<250

250

BOD, mg/L

1,875

<30

30

Chromium, mg/L

1,100

0.30

2

Sulfide, mg/L

530

0.317

2

about 0.3 and 0.317 mg/L, respectively. Over 99.9% TSS was removed. TDS, chlorides, and sulfates 

can only be reduced to allowable levels using a member filtration process (using NF/RO membrane). 

With satisfactory COD and BOD from the beamhouse waste pretreatment stage and the tanyard 

waste pretreatment stage, the LIWT client in India has been able to copy the pretreatment meth-

ods and to apply an extended aeration process (with 24-h aeration time) in order to meet the India 

Effluent Standards on COD and BOD. 

8.9.2.2  Advantages of Pretreatment of Beamhouse Waste

The following are the various processes which have specific advantages in the treatment of tan-

nery waste: (a) advantages of pretreatment of beamhouse waste; (b) advantages of pretreatment 

of tanyard waste; (c) advantages of denitrification; (d) advantages of secondary floatation; and  

(e) advantages of membrane filtration. 

 8.9.2.2.1  Carbon Dioxide Addition for Removal of Proteins

The advantages will include: (a) stack gas utilization – byproduct for the tanneries; (b) no chemical 

cost as the carbon dioxide is available as a free byproduct of the industry; (c) the sludge generated is 

rich in proteins and can be used as an animal food for chickens or as soil conditioner – USEPA [11] 

recommendation; and (d) above all a overall reduction in the global warming effect. 

 8.9.2.2.2  Ferrous Sulfate Addition for Removal of Sulfides

The advantages will include: (a) the total reduction in the concentration of the toxic pollutant; 

(b) total reuse and recovery of the sludge generated for the purpose of chromium removal in the 

tanyard waste; and (c) a further reduction in the COD concentration of the waste by the addition 

of ferrous salt. Overall, the COD reduction achieved by pretreatment of the beamhouse waste is 

10,300–6,000 mg/L, which is great. 

8.9.2.3  Advantages of Pretreatment of Tanyard Waste

 8.9.2.3.1  Fine Screening for Removal of Hairy Substance

A major reduction in the COD concentration of about 3,000 mg/L is the advantage. 

 8.9.2.3.2  Ferrous Sulfide Addition for Removal of Sulfides

There are several advantages: (a) the total reduction in the concentration of the toxic pollutant to 

concentration of less than 0.5 mg/L; (b) no chemical cost except for minor cost of additional chemi-

cal as the entire chemical required for removal of chromium is recovered from the pretreatment 

of the beamhouse waste, e.g. out of the 1,857 mg/L of ferrous sulfide sludge required, 1,457 mg/L 

of sludge is recovered from the beamhouse waste; (c) chromium can be recovered from the sludge 
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generated for utilization in the tanning process or black bricks can be made by the molding process; 

and (d) a further reduction in the COD concentration of the waste by the addition of ferrous salt. An 

overall COD reduction achieved by pretreatment of the tanyard waste is 7,030–2,600 mg/L

8.9.2.4  Advantages of Denitrification

The advantages of denitrification will include: (a) denitrification results in 80–90% reduction of 

the nitrate concentration of the waste and thus reducing the nitrate load to the membranes in ter-

tiary treatment step; (b) the time required for denitrification is very short, generally 2–4 h; (c) the 

structures required for denitrification are very small; and (d) a high degree of nitrogen removal is 

possible by the process of denitrifcation [64,68]. 

8.9.2.5  Advantages of Secondary Flotation Clarification

There are multiple advantages of the secondary flotation clarification application: (a) secondary 

flotation of the mixed liquor suspended solids from activated sludge aeration basin is very efficient; 

(b) secondary flotation can achieve very high sludge concentration compared to conventional sedi-

mentation tanks; (c) since the concentration of the sludge is very high in secondary DAF systems, 

the volume of recycle required is reduced and the aeration tank capacity is increased which can be 

very useful for improving the treatment efficiency of an existing overloaded activated sludge plant; 

(d) with additional chemical treatment, phosphorous content can be reduced to acceptable levels; 

(e) more compact for installations and can fit in even small sites; and (f) the dissolved oxygen (DO) 

concentration of flotation effluent is very high, thus the need of additional required post- aeration can 

be eliminated [47–54, 74,96,97,98,107]. 

8.9.2.6  Advantages of Membrane Filtration

Membrane filtration currently includes a group of membrane-related pressure-driven filtration pro-

cesses, such as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO), 

and membrane bioreactor (MBR), for various applications. The advantages of using membrane 

filtration for tannery waste treatment include (a) membrane filtration systems reduce the ionic load 

of the waste stream to much lower levels and thus producing ultra pure water; (b) membrane filtra-

tion systems also reduce the organic load of the waste stream, which is a significant advantage over 

the ion exchange and electrodialysis processes; and (c) recovery of valuable or reusable material is 

possible by membrane filtration. For the removal of TDS, and other solutes, such as chloride and 

sulfate, membrane filtration (NF/RO) is needed. Theoretically, RO alone would be able to remove 

almost all pollutants. However, the use of RO alone would be extremely expensive for tannery waste 

treatment. So, many pretreatment processes, such as screening, carbonation, chemical coagulation, 

chemical precipitation, biological processes, vacuum filtration, and clarification (DAF), as shown in 

Figure 8.12, are needed prior to the final stage treatment of membrane filtration (NF/RO membrane). 

The most recent development in membrane filtration is MBR involving the use of both biological 

treatment (for carbonaceous oxidation, nitrification, and denitrification) and membrane filtration 

(for clarification and final polishing). The Lenox Institute of Water Technology (LIWT) has devel-

oped a FMBR (flotation-membrane bioreactor) process which utilizes dissolved air flotation (DAF) 

as a pretreatment to conventional MBR. In a tough project situation, such as tannery waste treat-

ment, paper/pulp waste treatment, and landfill leachate treatment, MBR will be technically feasible, 

but FMBR will be technically and economically feasible [96,98,102]. 

8.10  SUMMARY AND CONCLUSIONS

8.10.1  summary

Leather tanning industry is one of the oldest and traditional businesses in the southern part of India. 

They export and supply about 60% of the world’s leather products and employ around 200,000 

people as labor. The tanneries produce a highly toxic effluent as waste, which did lead to the impact 
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on strong environmental safe guards, making the pollution control boards to introduce stringent 

limits, which involved major cost for treatment. 

Indian tannery markets subsided due to these stringent limits, leading to the closure of about 55 

tanneries in south India by the order of the Supreme Court of India for not meeting the limits of total 

dissolved solids (TDS = 2,100 mg/L) in the final treated effluent. The closure of the tanneries has 

resulted in various industrial organizations all around the world and in India to focus it as a world 

industrial and health issue, and thus technical and management teams involving researchers and 

tanners have been traveling all around the world to find out feasible solutions. 

The Lenox Institute of Water Technology (LIWT), a pioneer in water and waste treatment 

research, is recommending valuable approaches for the tanners who are seeking feasible solutions 

for their effluent treatment. 

Membrane filtration, being the only solution for TDS reduction of the waste to meet the 

Indian standards, has proven to be an expensive system available for treatment. LIWT, under 

the guidance of major advisors Dr. Milos Krofta and Dr. Lawrence K. Wang, has formulated a 

strategy of reducing the cost of the membrane filtration system by reducing the pollutant load to 

the membranes using dissolved air flotation and other innovative technologies. Valuable results 

have been generated from this research and have gained great appreciation from membrane 

manufacturers. 

The innovative approach of reducing the tannery pollutant load involves (a) the segregation of 

the various streams (beamhouse waste stream and tanyard waste stream); (b) first-stage beam-

house waste pretreatment: recycle of carbon dioxide in the stack flue gas for removing the protein, 

BOD, and COD from the beam waste stream and recovery and reuse of the recovered protein; 

(c) second-stage beamhouse waste pretreatment: addition of ferrous sulfate to the carbonation 

effluent for removing the sulfide, BOD, COD and TSS and recovery of ferrous sulfide waste 

sludge; (d) total pollutant reduction from the overall beamhouse waste pretreatment: TSS (87%), 

COD (41.6%), BOD (39.8%), chromium (99.82%), and sulfide (99.94%); (e) first-stage tanyard 

waste pretreatment: screening removal of large substance, TSS, etc.; (f) second-stage tanyard 

waste pretreatment: reuse of ferrous sulfide waste sludge for the removal of toxic chromium 

and other heavy metals and, in turn, the release of ferrous ions; reuse of ferrous ions as coagu-

lant; and separation of chromium sulfide sludge, BOD, COD, and TSS by dissolved air flotation 

(DAF); (g) total pollutant reduction from the overall tanyard waste pretreatment: TSS (93.2%), 

COD (62.9%), BOD (64.3%), chromium (99.97%), and sulfide (99.10%); (h) combination of both 

the beamhouse waste pretreatment effluent and the tanyard waste pretreatment effluent for the 

end-of-the-pipe treatment by biological process, DAF, and membrane filtration; and (i) develop-

ment of a new flotation-membrane bioreactor (FMBR) process including the required biologi-

cal process, DAF, and membrane filtration for overall cost saving in the final end-of-the-pipe 

treatment. 

Valuable results were obtained meeting the Indian Tannery Effluent Standards. This treatment 

strategy of pretreating the waste followed by biological denitrification before membrane filtration 

has proven to be very effective for the treatment of leather tanning effluents. The innovative treat-

ment strategy may also reduce the environmental problem of global warming effect by utilization 

of the tanneries stack gas (carbon dioxide) for the treatment of waste. 

8.10.2  ConClusions

The major achievement of this research work and study is concluded as follows:

8.10.2.1  Utilization of the Stack Gas (Carbon Dioxide)

We have found a way to utilize the stack gas, which is dispersed out in the atmosphere, causing 

global warming effect, and we make a real use of the stack gas for the purpose of protein reduction 

of the beamhouse waste. This is a environmentally appreciated solution as we solve the air pollution 

problem and also reduce the global warming effect. 
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8.10.2.2  Removal of Chromium and Sulfides

We have proved an efficient process for the removal of sulfides and removal of chromium to values 

much less than 0.4 mg/L (EFF. STD 2 mg/L). This advanced process of reduction of toxic pollutants 

is not practiced by any tannery in the world today. 

8.10.2.3  Waste Utilization

The Lenox Institute of Water Technology (LIWT) researchers have proved an efficient process for 

utilizing the waste of one waste stream (ferrous sulfide sludge from beamhouse pretreatment) for 

treating the effluent of other waste stream (tanyard pretreatment) for toxicity reduction (chromium 

removal). 

8.10.2.4  Chemical Requirement for Pretreatment

The chemical requirement is minimum for the pretreatment process as only ferrous sulfate plays a 

major role of running cost, including the lime requirement for pH correction. 

8.10.2.5  Efficency of the Pretreatment Process

The COD reduction achieved by the pretreatment process for both beamhouse waste and tanyard 

waste is about 4,500 mg/L and thus reducing the load to the biological system. 

8.10.2.6  Biological Treatment

Biological treatment did prove effective reduction in COD and BOD of about 80% reduction in 14 h. 

We recommend and are confident that the organic reduction will be better when it is aerated for 18–24 h 

instead of 14 h, as the LIWT client in India already achieves good results in 18–24 h aeration process. 

Biological treatment did prove effective by opting the denitrification process in the reduction of 

the nitrate concentration to the membrane filtration process. This process is not practiced by clients 

in India at present. Hence, it is a new strategy to the client for the reduction of nitrates. 

8.10.2.7  Secondary Flotation Clarification

Secondary clarification by the process of dissolved air flotation is highly efficient for the removal 

of the mixed liquor suspended solids and also add DO to the flotation effluent, eliminating the need 

of post-aeration. Further, flotation yields highly concentrated sludge which reduces the volume of 

recycle required. 

8.10.2.8  Membrane Filtration

The projections of the membrane filtration process from membrane manufacturers prove to be 

highly effective for total removal of total dissolved solids (TDS) such as cations and anions and 

residual organic load to meet the effluent discharge standards. LIWT researchers have developed a 

flotation-membrane bioreactor (FMBR) process for treating hazardous industrial wastewaters, such 

as tannery wastes, paper-pulp wastes, and landfill leachates. 

8.10.2.9  Solid Waste Management

Solid waste management of the entire treatment process has been visualized economically from the 

customer’s point of view. In order to summarize on the same, 



1.  The carbonated sludge from the beamhouse treatment can be used as animal food for feed-

ing chickens and as a soil conditioner as per USEPA [11] recommendations. 

2. The ferrous sulfide generated by the removal of sulfides can be used for treating the other 

stream (chromium removal), and which is a very important factor in the cost reduction of 

chemicals required for the removal of chromium. 

3. The chromium sludge generated from the treatment of tanyard waste can be made into 

bricks by the process of molding with the addition of solidification agents. 
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4.  The chromium can be recovered and reused for the tanning process from the sludge gener-

ated. USEPA [11] strongly recommends the recovery of chromium from toxic sludge. 

5. The activated sludge produced by the aerobic/anoxic process is a more stabilized sludge 

and can be used for the irrigation purpose as a soil conditioner. 

8.11  DEDICATION AND ACKNOWLEDGMENT

8.11.1  dediCation

This publication is written by the faculty and student of the Lenox Institute of Water Technology 

(formerly Lenox Institute for Research) as one of the memoirs in memory of Dr. Milos Krofta, who 

was the founder, president, and professor of the Institute until his passing in 2002. The authors 

document Dr. Krofta’s lifelong accomplishment in this section – being the academic community’s 

forever memory. Most of Dr. Krofta’s lifelong information given below has been complied by his 

family, colleagues, and the Paper Industry International Hall of Fame, in which Dr. Krofta was one 

of the inductees. 

Dr.  Krofta was born in Ljubljana, capital city of Slovenia, on July 23, 1912. The region was 

part of the Austro-Hungarian Empire, which became Yugoslavia after World War I. In 1992, the 

beautiful, partially alpine territory finally obtained its independence. He completed his BS degree 

in mechanical engineering in Ljubljana and continued his studies in Prague, Czechoslovakia. In 

1934, at age 22, he was the youngest engineering graduate in the history of the school. In Fall 1934, 

he began his specialization at the University for Paper Engineering in Darmstadt, West Germany. 

While in Prague, Dr. Krofta met his future wife, Maria Hybler, and got married in 1937. He obtained 

his PhD in papermaking technology in 1938 and soon became the general manager of big Vevce 

Paper Mills producing 150 tons per day (half the total demand of Germany) during World War II. In 

1951, Kroftas immigrated to the United States, established Krofta Engineering Corporation (KEC), 

and started to build the paper and pulp processing installations mainly based on the dissolved air 

flotation (DAF) principle in 1960. In early 1980s, Dr. Krofta established the Lenox Institute as a 

non-profit educational institute and invited many established educators for promotion of DAF as an 

environmental engineering process. The Institute offered full scholarship to all qualified graduate 

students who could successfully complete their Master of Engineering degree in Water Engineering 

from the Institute. The Institute educated over 200 excellent DAF engineers who are now work-

ing as environmental engineers, managers, scientists, researchers, professors, planners, etc. around 

the world. The Institute designed and built the first Nation’s DAF potable water treatment plant in 

Lenox, Massachusetts, USA, and realized the problem of lead in drinking water and searched for 

a solution as early as 1982. In 1986, the Institute teamed up with KEC and consulting firms for the 

installation of the world’s largest DAF potable water treatment plant in Pittsfield, Massachusetts, 

USA. Besides, the treatment and reuse of wastewater was greatly facilitated by installing DAF units, 

which at the same time protected the environment and reduced almost totally the use of fresh water. 

Nearly 3,000 Krofta DAF clarifiers and savealls are operating around the world in both developing 

and industrial countries. With the Institute’s faculty, staff, and graduates together, Dr. Krofta had 

successfully expanded the DAF’s capability from a paper machine to a major water and wastewater 

treatment process. 

During Dr. Krofta’s career, he published over 400 technical reports and paters and has more 

than 60 US and foreign patents to his credit. He was a TAPPI Fellow, a Professor Engineer, and a 

Diplomat of American Academy of Environmental Engineers. With Dr. Lawrence K. Wang together, 

Dr.  Krofta received the Five-Star Award from Pollution Engineering Magazine in 1982 for the 

design and construction of the first DAF potable water treatment plant (Lenox WTP) in this coun-

try and an engineering award from the Korean government for DAF technology transfer to South 

Korea in 1985. Dr. Krofta worked full time, 7 days a week, until his death in 2002 at the age of 90. 

He is survived by his family, colleagues, students, and several thousands of DAF units with his 
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KROFTA logos or spirits. The Institute’s faculty and students have converted many of their Lenox 

textbooks, student theses, and research reports into engineering handbooks, so Dr. Krofta’s lifelong 

accomplishment and especially his dreams can be passed onto the future generations. 

8.11.2  aCknoWledgment

This project was completed as Mr. LNSP Nagghappan’s Master Engineering research [106], super-

vised by Dr. Milos Krofta and Dr. Lawrence K. Wang (major advisors), and financially supported 

by an internal grant from the Lenox Institute of Water Technology (LIWT) mainly for solving 

today’s major issue of the Indian tannery industry. Coauthor Dr. Mu-Hao Sung Wang was a Lenox 

professor and the workhorse of this publication. The history of LIWT can be found from a recent 

publication [108]. 

Research Supervisor David Burgess and Laboratory Supervisor Cathy Maloney of LIWT pro-

vided very important assistance in research equipment setup and water quality analysis, respectively. 

The LIWT Professor Nazih K. Shammas (PhD), Professor William A. Selke (PhD), and 

Laboratory Technician John Moser also assisted the project team significantly during the course of 

this investigation. 

The authors wish to thank Mr. Rafeeque Almed, President of ALL India Skin, and Hide Tanners 

and Merchants Association (AISHTMA), Mr.  Hassan, Hon. Secretary of AISHTMA, Mr.  N. 

Abdur Rahaman of Talco Vaniyambadi Tannery, and Mr. Subramanian of the United States Asia 

Environment Program (USAEP) for their efforts in sending across the waste samples from India, 

for their confidence extended to the Lenox Institute in this project, and for giving the Institute an 

opportunity to serve them effectively. 

GLOSSARY

Beamhouse operations: The operation consist of four typical sub-operations: (a) Side and trim; 

(b) soak and wash; (c) fleshing; and (d) unhairing. Side and trim is the cutting of the hide 

into two sides and trimming of areas which do not produce good leather. In soak and 

wash processes, the hides or sides are soaked in water for 8–20 h to restore the moisture 

that was lost during curing. Washing removes dirt, salt, blood, manure, and nonfibrous 

proteins. Fleshing is a mechanical operation which removes excess flesh, fat, and muscle 

from the interior of the hides. Cold water is used to keep the fat congealed. The removed 

matter is normally recovered and sold for conversion to glue. Unhairing involves using 

calcium hydroxide, sodium sulfhydrate, and sodium sulfide to destroy the hair (hair pulp) 

or remove hair roots (hair save), loosen the epidermis, and remove certain soluble skin pro-

teins. A mechanical. unhairing machine is used to remove hair loosened by chemicals in 

the hair save process. Beamhouse operations typically generate approximately 40% of the 

wastewater volume and approximately 60% of the pollutant load (except chromium) from 

a complete tannery. Washing and soaking produce large quantities of wastewater contain-

ing dirt, salt, manure, and other materials. Solvent degreasing, usually performed only on 

sheepskins and pigskins, generates animal fat and waste skin material, spent detergents, 

and solvents. Unhairing is performed in an alkaline medium. The hair from the hair save 

method is usually disposed of in a landfill; however, the hair pulp process completely dis-

solves the hair. This process is the most significant source of proteinaceous organic and 

inorganic (lime) pollutants characterized by a high pH (10–12), and substantial amounts of 

BOD, TSS, sulfides, alkalinity, and nitrogen. 

Best available demonstrated technology (BADT): It is the basis for establishing effluent limits 

for new industry sources as defined by Section 306 of the PL92–500 in the USA. BADT 

is described as those plant processes and control technologies that have demonstrated at a 

pilot plant level that technologically and economically they justify making investments in 

new production facilities. 
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Best available technology economically achievable (BATEA, or BAT): It is the highest degree of 

technology proved to be designable for plant-scale operation so that costs for this treatment 

may be higher than for treatment by best practicable technology (BPT), but economically 

achievable. BATEA, or BAT, is the treatment required by July 1, 1983 in the USA for 

industrial discharge to surface waters as defined by Section 301 (b)(2)(A) of the PL92–500. 

Best practicable control technology currently achievable (BPCTA or BPT): It is a technol-

ogy acceptable by the government taking into account such factors as age of equipment, 

facilities involved, process employed and process changes, engineering aspects of control 

techniques, and environmental impact apart from water quality, including energy require-

ments. In assessing BPT for a particular category of industry, a balance is struck between 

total cost and effluent reduction benefits. BPT is a treatment required by July 1, 1977 in 

the USA for industrial discharge to surface waters as defined by Section 301 (b)(1)(A) of 

the PL92–500. 

Biochemical oxygen demand (BOD5): The BOD  analysis, generally called BOD, is widely used to 

5

assess the environmental demands of wastewater. It should also be noted that, while BOD 

is a measure of the oxygen requirements of bacteria under controlled conditions, many 

effluent components take longer than the period of analysis to break down. Some chemi-

cals will only be partially broken down, while others may not be significantly affected. 

Typically, vegetable tanning wastes have a long breakdown period, often quoted as being 

up to 20 days. These longer digestion periods can apply to a variety of chemicals used 

in manufacturing leather, including certain re-tanning agents, some synthetic fat liquors, 

dyes, and residual proteins from hair solubilization. This longer breakdown period means 

that the environmental impact is spread over a larger area as wastewater components are 

carried over greater distances before breaking down. 

Chemical oxygen demand (COD): This method measures the oxygen required to oxidize the efflu-

ent sample entirely. It sets a value for the materials that would normally be digested in 

the BOD  analysis, the longer-term biodegradable products, as well as the chemicals that 

5

remain unaffected by bacterial activity. The semi-colloidal material in suspended solids is 

also included in the BOD and COD determinations. Normally 1 mg/L of suspended solids 

will generate a COD increase of approximately 1.5 mg/L. 

Chlorides (Cl−): Chloride is introduced into tannery effluents as sodium chloride usually on account 

of the large quantities of common salt used in hide and skin preservation or the pickling 

process. Being highly soluble and stable, it is not affected by effluent treatment and nature, 

thus remaining as a burden on the environment. Considerable quantities of salt are pro-

duced by industry and levels can rapidly rise to the maximum level acceptable for drinking 

water. Increased salt content in groundwater, especially in areas of high industrial density, 

is now becoming a serious environmental hazard. Chlorides inhibit the growth of plants, 

bacteria and fish in surface waters; high levels can lead to breakdowns in cell structure. 

If the water is used for irrigation purposes, surface salinity increases through evaporation 

and crop yields fall. When flushed from the soil by rain, chlorides re-enter the eco system 

and may ultimately end up in the groundwater. 

Chrome 3+ (Trivalent Chrome, Chrome III): Chromium is mainly found in waste from the 

chrome tanning process; it occurs as part of the re-tanning system and is displaced from 

leathers during re-tanning and dyeing processes. This chrome is discharged in soluble 

form; however, when mixed with tannery wastewaters from other processes (especially 

if proteins are present), the reaction is very rapid. Precipitates are formed, mainly pro-

tein-chrome, which add to sludge generation. Very fine colloids are also formed which 

are then stabilized by the chrome - in effect, the protein has been partially tanned. The 

components are thus highly resistant to biological breakdown, and the biological process 

in both surface waters and treatment plants is inhibited. Once successfully broken down, 

chromium hydroxide precipitates and persists in the ecosystem for an extended period 

of time. If chrome discharges are excessive, the chromium might remain in the solution. 
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Even in low concentrations, it has a toxic effect upon daphnia, thus disrupting the food 

chain for fish life and possibly inhibiting photosynthesis. 

Chrome 6+ (Hexavalent Chrome, Chrome VI): Dichromates are toxic to fish life since they 

swiftly penetrate cell walls. They are mainly absorbed through the gills and the effect is 

accumulative. However, tannery effluents are unlikely to contain chromium in this form. 

Chromium Compounds: Metal compounds are not biodegradable. They can thus be regarded as 

long-term environmental features. Since they can also have accumulative properties, they 

are the subject of close attention. Two forms of chrome are associated with the tanning 

industry, and their properties are often confused: (a) Chrome 3+ (trivalent chrome, chrome 

III); and (b) Chrome 6+ (hexavalent chrome, chrome VI)

Clari-DAF: It is rectangular dissolved air flotation (DAF) clarifier commercially available from 

Xylem Water and Wastewater, Zelienople, PA 16063, USA. 

Coagulant: A chemical (alum or iron salts) added to water to destabilize particles, allowing sub-

sequent floc formation and removal by clarification (flotation or sedimentation) and/or 

filtration. 

Coagulation: A process of destabilizing charges of suspended and colloidal particles in water by 

adding chemicals (coagulants). In coagulation process, positively charged chemicals are 

added to neutralize or destabilize these negative charges and allow the neutralized par-

ticles to accumulate and be removed by clarification (flotation or sedimentation) and/or 

filtration. 

Collector: A device or system designed to collect filter backwash water, or other treatment unit. 

Comminuting: It is a grinding or shredding operation for reducing the particle size of objects 

or debris in the influent wastewater. They are installed with a screen directly in the 

influent wastewater flow’s channel, with the shredded particles returned to the flow 

downstream of the screen. The influent flow is channeled to and through these units. 

The debris is collected against the screen, or outside drum, and the teeth which pen-

etrate this screen cut up the solids. When the solids are reduced to the size of the screen 

or drum openings, they pass through and on for additional downstream wastewater 

treatment. The barminutor is a comminuting device that incorporates revolving cut-

ters that move up and down the upstream face of a bar screen, shredding and cutting 

whatever debris has accumulated against the screen. The screenings are transported 

to the cutting device, shredded and then allowed to fall back into the influent channel 

downstream of the bar screen. 

Conventional biological wastewater treatment system: It normally includes (a) preliminary 

treatment units (i.e. screen, comminutor, grit chamber etc. for removal of sand, gravel, 

cinders, coffee grounds, small stones, cigarette filter tips, logs, cans, and other large-sized 

unwanted materials from raw wastewater), (b) primary sedimentation clarification for 

removing mainly total suspended solids from preliminary effluent, (c) secondary bio-

logical treatment units (such as activated sludge aeration or equivalent plus secondary 

sedimentation clarification) for removing dissolved organic/inorganic pollutants from pri-

mary effluent, and (d) tertiary treatment plant units (i.e. filtration, granular activated car-

bon adsorption, ion exchange, oxidation, nitrification, denitrification, and/or disinfection) 

for final polishing the secondary effluent in order to meet the effluent discharge standards. 

Conventional physicochemical wastewater treatment system: It normally includes (a) prelimi-

nary treatment units (i.e. screen, comminutor, grit chamber etc. for removal of sand, gravel, 

cinders, coffee grounds, small stones, cigarette filter tips, logs, cans, and other large-sized 

unwanted materials from raw wastewater), (b) primary sedimentation clarification for 

removing mainly total suspended solids from preliminary effluent, (c) secondary physi-

cochemical treatment units (such as chemical precipitation/coagulation or equivalent plus 

secondary sedimentation clarification) for removing dissolved organic/inorganic pollutants 
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from primary effluent, and (d) tertiary treatment plant units (i.e. filtration, granular acti-

vated carbon adsorption, ion exchange, oxidation, nitrification, denitrification, and/or dis-

infection) for final polishing the secondary effluent in order to meet the effluent discharge 

standards. In the nitrification and denitrification steps, only tertiary sedimentation clarifi-

cation will be used for solid-water separation. 

Dissolved air flotation (DAF): It is one of dissolved gas flotation (DGF) processes when air is used 

for generation of gas bubbles. See dissolved gas flotation (DGF). 

Dissolved air flotation-filtration (DAFF): It is a package plant including both dissolved air flota-

tion and filtration, such as Sandfloat, developed by the Lenox Institute of Water Technology 

(LIWT), and manufactured by Krofta Engineering Corporation (KEC) and their associ-

ated companies around the world. The filtration portion of DAFF can be sand filtration, 

multiple-media filtration, or granular activated carbon (GAC) filtration. 

Dissolved carbon dioxide flotation (DCDF): It is one of dissolved gas flotation (DGF) processes 

when carbon dioxide is totally or partially used for generation of gas bubbles. See dis-

solved gas flotation (DGF). 

Dissolved carbon dioxide flotation (DCDF): It is one of dissolved gas flotation (DGF) processes 

when carbon dioxide is totally or partially used for generation of gas bubbles. See dis-

solved gas flotation (DGF). 

Dissolved gas flotation (DGF): It is a process involving pressurization of gas at 25–95 psig for 

dissolving gas into water, and subsequent release of pressure (to one atm) under laminar 

flow hydraulic conditions for generating extremely fine gas bubbles (20–80 μm) which 

become attached to the impurities to be removed and rise to the water surface together. 

The impurities or pollutants to be removed are on the water surface are called float or scum 

which scooped off by sludge collection means. The clarified water is discharged from the 

flotation clarifier’s bottom. The gas flow rate is about 1% of influent liquid flow rate. The 

attachment of gas bubbles to the impurities can be a result of physical entrapment, elec-

trochemical attraction, surface adsorption, and/or gas stripping. The specific gravity of 

the bubble-impurity agglomerate is less than one, resulting in buoyancy or flotation (i.e. 

Save-All). 

Filtration: It is usually a granular medial filtration process which involves the passage of waste-

water or water through a bed of filter media with resulting deposition f suspended solids. 

Eventually the pressure drop across the bed becomes excessive or the ability of the bed 

to remove suspended solids is impaired. Cleaning is then necessary to restore operating 

head and effluent quality. The time in service between cleanings is termed the filter run 

time or run length. The head loss at which filtration is interrupted for cleaning is called 

the terminal head loss, and this head loss is maximized by the judicious choice of media 

sizes. Dual media filtration involves the use of both sand and anthracite as filter, media, 

with anthracite being placed on top of the sand. Gravity filters operate by either using the 

available head from the previous treatment unit, or by pumping to a flow split box after 

which the wastewater flows by gravity to the filter cells. Pressure filters utilize pumping 

to increase the available head. A filter unit generally consists of a containing vessel, the 

filter media, structures to support the media, distribution and collection devices for filter 

influent, effluent, and backwash water flows, supplemental cleaning devices, ad necessary 

controls for flows, water levels and backwash sequencing. Backwash sequences can include 

air scour or surface wash steps. Backwash water can be stored separately or in chambers 

that are integral parts of the filter unit. Backwash water can be pumped through the unit or 

can be supplied through gravity head tanks. Filtration may also include granular activated 

carbon (GAC) filtration and pressure filtration. 

Floc: Collections of smaller particles that have agglomerated together into larger, more separable 

(floatable or settleable particlks as result of the coagulation process). 
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Flocculation: A water treatment unit process followibg coagulation that uses gentle stirring to 

bring suspended particles together so they will form largr, more separable (floatable or 

settleable) floc. 

Flocculator/flocculation: Flocculator is a process device to enhance the formation of floc in a 

water. Mixing energy can be provided by slow turning mechanical means or head loss. A 

unit process involving the use of flocculators is called flocculation. 

Granular activated carbon adsorption: Granular activated carbon (GAC) is used in wastewa-

ter substances GAC systems generally consist of vessels in which the carbon is placed, 

forming a “filter” bed. These systems can also include carbon storage vessels and thermal 

regeneration facilities. Vessels are usually circular for pressure systems or rectangular for 

gravity flow systems. Once the carbon adsorptive capacity has been fully utilized, it must 

be disposed of or regenerated. Usually multiple carbon vessels are used to allow continu-

ous operation. Columns can be operated in series or parallel modes. All vessels must be 

equipped with carbon removal and loading mechanisms to allow for the removal of spent 

carbon and the addition of new material. Flow can be either upward or downward through 

the carbon bed. Vessels are backwashed periodically. Surface wash and air scour systems 

can also be used as part of the backwash cycle. Small systems usually dispose of spent 

carbon or regenerate iit offsite. Systems above about 3–5 MGD (million gallons per day) 

usually provide on-site regeneration of carbon for economic reasons. 

Grinding: It is a unit operation for reducing the particle size of objects or debris in the influent 

wastewater, also termed shredding or comminuting. These devices may be installed with 

a screen directly in the wastewater flow or separately out of the wastewater flow, with the 

shredded particles returned to the flow downstream of the screen. Only those shredding 

and grinding devices that are installed directly in the influent channel are termed com-

minuting devices. 

Grit chamber: It is a grit removal device that is designed to allow the settling out of this material. 

Grit removal is an important process for several reasons: (a) to prevent cementing effects 

at the bottom of sludge digesters and primary clarification tanks; (b) to reduce the poten-

tial for clogging of pipes and sludge hoppers; (c) to protect moving mechanical equipment 

and pumps from unnecessary wear and abrasion; (d) to reduce accumulations of materials 

in aeration tanks and sludge digesters which would result in a loss of usable volume; and  

(e) to reduce accumulations at the bases of mechanical screens. There are two types of 

grit chambers. The velocity controlled grit chambers limit the velocity in the rectangular 

channels to a maximum of 1 foot per second (fps). This velocity is low enough to allow 

the grit to settle but fast enough to maintain a majority of the organic material in suspen-

sion. The aerated grit chambers are normally sized on the basis of both detention time and 

volume of air. Typically, the detention time is in the range of 2–5 min and the air flow is 

in the range of 0.04–0.06 cu ft/ gallon of wastewater. The constant head type of system is 

normally designed using an overflow rate of 15,000 gallons per day per square foot and a 

1 min detention time at peak day flows. 

Grit: It includes sand, gravel, cinders, coffee grounds, small stones, cigarette filter tips, and other 

large-sized unwanted materials in wastewater. 

Independent physicochemical wastewater treatment system (IPCWWTS): An Independent 

Physicochemical Wastewater Treatment System (IPCWWTS) utilizes physicochemical 

(PC) process technology other than biological process technology to obtain combined 

primary and secondary treatment efficiency for removals of mainly biochemical oxida-

tion demand (BOD), chemical oxidation demand (COD), total suspended solids (TSS), 

and phosphate. Typically, an IPCWWTS uses combinations of preliminary treatment 

(flow equalization, bar screening, comminution, grit chamber, ammonia stripping), chemi-

cal precipitation/coagulation, primary clarification (primary sedimentation clarifica-

tion or primary flotation clarification), secondary clarification (secondary sedimentation 
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clarification, or secondary flotation clarification, without biological treatment), tertiary 

wastewater treatment (filtration, and/or granular activated carbon adsorption, ion exchange, 

PC oxidation, etc.), and disinfection. An innovative efficient primary flotation clarifier or 

a secondary flotation clarifier can be in any shape, circular or rectangular. In general this 

IPCWWTS requires much less land area than conventional biological secondary treatment 

systems. Phosphors removal is inherent in this physicochemical process system. 

Innovative biological wastewater treatment system: It normally includes (a) preliminary treat-

ment units (i.e. screen, comminutor, grit chamber etc. for removal of sand, gravel, cin-

ders, coffee grounds, small stones, cigarette filter tips, logs, cans, and other large-sized 

unwanted materials from raw wastewater), (b) primary flotation clarification for removing 

mainly total suspended solids from preliminary effluent, (c) secondary biological treat-

ment units (such as activated sludge aeration or equivalent plus secondary flotation clari-

fication) for removing dissolved organic/inorganic pollutants from primary effluent, and 

(d) tertiary treatment plant units (i.e. filtration, granular activated carbon adsorption, ion 

exchange, oxidation, nitrification, denitrification, and/or disinfection) for final polishing 

the secondary effluent in order to meet the effluent discharge standards. 

Innovative physicochemical flotation wastewater treatment system: It includes (a) preliminary 

treatment units (i.e. screen, comminutor, grit chamber etc. for removal of sand, gravel, 

cinders, coffee grounds, small stones, cigarette filter tips, logs, cans, and other large-sized 

unwanted materials from raw wastewater), (b) primary flotation clarification for removing 

mainly total suspended solids from preliminary effluent, (c) secondary physicochemical 

treatment units (such as chemical precipitation/coagulation or equivalent plus secondary 

flotation clarification) for removing dissolved organic/inorganic pollutants from primary 

effluent, and (d) tertiary treatment plant units (i.e. filtration, granular activated carbon 

adsorption, ion exchange, oxidation, nitrification, denitrification, and/or disinfection) for 

final polishing the secondary effluent in order to meet the effluent discharge standards. In 

the nitrification and denitrification steps, only tertiary flotation clarification will be used 

for solid-water separation. 

Innovative physicochemical flotation-membrane wastewater treatment system: It includes 

(a) preliminary treatment units (i.e. screen, comminutor, grit chamber etc. for removal 

of sand, gravel, cinders, coffee grounds, small stones, cigarette filter tips, logs, cans, and 

other large-sized unwanted materials from raw wastewater), (b) primary flotation clarifica-

tion for removing mainly total suspended solids from preliminary effluent, (c) secondary 

physicochemical treatment units (such as chemical precipitation/coagulation or equivalent 

plus secondary membrane clarification) for removing dissolved organic/inorganic pollut-

ants from primary effluent, and (d) tertiary treatment plant units (i.e. filtration, granular 

activated carbon adsorption, ion exchange, oxidation, nitrification, denitrification, and/

or disinfection) for final polishing the secondary effluent in order to meet the effluent 

discharge standards. In the nitrification and denitrification steps, only tertiary membrane 

clarification will be used for solid-water separation. 

Leather manufacturing: It is the inner layer of an animal skin, which consists primarily of the 

protein collagen, that is made into leather. Tanning is the reaction of the collagen fibers 

with tannins, chromium, alum, or other tanning agents to help stabilize or preserve the 

skin to make it useful. 

Leather tanning or finishing: It is the conversion process of animal hides or skins into leather. 

Cattlehides, sheepskins, and pigskins are the major hides and skins used most often to 

manufacture leather.. To a lesser extent, hides and skins of horses, goats, deer, elk, calves, 

and other animals are also tanned. It is the inner layer of an animal skin, which consists 

primarily of the protein collagen, that is made into leather. Tanning is the reaction of the 

collagen fibers with tannins, chromium, alum, or other tanning agents to help stabilize 

or preserve the skin to make it useful. There are three major groups of sub-processes 
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required to make finished leather: (a) Beamhouse oper¬ations; (b) tanyard processes; and 

(c) re-tanning and finishing processes. These processes and types of wastewater generated 

are described in the subsequent sections. 

Nitrification: It is a biological process by which ammonia in wastewater is converted by 

Nitrosomonas and Nitrobacter to nitrite, then to nitrate in the presence of oxygen. The 

biological reactions involved in these conversions may take place during activated sludge 

treatment, or a s separate stage following removal of carbonaceous materials. Separate 

stage nitrification may be accomplished via suspended growth or attached growth unit 

processes. In either case, the nitrification step is preceded by a pretreatment sequence (i.e. 

preliminary treatment, primary treatment, and secondary treatment). Possible secondary 

treatment may be (a) biological secondary treatment, such as activated sludge, trickling 

filter, roughing filter, plus secondary clarification; or (b) physicochemical secondary treat-

ment, such as chemical precipitation/coagulation plus secondary clarification. Low BOD 

(i.e. BOD /TKN ratio of less than 3) in the secondary effluent will assure a high concen-

5

tration of nitrifiers (Nitrosomonas and Nitrobacter) in the nitrification biomass. The most 

common separate stage nitrification process is the plug flow suspended growth configura-

tion with clarification. In this process, pretreatment effluent (i.e. nitrification influent) is pH 

adjusted as required, and aerated, in a plug flow mode. Because the carbonaceous demand 

is low, nitrifiers predominate. A clarifier (either sedimentation clarifier or flotation clari-

fier) follows aeration, and nitrification sludge is returned to the aeration tank. A possible 

modification is the use of pure oxygen in place of conventional aeration during the plug 

flow operation. 

Nitrogen: Nitrogen is contained in several tannery effluent components. Sometimes, these sources 

have to be differentiated. 

Oils and grease (O&G): In leather manufacture, natural oils and grease are released from within 

the skin structure. If fat liquor exhaustion is poor, some fatty substances may be pro-

duced through inter-reaction when wastewaters mingle. Floating grease and fatty particles 

agglomerate to form “mats,” which then bind other materials, thus causing a potential 

blockage problem especially in effluent treatment systems. If the surface waters are con-

taminated with grease or thin layers of oil, oxygen transfer from the atmosphere is reduced. 

If these fatty substances emulgate, they create a very high oxygen demand on account of 

their bio-degradability. 

Oxygen demand: Many effluent components are broken down by bacterial action into simpler 

components. Oxygen is required for both the survival of these (aerobic) bacteria and the 

breakdown of the components. Depending on effluent composition, this breakdown can 

be quite rapid or may take a very long time. If effluent with a high oxygen demand is dis-

charged directly into surface water, the sensitive balance maintained in the water becomes 

overloaded. Oxygen is stripped from the water causing oxygen-dependent plants, bacteria, 

fish – as well as the river or stream itself – to die. The outcome is an environment populated 

by anaerobic bacteria (which are not oxygen-dependent) leading to toxic water conditions. 

A healthy river can tolerate substances with low levels of oxygen demand. The load created 

by tanneries, however, is often excessive, and the effluent requires treatment prior to dis-

charge. In order to assess the impact of effluent discharge on surface waters or determine 

the cost of treatment, oxygen demand needs to be determined. 

pH value: Acceptable limits for the discharge of wastewaters into both surface waters and sew-

ers vary, ranging from pH 5.5 to pH 10.0. Although stricter limits are often set, greater 

tolerance is shown toward higher pH values since carbon dioxide from the atmosphere or 

from biological processes in healthy surface water systems tends to lower pH levels very 

effectively to neutral conditions. If the surface water pH shifts too far either way from 

the pH range of 6.5–7.5, sensitive fish and plant life may be lost. Municipal and common 

treatment plants prefer discharges to be more alkaline to reduce the corrosive effect on 

Treating Tannery Waste

229

concrete. Metals tend to remain insoluble and more inert, and hydrogen sulfide evolution is 

minimized. When biological processes are included in the treatment, the pH is lowered to 

more neutral conditions by carbon dioxide. 

Preliminary effluent: The effluent from a preliminary treatment system (i.e. bar screen, comminu-

tor, and grit chamber) by which most of large objects, such as rocks, logs and cans, grit, etc. 

in raw wastewater have been removed. 

Preliminary treatment: It is the first treatment step, or preliminary step of either a conven-

tional wastewater treatment system or an independent physicochemical treatment 

system. Preliminary treatment consists of bar screen, comminutor, and grit chamber 

mainly for removing large objects, such as rocks, logs and cans, grit, etc. from raw 

wastewater. Comminutor is an option depending on the nature and characteristics of 

raw wastewater. 


Primary effluent: The effluent from a primary treatment system (either primary sedimentation 

clarification or primary flotation clarification) by which most of total suspended solids in 

wastewater have been removed. 

Primary treatment: It is an important wastewater treatment step (either primary sedimentation 

clarification or primary flotation clarification mainly for removing total suspended sol-

ids from preliminary treatment effluent) after the preliminary treatment (i.e. bar screen, 

comminutor, and grit chamber mainly for removing large objects from raw wastewater), 

but before secondary treatment (either biological treatment or physicochemical treatment 

mainly for removing dissolved organic/inorganic pollutants from primary effluent). 

Rapid mixing: A water treatment unit process of quickly mixing a chemical solution uniformly 

through the process water. 

Re-tanning and wet-finishing processes: These are the final process steps after beamhouse 

operations and tanyard processes that give the tanned hide special desired character-

istics. The final process steps used include: (a) re-tanning, (b) bleaching, (c) coloring, 

and fatliquoring, and (d) finishing. Re-tanning is used to give the leather certain special 

characteristics (different degrees of flexibility) which are lacking after the initial tanning 

step. The most common re-tanning agents are chromium, vegetable extracts (used to 

minimize variation between different parts of the chromium tanned hide), and syntans 

(used for softer side leathers and in making white or pastel leathers). In the sole leather 

industry, sodium bicarbonate and sulfuric acid are used to bleach the leather after tan-

ning. Coloring involves combining dyes (usually aniline based) with the tanned skin 

fibers to form an insoluble compound. Dyes are added in the re-tanning wheels. Animal 

or vegetable fatliquors are added to replace the natural oils lost in the beamhouse and 

tanyard processes. Finishing includes all operations performed on the hide after fatli-

quoring, and includes finishing to enhance color and resistance to stains and abrasions, 

smoothing and stretching the s.kin, drying, conditioning, staking, dry milling, buffing, 

and plating. These processes generate wastes with additional quantities of trivalent chro-

mium, tannins, sulfonated oils, and spent dyes, which are low in BOD and TSS, high in 

COD, and at elevated temperature. 

Sandfloat: It is combined circular dissolved air flotation and filtration (DAFF) clarifier invented 

and designed by the Lenox Institute of Water Technology (LIWT) and initially manufac-

tured by Krofta Engineering Corporation (KEC). 

Secondary effluent: The effluent from a secondary treatment step which may be either (a) biologi-

cal treatment, such as activated sludge aeration or equivalent plus secondary clarification; 

or (b) physicochemical treatment, such as chemical precipitation/coagulation plus second-

ary clarification. Secondary treatment step removes most of dissolved organic/inorganic 

pollutants from primary effluent. Since secondary clarification (either secondary sedimen-

tation clarification or secondary flotation clarification) is the final step of secondary treat-

ment, the secondary effluent is also the secondary clarification effluent. 
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Secondary treatment: It is a wastewater treatment step after primary treatment (either primary 

sedimentation clarification or primary flotation clarification). Secondary treatment may be 

either biological treatment (such as activated sludge aeration plus secondary clarification) 

or physicochemical treatment (such as chemical precipitation/coagulation plus secondary 

clarification) mainly for removing up to 90% of dissolved organic pollutants from primary 

effluent. 

Shredding: It is a unit operation for reducing the particle size of objects or debris in the influent 

wastewater, also termed grinding or comminuting. These devices may be installed with a 

screen directly in the wastewater flow or separately out of the wastewater flow, with the 

shredded particles returned to the flow downstream of the screen. Only those shredding 

and grinding devices that are installed directly in the influent channel are termed com-

minuting devices. 

Subcategory 1 (leather tanning industry) hair pulp/chrome tan/re-tan-wet finish: These are 

the tannery facilities which primarily process raw or cured cattle or cattle-like hides into 

finished leather by chemically dissolving the hair (hair pulp), tanning with trivalent chro-

mium, and re-tanning and wet finishing. Primary uses for the final products of this subcat-

egory include shoe uppers, garments, upholstery, gloves, and lining material. 

Subcategory 2 (leather tanning industry) hair save/chrome tan/re-tan-wet finish: These are 

the tannery facilities which primarily process raw or cured cattle or cattle-like hides into 

finished leather by chemically loosening and mechanically removing the hair (hair save), 

tanning with trivalent chromium, and re-tanning and wet finishing. Primary uses for the 

final products of this subcategory include shoe uppers, handbags, garments, and gloves. 

Subcategory 3 (leather tanning industry) hair save or pulp/non-chrome re-tan/re-tan-wet  

finish: These are the tannery facilities which process raw or cured cattle or cattle-like 

hides into finished leather by chemically dissolving (hair pulp), or loosening and mechani-

cally removing the hair (hair save); tanning primarily with vegetable tannins, although 

other chemicals such as alum, syntans, or oils may be used; and re-tanning and wet fin-

ishing. Primary uses for the final products of this subcategory include sole leather, laces, 

harnesses, saddle leather, mechanical strap and skirting leather, and sporting good leathers 

(basketballs, footballs, softballs, baseballs, etc). 

Subcategory 4 (leather tanning industry) re-tan/wet finish (sides): These are the tannery facilities 

which process previously un-haired and tanned “wet blue” grain sides into finished’leather 

through re-tanning with trivalent chromium, syntans, vegetable tannins, or other tanning 

agents, coloring with dyes, and wet-finishing processes including fatliquoring, drying 

(especially pasting frame or vacuum), and mechanical conditioning. Primary uses for the 

final products of this subcategory include shoe uppers, garments, and personal goods. 

Subcategory 5 (leather tanning industry) no beamhouse: These are the tannery facilities which 

process previously un-haired and pickled cattlehides, sheepskins, or pigskins into finished 

leather by tanning with trivalent chromium or other agents, then re-tanning and wet finish-

ing. Primary uses for the final products of this subcategory include garments, shoe uppers, 

gloves, and lining material. 

Subcategory 6 (leather tanning industry) through-the-blue: These are the tannery facilities 

which process raw or cured cattle or cattle-like hides only through the “wet blue” tanned 

state by chemically dissolving or loosening the hair and tanning with trivalent chromium. 

No re-tanning or wet finishing is performed. The “wet blue” stock produced by this subcat-

egory is subjected to further processing by plants in Subcategory 4 (grain sides) and plants 

in Subcategory 9 (splits). 

Subcategory 7 (leather tanning industry) shearling: These are the tannery facilities which pro-

cess raw or cured sheep or sheep-like skins with hair intact into finished leather by tanning 

with trivalent chromium or other agents, re-tanning, and wet finishing. Primary uses for 
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hair on sheepskins (shearling) include hospital products, wool lined suede coats and simi-

lar garments, or specialty footwear, and seat covers. 

Subcategory 8 (leather tanning industry) pigskin: These are the tannery facilities which process 

raw or cured pigskins into finished leather by chemically dissolving the hair and tanning 

with trivalent chromium, then re-tanning and wet finishing. Primary uses for the final 

products of this subcategory include shoe uppers and gloves. 

Subcategory 9 (leather tanning industry) re-tan/wet finish (splits): These are the tannery facili-

ties which process previously un-haired and tanned splits into finished leather through 

re-tanning and wet-finishing processes that include coloring, fatliquoring, and mechanical 

conditioning. Primary uses for the final products of this subcategory include sueded leath-

ers for garments, shoe uppers, and other specialty or personal goods. 

Sulfates (SO4)2−: Sulfates (sulfates) are a component of tannery effluent which emanates from the 

use of sulfuric acid or products with a high (sodium) sulfate content. Many auxiliary chem-

icals contain sodium sulfate as a byproduct of their manufacture. For example, chrome 

tanning powders contain high levels of sodium sulfate, as do many synthetic re-tanning 

agents. Removing the sulfide component from effluent by aeration creates an additional 

source, since the oxidation process produces a whole range of substances, including sodium 

sulfate. Sulfates can be precipitated by calcium-containing compounds to form calcium 

sulfate that has a low level of solubility. Problems arise with soluble sulfates, however, for 

two main reasons: (a) Sulfates cannot be removed completely from a solution by chemical 

means. Under certain biological conditions, it is possible to remove sulfate from a solution 

and bind the sulfur into micro-organisms. Generally, however, the sulfate either remains as 

sulfate or is broken down by anaerobic bacteria to produce malodorous hydrogen sulfide. 

This process occurs very rapidly in effluent treatment plants, sewage systems and water 

courses, if effluents remain static. This bacterial conversion to hydrogen sulfide in sewage 

systems results in the corrosion of metal parts, and unless it is sulfate-resistant, concrete 

will gradually erode. (b) If no breakdown occurs, there is the risk of increasing the total 

concentration of salts in surface waters and groundwater. 

Sulfides (S2−) : The sulfide content in tannery effluent results from the use of sodium sulfide and 

sodium hydrosulphide and the breakdown of hair in the unhairing process. Sulfides pose 

many problems. Under alkaline conditions, sulfides remain largely in solution. When the 

pH of the effluent drops below 9.5, hydrogen sulfide evolves from the effluent: the lower 

the pH, the higher the rate of evolution. Characterized by a smell of rotten eggs, a severe 

odor problem occurs. In its toxicity, hydrogen sulfide is comparable to hydrogen cyanide; 

even a low level of exposure to the gas induces headaches and nausea, as well as possible 

eye damage. At higher levels, death can rapidly set in, and countless deaths attributable to 

the build-up of sulfide in sewage systems have been recorded. Hydrogen sulfide gas is also 

soluble. When absorbed, weak acids can form and cause corrosion. This weakens metal 

roofing, girders and building supports. In sewers, major problems can arise as metal fit-

tings, structural reinforcements and piping corrode. If discharged into surface water, even 

low concentrations pose toxic hazards. Sulfides can be oxidized into non-toxic compounds 

by certain bacteria in rivers; however, this creates oxygen demand that, if excessive, can 

harm aquatic life. 

Suspended solids: Suspended solids present in effluents are defined as the quantity of insoluble 

matter contained in the wastewater. These insoluble materials cause a variety of problems 

when discharged; essentially, there are two types of solids distinguished by significantly 

different characteristics. 

Tannery: The facilities that perform leather tanning or finishing operations are tanneries. In gen-

eral, most tanneries perform the entire tanning process, from beamhouse to tanyard, 

then to wet-finishing operations. A smaller number perform only beamhouse and tanyard 
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operations and sell their unfinished product (wet “blue” stock) to other tanneries to produce 

specific leathers. There are nine subcategories of tanneries which have been identified 

based on distinct combinations of raw materials and leather processing operations. See 

Subcategories 1–9. 

Tanyard processes: They follow the beamhouse operations and consist of bating, pickling, tan-

ning, wringing, splitting, and shaving. Bating involves the addition of salts of ammonium 

sulfate or ammonium chloride used to convert the residual alkaline chemicals present from 

the unhairing process into soluble compounds which can be washed from the hides or 

skins. The addition of bates, enzymes similar to those found in the digestive systems of 

animals’, facilitate the separation of the collagen protein fibers and destroy most of the 

remaining undesirable constituents of the hide, such as hair roots and pigments. Pickling 

prepares the hides to accept the tanning agents (i.e., chrome) usually by adding sulfuric 

acid to provide the acid environment necessary for chromium tanning. In the tanning pro-

cess, tanning agents such as trivalent chromium, vegetable tannins, alum, syntans, form-

aldehyde, gluteraldehyde, and heavy oils, convert the raw collagen fibers of the hide into a 

stable product no’ longer susceptible to putrefaction or decomposition. They also improve 

the dimensional stability, resistance to heat, chemicals and abrasion, and flexibility of 

the raw materials. Vegetable tanning is used in the production of heavy leathers such as 

sole leather and saddle leather. Chromium tanning is usually preferred by the majority of 

leather users, i.e., shoe and garment manufacturers. Blue hides (hides after beamhouse and 

tanyard operations) are wrung to remove excess moisture through a machine similar to a 

clothes wringer. Splitting adjusts the thickness of the tanned hide to the requirements of 

the finished product and produces a split (“drop”) from the flesh side of the hide. These 

splits may or may not be re-tanned and wet finished at the same facility. Shaving removes 

any remaining fleshy matter from the flesh portion of the hide. Wastewater from tanyard 

operations contain. Inorganic chemical salts, small amounts of proteinaceous hair and 

waste, and large amounts of ammonia from the bating process. Pickling generates a highly 

acidic waste (pH of 2.5–3.5) which contains salt. Spent chromium liquors contain high 

concentrations of trivalent chromium in acid solution with low concentrations of BOD 

and TSS and elevated temperatures. Discharges, (blowdown) from vegetable tanning vats 

necessary to maintain vegetable tanning liquor quality is highly colored and contains sig-

nificant amounts of BOD, COD, and dissolved solids. 

Total Kjeldahl nitrogen (TKN): Several tannery effluent components contain nitrogen as part of 

their chemical structure. The most common chemicals are ammonia (from deliming mate-

rials) and the nitrogen contained in proteinaceous materials (from liming/unhairing opera-

tions). These sources of nitrogen pose two direct problems: (a) Plants require nitrogen in 

order to grow, but the high levels released by substances containing nitrogen over-stimulate 

growth. Water-based plants and algae grow too rapidly, whereupon waterways become 

clogged and their flow is impaired. As the plants die, a disproportionately high amount of 

organic matter has to be broken down. If the load outstrips the natural supply of oxygen 

from the river, plants, fish and aerobic bacteria die and ultimately anaerobic conditions 

develop. (b) The nitrogen released through protein breakdown and the deliming process is 

in the form of ammonia. Bacteria can convert the latter over several stages into water and 

nitrogen gas, which is ultimately released into the atmosphere. Both of these breakdown 

products are non-toxic, yet large amounts of oxygen are needed in the process. If oxygen 

demand is greater than the level supplied naturally by the body of water, toxic anaerobic 

conditions can rapidly develop. Combining intensive aerobic and anoxic biological treat-

ment can break down the nitrogenous compounds. The oxygen demand is very high, thus 

leading to correspondingly high operational and energy costs. Calculations show that, with 

typical tannery effluent, some 40% of oxygen requirements are spent on removing the 

nitrogen component. 
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United Nations Industrial Development Organization (UNIDO): It is a specialized agency of the 

United Nations (UN) with about 170 member states. The member states regularly discuss 

and decide UNIDO’s guiding principles and policies in their sessions of the policymaking 

organs. The UNIDO’s mission is to promote a new humanity science of industrial ecology 

(IE) and accelerate inclusive and sustainable industrial development (ISID) in member 

states. Natural resources recovery, environmental sustainability, and proper management 

solid, liquid and gaseous wastes are emphasized within ISID. The UNIDO’s program-

matic focus is structured, as detailed in the UNIDO’s Medium-Term Program Framework 

2018–2021, in four strategic priorities: (a) creating shared prosperity; (b) advancing eco-

nomic competitiveness; (c) safeguarding the environment; and Strengthening knowledge 

and institutions. Since UNIDO is mainly assisting developing countries, so some industri-

alized countries which are the UN member states have refused to pay the UNIDO mem-

bership fees becoming the UNIDO member states. 
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APPENDIX: CHEMICALS USED FOR TREATMENT

A.1  PRELIMINARY TREATMENT

a.1.1  Pretreatment of Beamhouse Waste



Carbon Dioxide:

Product name

:

Carbon dioxide

Manufacturer

:

Praxair, Inc., CT, USA

Grade

:

Laboratory grade

Concentration by weight

:

100%

Vapor density

:

1.522 @ 21°C

Appearance

:

Colorless Gas

Solubility

:

Slight

Boiling point

:

−78.5°C



Ferrous Sulfate:

Product name

:

Ferrous sulfate

Chemical formula

:

FeSO ·7 H O

4

2

Manufacturer

:

Fisher Scientific, Pittsfield, MA

Grade

:

Laboratory Grade

Concentration by weight

:

98%

Specific gravity

:

1.20

Appearance

:

Light blue green powder

Solubility

:

Infinite

Boiling point

:

220–235°C

a.1.2  Pretreatment of tanyard Waste



Ferrous Sulfate:

Product name

:

Ferrous sulfate

Chemical formula

:

FeSO ·7 H O

4

2

Manufacturer

:

Fisher Scientific, USA

Grade

:

Laboratory grade

Concentration by weight

:

98%

Specific gravity

:

1.20

Appearance

:

Blue green powder

Solubility

:

Infinite

Boiling point

:

220–235°



Sodium Sulfide:

Product Name

:

Sodium sulfide nonahydrate

Chemical formula

:

Na S

2

Manufacturer

:

Sigma Aldrich, USA

Grade

:

Laboratory grade

Concentration by weight

:

98%

Specific gravity

:

1.427

Appearance

:

Colorless crystals
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Lime:

Product Name

:

Hydrated lime

Chemical formula

:

Ca(OH)2

Manufacturer

:

Fisher Scientific., USA

Grade

:

Laboratory grade

Concentration by weight

:

82–98%

Specific gravity

:

2.3~ 2.4

Appearance

:

White powder

Clarification – DAF



Ferric Chloride:

Product name

:

Ferric chloride solution

Chemical formula

:

FeCl3

Manufacturer

:

Eaglebrook, USA

Grade

:

Laboratory grade

Concentration by weight

:

27–47%

Specific gravity

:

1.43 @ 40%

Appearance

:

Reddish Brown

Liquid

Solubility

:

Infinite

Boiling Point

:

229°C



Cationic Polymer:

Product Name

:

Superfloc C –1596

Manufacturer

:

CYTEC, NJ, USA

Grade

:

Laboratory grade

Specific gravity

:

1.0

Appearance

:

White, viscous liquid

Solubility

:

Limited by viscosity

Boiling point

:

175°C

A.2  SECONDARY TREATMENT

a.2.1  seCondary ClarifiCation - daf flotation



Ferric Chloride:

Product name

:

Ferric chloride solution

Chemical formula

:

FeCl3

Manufacturer

:

Eaglebrook, IN, USA

Grade

:

Laboratory grade

Concentration by weight

:

27–47%

Specific gravity

:

1.43 @ 40%

Appearance

:

Reddish brown

Liquid

Solubility

:

Infinite

Boiling point

:

229°C
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Polymer:

Product name

:

Superfloc 4516

Manufacturer

:

CYTEC, NJ, USA

Grade

:

Laboratory grade

Specific gravity

:

~1.0

Appearance

:

White viscous liquid

Solubility

:

Limited by viscosity

Boiling point

:

175°C (Oil Phase)

A.3  TERTIARY TREATMENT

a.3.1  memBrane filtration



Sulfuric Acid:

Product name

:

Sulfuric acid

Specific gravity

:

1.82

Concentration

:

98%

Supplier

:

Membrane manufacturer

9 Sludge Drying Bed Technology

 Lawrence K. Wang and Mu-Hao Sung Wang

NOMENCLATURE

A: 

Drying bed area, ft2

BOD: 

Biochemical oxygen demand

COD: 

Chemical oxygen demand

DAF: 

Dissolved air flotation

LIWT: 

Lenox Institute of Water Technology

MG: 

Million gallons

MGD: 

Million gallons per day

ML: 

Million liters

N: 

Number of influent sludge applications per year, #/year

O&M: 

Operation and maintenance

P: 

Percent solids, %

POTW: 

Publicly owned treatment works

R: 

Sludge application rate, ft or ft3/ft2

S: 

Specific weight of wet sludge = 62.4 lb/ft3

SLR: 

Solid loading rate, lb/year/ft2

TCLP: 

Toxicity characteristic leaching procedure

TSS: 

Total suspended solids

UNIDO:  United Nations Industrial Development Organization

US EPA:  United States Environmental Protection Agency

W: 

Dry weight of sludge solids, lb; 

WWTP:  Wastewater treatment plant

9.1 INTRODUCTION

This chapter covers the following academic subjects: (a) sludge drying beds process description; 

(b) sludge drying beds modifications; (c) sludge drying bed applications, limitations, and perfor-

mance; (d) sludge drying bed design criteria; (e) operation and maintenance; (f) review of  different 

types of sludge drying beds; (g) capability of sludge drying beds for biosolids management; 

(h) final disposal or recycling of drying bed sludge cake; (i) comparison of traditional sand drying 

beds, paved drying beds, open drying beds, closed drying beds, and glass-covered drying beds; 

(j)  upgrading existing drying beds; (k) differences among a sludge drying bed, a sludge drying 

lagoon, and an evaporation lagoon; (l) sludge loading rate determination for sludge drying bed 

design; (m) sludge drying bed design; (n) heavy metals limitations for disposal of treated sludge 

cake; and (o) glossary of sludge drying beds and related processes. 

Basic technical information was previously introduced to the developing countries by the 

senior author through a technology transfer program sponsored by the United Nations Industrial 

Development Organization (UNIDO), the US Environmental Protection Agency (USEPA), and the 

Lenox Institute of Water Technology (LIWT). 

The readers are referred to the following two publications for the theories and principles of 

sludge drying beds:

DOI: 10.1201/9781003451754-9 
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1. L. K. Wang, Y. Li, N. K. Shammas, and G. P. Sakellaropoulos, Drying beds. In:  Handbook 

 of Environmental Engineering, Vol. 6,  Biosolids Treatment Processes, L. K. Wang, 

N. K. Shammas and Y. T. Hung, (editors). Humana Press, Totowa, NJ, USA, 403–430 (2006). 

2. LK Wang, and MHS Wang, (2022). Drying beds design. In:  Evolutionary Progress in 

 Science,   Technology,   Engineering,   Arts and Mathematics (STEAM), L. K. Wang and L. K. H. P. Tsao (editors). Lenox Institute Press, Lenox, USA. https://doi.org/10.17613/ykv5-z712

9.2  SLUDGE DRYING BED PROCESS DESCRIPTION

Conventional drying beds are used to dewater sludge both by drainage through the sludge mass and 

by evaporation from the surface exposed to the air. Collected filtrate is usually returned to the main 

wastewater treatment plant (WWTP). Conventional drying beds usually consist of 4–9 inches of 

sand which is placed over 8–18 inches of graded gravel or stone. The sand typically has an effective 

size of 0.3–1.2 mm and a uniformity coefficient of less than 5.0. Gravel is normally graded from 1/8 

to 1.0 inches. Drying beds have underdrain systems that are spaced from 8 to 20 ft apart. Underdrain 

piping is often vitrified clay pipe or plastic pipe laid with open joints, has a minimum diameter of 4 

inches, and has a minimum slope of about 1%. 

Influent sludge is placed on the drying beds in an 8- to 12-inch layer. The drying area is parti-

tioned into individual beds, approximately 20 ft wide by 20–100 ft long, of a convenient size so that 

one or two beds will be filled by a normal withdrawal of sludge from the digesters. The interior 

partitions commonly consist of two or three creosoted planks, one on top of the other, to a height 

of 15–18 inches, stretching between slots in precast concrete posts. The outer boundaries may be of similar construction or earthen embankments for open beds, but concrete foundation walls are 

required if the beds are to be covered. 

Piping to the sludge beds is generally made of cast iron and designed for a minimum velocity of 

2.5 ft/s. It is arranged to drain into the beds, and provisions are made to flush the lines and to prevent 

freezing in cold climates. Distribution boxes are provided to divert sludge flow to the selected bed. 

Splash plates are used at the sludge inlets to distribute the sludge over the bed and to prevent erosion 

of the sand. 

Sludge can be removed from the drying bed after it has drained and dried sufficiently to be 

spadable. Sludge removal is accomplished by manual shoveling into wheelbarrows or trucks or by 

a scraper or front-end loader. Provisions should be made for driving a truck onto or along the bed 

to facilitate loading. Mechanical devices can remove sludge of 20%–30% solids, while cakes of 

30%–40% generally require hand removal [1–12]. 

9.3  SLUDGE DRYING BEDS MODIFICATIONS

Paved drying beds with limited drainage systems permit the use of mechanical equipment for clean-

ing. Field experience indicates that the use of paved drying beds results in shorter drying times 

as well as more economical operation when compared with conventional sand beds because, as 

indicated above, the use of mechanical equipment for cleaning permits the removal of sludge with 

a higher moisture content than in the case of hand cleaning. 

Paved beds have worked successfully with an aerobically digested sludge but are less desirable 

than sand beds for aerobically digested activated sludge. 

Sand beds can be enclosed by glass. Glass enclosures protect the drying sludge from rain, control 

odors, and insects; reduce the drying periods during cold weather; and can improve the appearance 

of a WWTP. 

Wedge-wire drying beds have been used successfully in England. This approach prevents the ris-

ing of water by capillary action through the media and the construction lends itself well to mechani-

cal cleaning. There are over 6,000 WWTPs that use different kinds of open or covered sludge 

drying beds. 
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9.4   SLUDGE DRYING BED APPLICATIONS, LIMITATIONS, 

AND PERFORMANCE

Sludge drying beds are generally used to dewater sludge in small WWTPs. They require little 

operator attention or skill. Air drying is normally restricted to well-digested or stabilized sludge, 

because raw sludge is odorous, attracts insects, and does not dry satisfactorily when applied at 

reasonable depths. Oil and grease clog sand bed pores and thereby seriously retard drainage. The 

design and use of drying beds are affected by weather conditions, sludge characteristics, land val-

ues, and proximity of residences. Operation is severely restricted during the periods of prolonged 

freezing and rain. Land requirements are large. Odors can be a problem with poorly digested sludge 

and inadequate buffer zone areas. 

Sludge drying bed performance is affected by weather, sludge characteristics, system design (includ-

ing depth of fill), chemical conditioning, and drying time. A cake of 40%–45% solids may be achieved 

in 2–6 weeks in good weather and with a well-digested waste activated, primary or mixed sludge. With 

chemical conditioning, dewatering time may be reduced by 50% or more. Solids contents of 85%–90% 

have been achieved on sand beds, but normally, the times required are impractical [1–60]. 

The performance of sludge drying beds is different from one location to the next. Typical per-

formance in terms of solids loading rate and moisture content of dried sludge is only estimated as 

follows for open and covered beds:

1. Open beds: Moisture content of dried sludge = 50%–60% when solids loading rate = up to 

25 lb/yr/sq ft. 

2.  Enclosed beds: Moisture content of dried sludge = 50%–60% when solids loading rate = up 

to 40 lb/yr/sq ft. 

9.5  SLUDGE DRYING BED DESIGN CRITERIA

The following are some general design criteria of sludge drying beds:

1. Open bed area = 1.0–1.5 ft2/capita (primary digested sludge) [USEPA]. 

2. Open bed area = 1.75–2.5 ft2/capita (primary and activated digested sludge) [USEPA]. 

3. Open bed area = 2.0–2.5 ft2/capita (primary and chemically precipitated digested sludge) 

[USEPA]. 

4. Enclosed bed area = 60%–75% of the open bed area [USEPA]. 

5. Open bed solids loading rates = vary from 10 to 28 lb/ft2/yr for open beds [USEPA]. 

6. Enclosed bed solids loading rates = 12–40 lb/ft2/yr [USEPA]. 



7. Sludge beds should be located at least 200 ft from dwellings to avoid odor complaints due 

to poorly digested sludge [USEPA]. 

8. Open bed area = 1 ft2/capita (primary digested sludge) [Ten States Standards]. 



9.  Open bed area = 1.5 ft2/capita (high rate trickling filter digested sludge) [Ten States Standards]. 

10. Open bed area = 1.75 ft2/capita (activated sludge digested) [Ten States Standards]. 

11. Enclosed bed area = 0.75 ft2/capita (primary digested sludge) [Ten States Standards]. 

12. Enclosed bed area = 1.25 ft2/capita (high rate trickling filter digested sludge) [Ten States 

Standards]. 

13. Enclosed bed area = 1.35 ft2/capita (activated sludge digested) [Ten States Standards]. 

14. Open bed area = 1.25–1.75 ft2/capita (primary and humus-digested sludge) [USEPA]. 

15. Enclosed bed area = 1.0–1.25 ft2/capita (primary and humus-digested sludge) [USEPA]. 

16. Enclosed bed area = 0.75–1.0 ft2/capita (primary digested sludge) [USEPA]. 

17. Enclosed bed area = 1.25–1.5 ft2/capita (primary and activated digested sludge) [USEPA]. 

18. Enclosed bed area = 1.25–1.5 ft2/capita (primary and chemically precipitated digested 

sludge) [USEPA]. 

19. Selected Ten States Standards:
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In accordance with the Ten States Standards [13], sludge drying bed area shall be calculated on a 

rational basis with the following items considered: (a) the volume of wet sludge produced by existing 

and proposed processes; (b) depth of wet sludge drawn to the drying beds. For design calculation 

purposes, a maximum depth of 8 inches (200 mm) shall be utilized. For operational purposes, the 

depth of sludge placed on the drying bed may increase or decrease from the design depth based 

on the percent solids content and type of digestion utilized; (c) total digester volume and other wet 

sludge storage facilities; (d) degree of sludge thickening provided after digestion; (e) the maximum 

drawing depth of sludge which can be removed from the digester or other sludge storage facilities 

without causing process or structural problems; (f) the time required on the bed to produce a remov-

able cake. Adequate provision shall be made for sludge dewatering and/or sludge disposal facilities 

for those periods of time during which outside drying of sludge on beds is hindered by weather; and 

(g) capacities of auxiliary dewatering facilities. The above are the general design criteria. For the 

percolation-type bed components, there are some specific Ten States design criteria for gravel, sand, 

underdrains, seal, walls, and sludge removal means, which can be found elsewhere [13,61]. 

9.6  OPERATION AND MAINTENANCE

The features of a good operation and maintenance (O&M) program are as follows:



1.  Drying beds inspected every few days with particular attention given to potential odor and 

insect problems. 

2. Beds leveled and raked prior to each sludge application. 

3. Sand depth checked regularly for losses of sand during sludge removal from beds. 

4. Makeup sand added when sand depth decreases to 3 or 4 inches. 

5. Weed growth on beds controlled by the use of weed killer or hand pulling. 

6. Fly control by destruction of breeding and use of traps and poisons. 



7. Drainage system inspected and maintained on a routine basis. 

8. Sludge lines drained after use in winter to prevent freezing. 

9. If earth beds are used, grass and other vegetation cut regularly. 

10. Stop logs kept well maintained to minimize leakage from vehicular access cutouts in dry-

ing bed walls. 

A sludge drying bed has one influent (the wet influent sludge) and two effluents (the dewatered 

sludge to disposal and the drainage water); therefore, there are three sampling points. Operating 

records should include:

1. Laboratory tests and sampling points. 

2. Time and date sludge is applied to each drying bed. 

3. Number of days before sludge is dry enough for removal. 

4. Volume of sludge removed from beds. 

5. Date makeup sand is required for each bed and quantity of makeup required. 

Samples of the influent sludge may be obtained through valves provided in the sludge lines. Samples 

of the dried sludge cake can be obtained directly from the drying bed. Samples of the drainage 

water should be collected from valves in the drain lines or at the recycle pumping station. The 

sample collector and containers should be clean. A wide mouth sample collector of at least 2 inches 

should be used. 

The only sidestream is the drainage water. This water is normally returned to the raw sewage 

flow to the plant or to the plant headworks. The flow from the drainage piping consists primarily 

of the initial percolation of water from the sludge plus some periodic percolation after rain storms 

(assuming open beds). 
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9.7  REVIEW OF DIFFERENT TYPES OF SLUDGE DRYING BEDS

The following is a review of different types of sludge drying beds, including the conventional drying 

beds which have been discussed previously [1,47–60, 62–65]. There are at least six types of sludge drying beds: (a) conventional sand drying beds; (b) paved drying beds; (c) wedge-wire drying beds; 

(d) vacuum-assisted drying beds; (e) planted drying bed system (humification drying bed system); 

and (f) sludge drying reed beds. 

9.7.1  Conventional sand drying Beds

Conventional sand drying beds can be built with or without provision for mechanical sludge removal 

and with or without a roof. Common practice is to make drying beds rectangular with dimensions of 

15–60 ft (4.5–18 m) wide by 50–150 ft (15–47 m) long with vertical side walls. Usually, 4–9 inches 

(10–23 cm) of sand is placed over 8–18 inches (20–46 cm) of graded gravel or stone. Usually, the 

sand is 0.012–0.05 inches (0.3–1.2 mm) in effective size and has a uniformity coefficient less than 5. 

Gravel is normally graded from 1/8 to 1 inches (0.3–2.5 cm), in effective size. 

Normally, underdrain piping has been of vitrified clay or plastic pipe. The pipes should be no 

less than 4 inches (100 mm), should be spaced 8–20 ft (2.4–6 m) apart, and have a minimum slope of 

1%. (a) An unplanted drying bed is a traditional simple, permeable bed filled with several drainage 

layers that, when loaded with sludge, collects percolated leachate and allows the sludge to dry by 

percolation and evaporation. Approximately 50%–80% of the sludge volume drains off as liquid or 

evaporates. 

The sludge, however, is not effectively stabilized or sanitized. Additional treatment by compost-

ing may be foreseen for the dried sludge before it can be safely disposed or used as a nutrient-rich 

soil amendment in agriculture. The percolate still contains pathogens and needs to be collected 

for treatment or controlled reuse. Unplanted drying beds need to be desludged before fresh sludge 

is applied. 

Drying beds are relatively easy to construct and simple to maintain, although large surface areas 

and man- or mechanical power is required for regular desludging [62,63]; (b) Traditional sludge dry-

ing beds are used to dewater sludge both by drainage through the sludge mass and by evaporation 

from the surface exposed to the air. 

Collected filtrate is usually returned to the wastewater treatment plant (WWTP) or a lagoon 

facility. Traditional sludge drying beds usually consist of 4–9 inches (10.16–22.86 cm) of sand 

which is placed over 8–18 inches (20.32–45.72 cm) of graded gravel or stone. The sand typically 

has an effective size of 0.3–1.2 mm and a uniformity coefficient of less than 5.0. Gravel is normally 

graded from 1/8 to 1.0 inches (0.3175 com–2.54 cm). Drying beds have underdrains that are spaced 

from 8 to 20 f (2.44–6.10 m) apart. Underdrain piping is often vitrified clay laid with open joints, 

has a minimum diameter of 4 inches, and has a minimum slope of about 1%. 

9.7.2  Paved drying Beds

Paved drying beds can be built with or without a roof, but commonly, the beds are rectangular in 

shape and are 20–50 ft (5–15 m) wide by 70–150 ft (21–46 m) long with vertical sidewalls. Their 

main advantages are that front-end loaders can be used for sludge removal and reduced bed main-

tenance. Current practice is to use either concrete or asphalt lining. The lining normally rests on an 

8- to 12-inch (20–30 cm) build-up sand or gravel base. The lining should have a minimum of 1.5% 

slope to the drainage area. An unpaved area, 2–3 ft (0.60–1 m) wide, is placed along either side or 

down the middle for drainage. 

A minimum 4-inch (100 mm) diameter pipe is used to convey drainage water away. For a given 

amount of sludge, paved drying beds require more area than sand beds. Paved drying beds with 

limited drainage systems permit the use of mechanical equipment for cleaning. Field experience 
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indicates that the use of paved drying beds results in more efficient drying cycles as well as more 

economical operation when compared with conventional sand beds because, as indicated above, 

the use of mechanical equipment for cleaning permits the removal of sludge with a higher moisture 

content than in the case of hand cleaning. Paved drying beds can also be open beds or closed beds. 

They have worked successfully with anaerobically digested sludges but are less desirable than sand 

beds for aerobically digested activated sludge. 

9.7.3  Wedge-Wire drying Beds

Wedge-wire drying beds have been used successfully in England. This approach prevents the rising 

of water by capillary action through the media, and the construction lends itself well to mechanical 

cleaning. The first United States installations have been made at Rollinsford, New Hampshire, and 

in Florida. It is possible, in small plants, to place the entire dewatering bed in a tiltable unit from 

which sludge may be removed merely by tilting the entire unit mechanically. In a wedge-wire dry-

ing bed, sludge slurry is introduced onto a horizontal, relatively open-drainage media in a way that 

yields a clean filtrate and provides a reasonable drainage rate [1]. 

The bed consists of a shallow rectangular watertight basin fitted with a false floor of wedgewater 

panels. These panels have slotted openings of 0.01 inches (0.25 mm). This false floor is made water-

tight with caulking where the panels abut the walls. An outlet valve to control the rate of drainage is 

located underneath the false floor. There are many noticeable advantages of using a wedge-wire dry-

ing bed: (a) no clogging of the media; (b) constant and rapid drainage; (c) higher throughput rate than 

sand beds; (d) easy bed maintenance; (e) difficult-to-dewater sludge, for example, aerobically digested 

sludge can be dried; and (f) compared with sand beds, dewatered sludge is easier to remove [1]. 

9.7.4  vaCuum-assisted drying Beds

A vacuum-assisted drying bed is feasible for dewatering an aerobically digested sludge having 2% 

solid concentration, which is wasted from an activated sludge wastewater treatment plant. The prin-

cipal components of a vacuum-assisted drying bed are as: (a) a bottom ground slab consisting of 

reinforced concrete; (b) a layer of stabilized aggregate several inches thick which provides support 

for the rigid multi-media filter top. This space is also the vacuum chamber and is connected to a 

vacuum pump; and (c) a rigid multi-media filter top is placed on the aggregate support. Sludge is 

then applied to the surface of this media. 

The operating sequence is: (a) sludge is introduced onto the filter surface by gravity flow at the 

rate of 150 gpm (9.4 L/s) and to a depth of 12–18 inches (30–46 cm); (b) filtrate drains through the 

multi-media filter and into the space containing the aggregates and then to a sump, from which it is 

pumped back to the plant by a self-actuated submersible pump; and (c) as soon as the entire surface 

of the multi-media filter is covered with sludge, the vacuum system is started and vacuum is main-

tained at 1–10 inches Hg (3–34 kN/m2) [1]. 

9.7.5  Planted drying Bed system (humifiCation drying Bed system)

A planted drying bed is similar to an unplanted drying bed but has the added benefit of transpiration 

and enhanced sludge treatment due to the growth of plants on the beds. When plants are present, 

evaporation is enhanced by evapotranspiration and sludge can be applied more frequently. It is a 

sealed shallow pond filled with several drainage layers and designed for the separation of the solid 

from the liquid fraction of sludge from latrines, septic tanks, biogas reactors, trickling filters, etc. 

Sludge is dried naturally by a combination of percolation and evaporation. 

The key improvement of the planted bed over the unplanted bed is that the filters do not need to 

be desludged after each feeding/drying cycle. The roots of the plants create pathways through the 

thickening sludge, allowing water to easily escape. Fresh sludge can be directly applied onto the 
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previous layer; the plants and their root systems maintain the porosity of the filter. Compared to 

unplanted drying beds, planted drying beds (also called humification beds) require desludging only 

once every 5–10 years, and the removed sludge is a nutrient-rich soil amendment that can be directly 

reused in agriculture. The leachate collected in the drains may require further treatment depending 

on the quality of the applied sludge. 

9.7.6  sludge drying reed Beds

Sludge drying reed beds are similar to conventional sludge drying beds except that the former uses 

reed beds and the latter uses sand beds. Sludge drying reed beds may be considered as a suitable 

technology for sludge management in certain situations. A recent research work [65] examines two 

full-scale sludge drying reed beds systems located in a Mediterranean region in Europe. The influ-

ent sludge and the sludge cake accumulated in the reed beds were analyzed for total solids, volatile 

solids (VS), chemical oxygen demand (COD), nutrients, heavy metals, and coliform bacteria indica-

tors. The performance results show a high dewatering efficiency (from 1% to 3% solids of influent 

sludge to 20%–22% solids of dewatered solids), progressive organic matter removal (10%–30% VS/

TS), and sludge mineralization during sludge storage. The concentration of nutrients, heavy metals, 

and fecal coliform bacteria indicators suggests a good quality of the sludge for land application [65]. 

9.8   CAPABILITY OF SLUDGE DRYING BEDS FOR BIOSOLIDS  

MANAGEMENT

Knowing the capability of sludge drying beds, the community will understand whether or not there 

is a need to install drying beds for treating the biosolids from their biological wastewater treatment 

plant (WWTP) or agricultural farms. 

A municipal WWTP generates a large amount of biological sludge, while a large agricultural 

farm generates a large amount of manure. Raw biological sludge and raw manure cannot be applied 

to drying beds directly. The glossary section of this chapter gives the definitions of most of the 

related technical terms. Both biological sludge and raw manure must be treated first by appropriate 

processes, such as aerobic digestion, anaerobic digestion, septic tank, lagoon, reed bed, stabiliza-

tion, Imhoff tank, holding tank, etc. Table 9.1 introduces the types of sludge treatment processes 

TABLE 9.1

Common Treatment Processes Used by the Publicly 

Owned Treatment Works in New York State, USA

Treatment Method

No. of POTWs

Aerobic digestion

260

Anaerobic digestion

136

None

80

Septic tank

58

Lagoon

26

Reed bed

23

Lime stabilization

16

Imhoff tank

15

Holding tank

8

Sand filters

4

Oxidation basin

3

 Source:  NY State, USA [68]. 
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TABLE 9.2

Common Dewatering Processes Used by the Publicly 

Owned Treatment Works in New York State, USA

Dewatering Method

No. of POTWs

None

204

Belt filter press

167

Drying beds

109

Centrifuge/rotary

33

Settling/decanting

28

Plate and frame

25

Gravity thickener

21

Screw press

9

Drying polymers

4

Vacuum filter

1

 Source:  NY State, USA [68]. 

currently used by the publicly owned treatment works (POTW) in the State of New York, USA [66]. 

Among these treatment processes, aerobic digestion and anaerobic digestion are most common. 

The purpose of sludge treatment is mainly for total suspended solids (TSS) reduction. If one MG 

(million gallons) of raw sludge full of TSS enters a digester for treatment, the digester effluent will 

still be almost one MG in liquid volume but will contain much less TSS. Accordingly, after either 

raw POTW or WWTP’s biological sludge or an agricultural farm’s raw manure has been properly 

treated by one of the processes in Table 9.1 (such as aerobic digestion, and anaerobic digestion), the next two steps of biosolids and manure management will be dewatering and final disposal. Of 

course, the digestion process also changes and improves the characteristics of the sludge or manure, 

making them acceptable by a dewatering process. 

Table  9.2 introduces the types of sludge dewatering processes currently used by the POTW 

in New York, USA [66]. Table  9.2 clearly shows that the drying beds process system plays an 

important role in dewatering the pre-treated biosolids (i.e. pre-treatment by one of the processes in 

Table 9.1). The traditional unplanted drying beds process system (open or closed) is ranked number two among all dewatering processes. The anaerobically digested sludge or manure (i.e. biosolids) 

can be properly dewatered by drying beds if they meet the design specifications of the Ten State 

Standards [13,61]. Traditional unplanted drying beds will still function for dewatering the aerobi-

cally digested sludge/manure, but much more drying bed area may be required by the government 

agencies. All other innovative types of drying beds, such as paved drying beds, wedge-wire drying 

beds, vacuum-assisted drying beds, and planted drying beds require process demonstration, peer 

review, and final approval by the government’s environmental agency before they can be designed, 

installed, and operated in a POTW. 

Manure has higher commercial value than regular WWTP biosolids; therefore, it is commonly 

dewatered by the most popular, more expensive dewatering process, belt filter press indicated in 

Table 9.2. It is technically feasible, but uncommon to dewater manure by the los-cost, low-tech tra-

ditional unplanted drying beds process system [61]. 

9.9  FINAL DISPOSAL OR RECYCLING OF DRYING BED SLUDGE CAKE

Periodically, the dewatered sludge cake on the drying beds must be removed, so the drying beds can 

be regenerated for reuse. This section discusses the best available technologies for final disposal or 

recycling of the collected drying beds sludge cake. Proper handling of the dewatered sludge from 

drying beds for final disposal or recycling is an important engineering task. 

[image: Image 46]
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Generally, the following best available technologies (BAT) can be used: (a) direct land applica-

tion—the placement of biosolids on or in to the soil to benefit the crop grown and the soil present, 

and in some cases for land reclamation; (b) composting—the aerobic decomposition of biosolids 

using controlled temperature, moisture, and oxygen levels to achieve a humus-like material for 

landscaping or enhancing soil; (c) heat drying or pelletization—a treatment process in which almost 

all water is removed (typically to over 90% solids content) from the biosolids by exposure to a 

heat source. The product is typically used directly as a fertilizer or blended with another mate-

rial; (d) mine reclamation—an environmental technology involving the use of biosolids, or other 

similar wastes, such as manure, to reclaim lands on areas with low organic content, such as for-

mer mine sites; (e) chemical stabilization—a process in which chemicals are mixed with biosolids, 

which react, generate heat, and increase the pH of the material. The resultant product is often used 

as a lime substitute in agriculture; (f) landfilling—the disposal of biosolids at municipal waste 

landfills as well as monofills (sludge-only landfills). Engineered landfills are lined, have ground-

water monitoring capabilities, and comply with other regulatory design and operational criteria; 

(g)  incineration—the firing of biosolids at high temperatures in an enclosed device. The resultant 

ash must be properly disposed of; and (h) long-term storage—storage in containers, tanks, lagoons, 

and treatment beds are common at smaller treatment plants [66]. 

Of the above introduced technologies, the top five are considered to be the beneficial-use tech-

nologies: (a) direct land application, (b) composting, (c) heat drying or pelletizing, (d) mine reclama-

tion, and (e) chemical stabilization. The dewatered sludge from drying beds can be beneficially used, 

or recycled, to create a valuable soil amendment because of their high nutrient and organic contents. 

Chemically stabilized dewatered sludge can be used as a lime substitute in agriculture. The manager 

of a POTW or a large agricultural farm operating a drying beds process system will certainly try 

his/her best to adapt one of the beneficial-use technologies for environmental conservation. 

Landfilling and incineration or waste-to-energy combustion facilities are not considered benefi-

cial-use options in the New York State, USA. 

New York State is one of the most advanced provinces in the USA. A close review of the 

recent biosolids management in New York State (Figure 9.1) may assist the manager/owner of 

a drying beds system to choose a technology for either recycling (using the beneficial-use tech-

nology) or final disposal (using landfill or incineration) of the dewatered sludge. As of 2015, 

landfilling continues to be the most popular biosolids management method, with an estimated 

FIGURE 9.1  Management of dewatered biosolids in New York State, USA. (NY State, USA.)
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68% (257,  463  dry-ton) dewatered biosolids produced annually going to solid waste landfills. 

Beneficial use, through methods such as land application, composting, heat drying, and mine 

reclamation, comprises 16% of biosolids produced annually. Additionally, incineration is used to 

treat 16%, and other management methods (e.g., lagooning, stockpiling, etc.) are used for less than 

1% of the total biosolids produced annually [66]. 

9.10   COMPARISON OF TRADITIONAL SAND DRYING BEDS, 

PAVED DRYING BEDS, OPEN DRYING BEDS, CLOSED 

DRYING BEDS, AND GLASS-COVERED DRYING BEDS

This section discusses the applications and operation and maintenance (O&M) of various drying 

beds, such as (a) traditional sand drying beds, (b) paved drying beds, (c) open or closed drying beds, 

and (d) glass-covered drying beds. 

The widespread use of either traditional sand drying beds or paved drying beds for smaller 

wastewater treatment plants (WWTP) to dewater their digested sludge is due to their simplicity and 

low O&M costs. The popularity of drying beds is ranked no. 2 among all dewatering processes in 

New York State, USA (Table 9.2). The chemical cost and operating complexity of mechanical dewa-

tering equipment, such as the belt filter press shown in Table 9.2, are additional factors which favor drying beds. Disadvantages include the drying beds’ large land requirement, inability to dewater 

effectively during inclement weather, difficulty of obtaining labor for cleaning, and potential odor 

problems. 

Sludge should be properly digested either anaerobically or aerobically before being applied to the 

drying beds in depths of about 6–9 inches, with 8 inches appearing to give optimum drying rates. 

Raw or poorly digested sludge dewaters slowly on drying beds and produces strong odors. 

Sludge that has been overly digested will contain a high percentage of fine solids which will impair 

drainage. 

Traditional sand drying beds are constructed with a full underdrain piping system to increase the 

drainage rate. Drainage and evaporation are the two main mechanisms which affect the dewatering 

rates of well-digested sludge on traditional sand drying beds. Under normal conditions, practically 

all of the drainage of sludge occurs during the first 3 days following the filling of the drying bed 

under the condition that there will be no significant gas entrapment within the sludge. In case the 

gas entrapment within the sludge is significant, the initial rate of drainage will be small, but the 

drainage rate will be very slow until after approximately 3 days. Then, the drainage rate will start 

to increase and the sludge surface will start to drop substantially. This phenomenon is explained by 

considering that gas trapped in the voids of the sand bed is not free to move and thus impedes the 

initial flow of water through the sand filter. Eventually, this gas is liberated, allowing a greater water 

flow to pass through the sand bed. 

In summation, the water drainage period of traditional sand drying beds will be about 3 days 

without gas entrapment within the digested sludge or 6 days with significant gas entrapment within 

the digested sludge. After a period of maximum drainage (3–6 days), the drainage rate gradually 

decreases due to the buildup of solids on the sand surface, which offers resistance to further filtra-

tion. Once this point is reached, evaporation from the free water surface accounts for further dewa-

tering. Underdrainage from drying beds should be returned to the plant for treatment. 

Paved drying beds are designed with asphalt or concrete bottoms to facilitate sludge removal. 

They have no full water drainage system at the bottom for draining water from the applied sludge 

but only have limited drainage pipes. Accordingly, the paved drying beds with an impervious bot-

tom rely largely on evaporation for dewatering the influent-digested sludge. It has been reported that 

the traditional sand drying beds relying on both water drainage and evaporation dewater sludge 25% 

faster than the paved drying beds relying on mainly evaporation [67]. However, it is time consum-

ing to remove the dewatered sludge from traditional sand drying beds by hands. Field experience 

indicates that the use of paved drying beds results in more efficient drying cycles as well as more 
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economical operation when compared with conventional sand drying beds because, as indicated 

above, the use of mechanical equipment for cleaning permits the removal of sludge with a higher 

moisture content than in the case of hand cleaning. Paved drying beds can also be open beds or 

closed beds. They have worked successfully with anaerobically digested sludges but are less desir-

able than sand drying beds for aerobically digested activated sludge. 

Whether or not traditional sand drying beds or a paved drying beds should be opened or closed 

with a roof depends on climatic conditions of the plant location. Recent work in northern Texas, 

USA, however, indicated that during the dry season, covers retarded the drying rate rather than 

accelerating it [67]. Where covered beds are constructed, adequate ventilation must be provided so 

that maximum evaporation rates may be maintained. 

In areas with adverse climatic conditions, the use of glass-covered drying beds, while expensive, 

has been found to increase the total output of dewatered sludge by 100% [68]. The glass-covered drying beds are also called solar drying beds or green-house drying beds. Adequate ventilation is 

required. 

The readers are referred to the literature [61] for more design examples and more detailed infor-

mation on design criteria and O&M of drying beds. 

9.11  UPGRADING EXISTING DRYING BEDS

This section briefly discusses how to upgrade existing drying beds if it is overloaded and simply 

cannot perform properly. 

It is possible to upgrade an overloaded sludge drying bed by one or more of the following meth-

ods: (a) improving the performance of upstream facilities, e.g., thickeners and digesters; (b) adding 

chemicals to improve sludge dewatering characteristics; and (c) covering open beds where climatic 

conditions adversely affect performance [69]. 

Chemicals such as alum, ferric chloride, and polyelectrolytes have been used as flocculants 

to improve the dewatering capacity of sludge drying beds. The use of these chemicals increases 

the permissible sludge loadings to the drying beds by increasing the number of bed applications 

per year. 

In general, the chemical flocculants allow greater amounts of water to drain from the sludge, 

thereby decreasing the amount of water to be removed through the slower evaporation process. 

Bed loadings for chemically treated and untreated sludge should be evaluated by laboratory 

and field testing to determine the effectiveness of chemical addition on sludge drying. Buchner 

Funnel Tests can be used to predict dewatering rates on drying beds. Care must be taken to 

avoid adding excess amounts of chemicals, which might blind sand particles and lower drainage 

rates. Alum has been used successfully at a dosage of 1 lb/100 gal of digested sludge [70]. On the other hand, polyelectrolyte has been used at dosages as low as 0.05 lb/100 gal of digested 

sludge [67]. The readers may use a recent cost index table [71] for updating the past cost data to the 2022 cost data. 

It should be noted, however, if the influent-digested sludge is to be treated chemically using a 

chemical flocculants, the design engineer may have to use a different drying bed design criteria for 

sizing the beds considering that the influent sludge is a chemical sludge. 

9.12   DIFFERENCES AMONG A SLUDGE DRYING BED, A SLUDGE 

DRYING LAGOON, AND AN EVAPORATION LAGOON

9.12.1  sludge drying Bed

Section 7 provides the detailed descriptions of various sludge drying beds. Basically, a sludge dry-

ing bed is a sludge dewatering process mainly for removal of water from the digested primary 

sludge or the digested primary sludge + other sludges. The influent wet sludge is applied on a sand 
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bed or equivalent for drying by evaporation, and some water in the influent sludge drains to a 

drainage system at the bottom of the drying bed. So, there are two effluents: (a) the drainage water 

which is returned to the headwork of the wastewater treatment plant (WWTP) and (b) the dewatered 

sludge to final disposal. Sand beds allow water to drain from the sludge mass through the support-

ing sand to the drainage piping. As the sludge dries, cracks develop in the surface, allowing natural 

evaporation to occur from the lower layers. This speeds the drying process. 

9.12.2  sludge drying lagoon

Sludge drying lagoons are similar to sludge drying beds in that sludge is periodically drawn from 

a digester, placed in the sludge drying lagoon, removed after a period of drying, and the cycle 

repeated. Sludge drying lagoons do not have an underdrain system. Most of the drying is by evap-

oration and decanting supernatant liquor. Therefore, both sludge drying bed and sludge drying 

lagoon are sludge dewatering processes. However, the former (sludge drying bed) uses a sand bed 

(or equivalent bed) for evaporation and has a underdrain system for additional water removal, but 

the latter (sludge drying lagoon) uses a lagoon for water evaporation and does not have a underdrain 

system for additional water removal. 

Plastic or rubber fabrics may be used as a lagoon bottom lining, or they may be natural earth 

basins. Supernatant liquor and rainwater drain off points are usually provided, with the drain off 

liquid returned to the plant for further processing. 

The following are recommended design criteria of sludge drying lagoons: (a) typical design 

criteria are 2.2–2.4  lb/yr/cu ft of lagoon capacity, although the criteria need to be adjusted by 

the local evaporation rate; (b) the drying time for sludge applied to a depth of 15 inches or less is 

3–5 months, which is dependent on weather conditions; (c) the wet sludge is usually dried to 40%–

60% solids; (d) the sludge depth should not exceed 15 inches after excess supernatant has been 

drawn off; unless the lagoon is situated in an arid climate, depths of over 15 inches will require 

excessive drying time; (e) the supernatant liquor and rainwater should be promptly removed, so 

the sludge cake is exposed to oxygen in the air and can dry rapidly; (f) supernatant is normally 

returned to the main wastewater treatment plant; (g) dried sludge may be removed with a front-end 

loader in 3–6 months; (g) one operational approach uses a 3-year cycle in which the lagoon is 

loaded for 1 year, dries for 18 months, is cleaned, and allowed to rest for 6 months; (h) the main-

tenance considerations are (h1) broken dikes repaired as required; (h2) excess water from rain or 

snow decanted to facilitate drying; (h3) weeds kept to a minimum; (h4) lagoons checked for odor 

and insect problems; (h5) lagoons leveled and weeds removed prior to each sludge application; 

(h6) sludge application lines and valves regularly inspected and maintained; (h7) sludge lines 

drained to prevent breakage from freezing in winter; (i) records keeping: monitoring of sludge 

lagoons generally consists of visual inspection by the plant operator. Records may be kept on the 

sludge loading, percent solids, quantity, depth, date, drying time, and weather conditions. This 

will provide the operator with the information necessary to determine the optimal time of sludge 

removal from the lagoon by comparing sludge moisture content with time of drying for particular 

climatic conditions; (j) laboratory equipment: the laboratory should include the analytical balance 

and drying oven as a minimum to monitor sludge drying lagoons; and (k) the only sidestream is 

the supernatant or rainwater draw-off. This water is normally returned to the raw wastewater flow 

for further processing. 

9.12.3  evaPoration lagoon

Evaporation lagoon, sludge drying lagoon, and sludge drying bed are alike in terms of their iden-

tical thermal evaporation of water from their influent. Sludge drying lagoon and sludge drying 

bed are alike in terms of their identical application for sludge dewatering. Evaporation lagoon and 
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sludge drying lagoon are alike in terms of their identical lagoon infrastructure. However, evapora-

tion lagoon is a wastewater treatment process, but both sludge drying lagoon and sludge drying bed 

are sludge dewatering processes. 

The evaporation lagoon may be described as an open holding facility which depends solely on 

climatic conditions such as evaporation, precipitation, temperature, humidity, and wind velocity to 

effect dissipation (evaporation) of on-site wastewater. Individual lagoons may be considered as an 

alternate means of wastewater disposal on individual pieces of property. The basic impetus to con-

sider this system is to allow building and other land uses on properties which have soil conditions 

not conducive to the workability and acceptability of the conventional on-site drain-field or leaching 

bed disposal systems. 

Generally, if the annual evaporation rate exceeds the annual precipitation, this method of dis-

posal may at least be considered. The deciding factor then becomes the required land area and 

holding volume. It should be noted that for unlined on-site installations such as homes and small 

industrial applications, there may also be a certain amount of infiltration or percolation in the initial 

period of operation. However, after a time, it may be expected that solids deposition will eventually 

clog the surface to the point where infiltration is eliminated. The potential impact of wastewater 

infiltration to the groundwater, and particularly on-site water supplies, should be evaluated in any 

event and, if necessary, lagoon lining may be utilized to alleviate the problem. Often preceded by 

septic tanks or aerobic units in order to provide a more acceptable influent and to minimize sludge 

removal from the lagoon. 

The evaporation lagoon technology is well developed in terms of application of climatological 

and meteorological data. The on-site utilization of evaporation lagoons for the disposal of domestic 

wastewater, from homes and smaller industrial, agricultural, or commercial facilities may be appli-

cable where access to a municipal sanitary sewer is not available; where subsurface methods are not 

feasible and where effluent “polishing for surface discharge is not practical”. 

9.13   SOLID LOADING RATE DETERMINATION 

FOR SLUDGE DRYING BED DESIGN

Solid loading rate (SLR) is the most important loading factor for design of the drying beds. Solids 

loading rate is the weight of sludge solids on a dry weight basis applied yearly per square foot of 

drying bed area, or



SLR = (dry weight of sludge solids)/year/(drying bed area) =  W/year  A

/  (9.1)



SLR = (application rate)(specific weight)(percent solids)(number applications)



SLR = ( R)( S)( P)( N ) (9.2)

where

SLR = solid loading rate, lb/year/ft2; 

 W = dry weight of sludge solids, lb; 

 A = drying bed area, ft2; 

 R = sludge application rate, ft or ft3/ft2; 

 S = specific weight of wet sludge = 62.4 lb/ft3; 

 P = percent solids, %; and

 N = number of influent sludge applications per year = #/year. 
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Example

As an example, assume that 10 inches of 5% solids anaerobically digested sludge is applied to a 

sludge drying bed five times per year, what is the solids loading rate of this drying bed? 

 Solution

 R = 10 in. = (10/12) ft = (10/12) ft3/ft2

 S = specific weight of wet sludge = 62.4 lb/ft3

 P = percent solids = 5 % = (5/100)

 N = 5/year

Therefore, 

SLR = ( R)( S)( P)( N)

SLR = [(10/12) ft3/ft2] [62.4 lb/ft3] [(5/100)] (5/year)

SLR = 13 lb/year/ft2

9.14  SLUDGE DRYING BED DESIGN

The population which can be adequately served by a set of existing drying beds can be calculated, 

as shown in a design example in this section. 

Example

A wastewater treatment plant (WWTP) construction drawings and specifications include the 

following infrastructure information and determine the population which can be served by this 

sludge drying beds. 

Shape = 8 rectangular beds

Dimensions, each bed =20 ft × 40 ft

 Solution



1. Determine drying bed shape and dimensions. 

Single bed area = 20 × 40 = 800 sq ft

Total area = 8 × 800 = 6,400 sq ft



2. Determine area required per capita. 

Sludge type = Digested primary and waste-activated sludge

Bed type = Open beds

Area per capita = 1.75–2.5 sq ft/capita

Selected area per capita = Use 1.9 sq ft/capita



3. Calculate population which can be served. 

Total area = 6,400 sq ft

Selected area per capita = Use 1.9 sq ft/capita

Population which can be served = 6,400/1.9 = 3,368 persons

9.15   HEAVY METALS LIMITATIONS FOR DISPOSAL  

OF TREATED SLUDGE CAKE

The dry sludge from the drying beds can be disposed off by sanitary landfill or land application 

as shown in Figures 9.2 and 9.3 of the US Environmental Protection Agency [72]. Figure 9.2 is a flowsheet for the Eugene-Springfield biosolids management system. Eugene is a city of 100,000 

people, located at the southern end of the agricultural Willamette Valley in western Oregon, USA. 

[image: Image 47]
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FIGURE 9.2  Flowsheet for the Eugene-Springfield biosolids management system. (USEPA.)

The sludge cake from the their drying beds has the options of (a) final disposal on a landfill, (b) 

disposal on a private farmland for agricultural reuse, or (c) allowing local citizens to pick up at the 

sludge management site for horticulture applications. Figure 9.3 shows the unit processes and sludge treatment trains for municipal combined biosolids management of the publicly owned treatment 

works (POTW). It can be seen that the sludge cakes from sludge drying beds are normally disposed 

off by landfill or land applications. Many other sludge cake disposal methods, such as ocean dis-

posal, and incineration, are available, but not recommended [20]. 

There are different definitions of heavy metals at present based on the density, atomic num-

ber or weight, and/or toxicity. There can be as much as 40 heavy metals normally occurring in 

nature, although the exact number depends on the definition used. Heavy metals are essential 

to life but can become toxic at high concentrations through accumulation in organisms, such 

as microorganisms, fish, and plants, or through environmental pollution. Arsenic, cadmium, 

chromium, copper, nickel, lead, mercury, and silver are the eight most common toxic heavy 

metals which can pollute the environment. Mercury, lead, and cadmium are of greatest concern 

because of their ability to travel long distances in the atmosphere. Sources of heavy metals pol-

lution include: (a) chemical spills; (b)  mining; (c) industrial manufacturing and productions, 

such as oil refineries, metal finishing, chemical and pesticide productions, chemical industry, 

and untreated sewage sludge and diffuse sources such as metal piping and power generations; 

and (d) household products, such as lead paints, toys, gun bullets, and electronic wastes. Heavy 

metals in the sludge cake must be analyzed before its final disposal by landfill, land application, 

or beneficial reuse. 

Tables 9.3 and 9.4 summarize the regulatory determinations for pollutants found in biosolids and the limits associated with those pollutants. For more complete information, refer to the USEPA offi-

cial websites of the full regulatory determinations. The toxicity characteristic leaching procedure 

(TCLP) (USEPA method 1311) shall be used to obtain all extracts for the purpose of characterizing 

a waste stream proposed for disposal in a solid waste landfill. Table 9.5 indicates the TCLP regula-

tory level and the USEPA hazardous waste number of eight heavy metals. Tables 9.6–9.8 list other toxic compounds regulated by the US government for landfill disposal of solid waste, including 

sludge cakes from sludge drying beds (Source: USEPA). Different countries will have different 

regulations concerning sludge cake disposal. 

[image: Image 48]
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TABLE 9.3

Regulatory Determination and Pollutant Limits for Land Applied Sewage Sludge

Ceiling 

Cumulative 

Monthly Average 

Annual Pollutant 

Concentration 

Pollutant Loading 

Concentrations 

Loading Rate (kg/hectare 

Pollutant

(mg/kg)

Rate (kg/hectare)

(mg/kg)

per 365-day period)

Arsenic

75

41

41

2.0

Cadmium

85

39

39

1.9

Copper

4,300

1,500

1,500

75

Lead

840

300

300

15

Mercury

57

17

17

0.85

Molybdenum

75

–

–

–

Nickel

420

420

420

21

Selenium

100

100

100

5.0

Zinc

7,500

2,800

2,800

140

Dioxins and dioxin-like 

In 2003, USEPA made a determination not to regulate dioxins and dioxin-like compounds in 

compounds

land applied sewage sludge. 

 Source: USEPA. 

TABLE 9.4

Regulatory Determination and Pollutant Limits for Surface Disposed Sewage Sludge

Pollutant Concentrations Active Sewage Sludge Unit Without a Liner and 

Pollutant

Leachate Collection Concentration (mg/kg)

Arsenic

73

Chromium

600

Nickel

420

Dioxins and dioxin-like 

In 2001, USEPA made a determination not to regulate dioxins and dioxin-like 

compounds

compounds in sewage sludge that is incinerated or placed on a surface disposal site. 

Pollutant Concentrations Active Sewage Sludge Unit Without a Liner and Leachate Collection System  

that Has a Unit Boundary to Property Line Distance Less than 150 m

0-Less than  25 to Less than 50 to Less than 

100 to Less 

125 to Less 

25 m  to 

50 m to 

75 m to 

75–100 m to  than 125 m to  than 150 m to 

Property Line  Property Line  Property Line  Property Line  Property Line  Property Line 

Pollutant

(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

Arsenic

30

34

39

46

53

62

Chromium

200

220

260

300

360

390

Nickel

210

240

270

320

390

420

Dioxins and 

In 2001, USEPA made a determination not to regulate dioxins and dioxin-like compounds in sewage 

dioxin-like 

sludge that is incinerated or placed on a surface disposal site. 

compounds

 Source: USEPA. 
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TABLE 9.5

The TCLP Regulatory Level and the USEPA Hazardous Waste Number 

of Eight Heavy Metals Regulated by the US Government

Metals

TCLP Regulatory Level, mg/L

USEPA Hazardous Waste Number

Arsenic

5.0

D004

Barium

100.0

D005

Cadmium

1.0

D006

Chromium

5.0

D007

Lead

5.0

D008

Mercury

0.2

D009

Selenium

1.0

D010


Silver

5.0

D011

 Source:  USEPA and South Carolina. 

TABLE 9.6

The TCLP Regulatory Level and the USEPA Hazardous Waste Number 

of Volatile Organic Compounds Regulated by the US Government

Volatile Organics

TCLP Regulatory Level, mg/L

USEPA Hazardous Waste Number

Benzene

0.5

D018

Carbon tetrachloride

0.5

D019

Chlorobenzene

100.0

D021

Chloroform

6.0

D022

1,4-Dichlorobenzene

7.5

D027

1,2-Dichloroethane

0.5

D028

1,1-Dichloroethylene

0.7

D029

Methyl ethyl ketone

200.0

D035

Tetrachloroethylene

0.7

D039

Trichloroethylene

0.5

D040

Vinyl chloride

0.2

D043

 Source:  USEPA and South Carolina. 
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TABLE 9.7

The TCLP Regulatory Level and the USEPA Hazardous Waste Number 

of Semi-Volatile Organic Compounds Regulated by the US Government

Semivolatile Organics

TCLP Regulatory Level, mg/L

USEPA Hazardous Waste Number

o-Cresol

200

D023

m-Cresol

200

D024

p-Cresol

200

D025

Cresol

200

D026

2,4-Dinitrotoluene

0.13

D030

Hexachlorobenzene

0.13

D032

Hexachlorobutadiene

0.5

D033

Hexachloroethane

3.0

D034

Nitrobenzene

2.0

D036

Pentachlorophenol

100.0

D037

Pyridine

5.0

D038

2,4,5-Trichlorophenol

400.0

D041

2,4,6-Trichlorophenol

2.0

D042

 Source:  USEPA and South Carolina. 

TABLE 9.8

The TCLP Regulatory Level and the USEPA Hazardous Waste Number of Organochlorine 

Pesticides and Chlorophenoxy Acid Herbicides Regulated by the US Government

Organochlorine  Pesticides

TCLP Regulatory Level, mg/L

USEPA Hazardous Waste Number

Chlordane

0.03

D020

Endrin

0.02

D012

Heptachlor (and its epoxide)

0.008

D031

Lindane

0.4

D013

Methoxychlor

10.0

D014

Toxaphene

0.5

D015

Chlorophenoxy Acid Herbicides

TCLP Regulatory Level, mg/L

USEPA Hazardous Waste Number

2,4-D

10.0

D016

2,4,5-TP (Silvex)

1.0

D017

 Source:  USEPA and South Carolina. 
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GLOSSARY OF SLUDGE DRYING BEDS AND RELATED 

PROCESSES [61,63,64,66–71,73,74]

Anaerobic: (a) In reference to environmental conditions, pertaining to the absence of oxygen; (b) in 

reference to microorganisms that can grow and perform biological reactions in the absence 

of oxygen; and (c) in reference to biological processes that can perform biologically in the 

absence of oxygen. 

Anaerobic digestion: It is an anaerobic biological sludge volume reduction process in which anaer-

obic microorganisms convert part of insoluble organic matter in the sludge to gaseous 

methane, carbon dioxide, ammonia, hydrogen sulfide, water, and some other intermediate 

compounds in the absence of oxygen, so the insoluble portion of sludge solids are reduced, 

and the task of sludge volume reduction is accomplished after water and gas removal. 

Aerobic: (a) In reference to environmental conditions, pertaining to the presence of oxygen in any 

forms; (b) in reference to microorganisms that can grow and perform biological reactions 

in the presence of oxygen; and (c) in reference to biological processes that can perform 

biologically in the presence of oxygen. 

Aerobic digestion: It is an aerobic biological sludge volume reduction process in which aerobic 

microorganisms convert part of insoluble organic matter in the sludge to carbon dioxide 

gas, nitrate, sulfate, phosphate, water, hydrogen ions, and some other intermediate com-

pounds in the presence of oxygen, so the insoluble portion of sludge solids are reduced, and 

the task of sludge volume reduction is accomplished after water and gas removal. 

Beneficial-use technology: Biosolids can be beneficially used, or recycled, to create a valuable soil 

amendment because of their high nutrient and organic contents. There are many ways to 

recycle biosolids, including composting, land application, heat drying or pelletizing, and 

mine reclamation. Landfilling and incineration or waste-to-energy combustion facilities 

are not considered beneficial-use options in the New York State, USA. 

Biosolids: It is sludge that has been treated to ensure that it can be safely applied to land as a fertil-

izer or soil amendment (these are called beneficial reuses). 

Conventional sand drying beds: Conventional sand drying beds can be built with or without 

provision for mechanical sludge removal, and with or without a roof. Common prac-

tice is to make drying beds rectangular with dimensions of 15–60 ft (4.5–18 m) wide 

by 50–150 ft (15–47 m) long with vertical side walls. Usually, 4–9 inches (10–23 cm) of 

sand is placed over 8–18 inches (20–46 cm) of graded gravel or stone. Usually, the sand 

is 0.012–0.05 inches (0.3–1.2 mm) in effective size and has a uniformity coefficient less 

than 5. Gravel is normally graded from 1/8 to 1 inches (0.3–2.5 cm), in effective size. 

Normally, underdrain piping has been of vitrified clay or plastic pipe. The pipes should 

be no less than 4 inches (100 mm), should be spaced 8–20 ft (2.4–6 m) apart, and have a 

minimum slope of 1%. 

Composting: Composting is the aerobic decomposition of organics (i.e., biosolids or other solid 

wastes) using controlled temperature, moisture, and oxygen levels, to produce a humus-like 

material that can be used as a soil amendment. The biosolids or other solid wastes are 

typically dewatered and mixed with an amendment, such as woodchips, sawdust, or yard 

waste. The temperatures reached in the composting process are high enough to kill patho-

genic organisms. Compost is most often used for landscaping, home gardens, municipal 

projects, and worksite erosion control. 

Dissolved air flotation (DAF): DAF is used to remove suspended solids by flotation (rising) by 

decreasing their apparent density. DAF consists of saturating a portion or all of the influent 

wastewater feed, or a portion of recycled effluent with air at a pressure of 25–70 lb/in (g). 

The pressurized wastewater is held at this pressure for 0.5–3.0 min in a pressurized reten-

tion tank (or air dissolving tube) and then released to atmospheric pressure to the flota-

tion chamber. The sudden reduction in pressure results in the release of microscopic air 
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bubbles which attach themselves to oil and suspended particles in the wastewater in the flo-

tation chamber. This results in agglomeration which, due to the entrained air, have greatly 

increased vertical rise rates of about 0.5–2.0 ft/min. The floated materials rise to the sur-

face to form a froth layer (float). Specially designed flight scrapers or other skimming 

devices such as sludge scoop continuously remove the float. The retention time (RT) in the 

flotation chambers is usually about 3–60 min. The effectiveness of DAF depends upon the 

attachment of bubbles to the suspended oil and other particles which are to be removed 

from the waste stream. The attraction between the air bubble and particle is primarily a 

result of the particle surface charges and bubble-size distribution. The more uniform the 

distribution of water and micro-bubbles, the shallower the flotation unit can be. Generally, 

the depth of effective DAF units is between 4 and 9 ft. DAF can be round, square, or rect-

angular. In addition, gases other than air can be used. The petroleum industry has used 

nitrogen, with closed vessels, to reduce the possibilities of fire. 

Dryer (or high-temperature sludge treatment): It is an advanced sludge dewatering process using 

high heat energy, usually after a regular sludge dewatering process (such as vacuum filtra-

tion or filter press). This added dryer process normally is used for total sludge dewatering 

when the dewatered sludge is recovered as a useful by-product for sale. 

Evaporation lagoon: The evaporation lagoon may be described as an open holding facility which 

depends solely on climatic conditions such as evaporation, precipitation, temperature, 

humidity, and wind velocity to effect dissipation (evaporation) of on-site wastewater. 

Individual lagoons may be considered as an alternate means of wastewater disposal on 

individual pieces of property. The basic impetus to consider this system is to allow build-

ing and other land uses on properties which have soil conditions not conducive to the 

workability and acceptability of the conventional on-site drain-field or leaching bed dis-

posal systems. Generally, if the annual evaporation rate exceeds the annual precipitation, 

this method of disposal may at least be considered. The deciding factor then becomes the 

required land area and holding volume. It should be noted that for unlined on-site installa-

tions such as homes and small industrial applications, there may also be a certain amount 

of infiltration or percolation in the initial period of operation. However, after a time, it may 

be expected that solids deposition will eventually clog the surface to the point where infil-

tration is eliminated. The potential impact of wastewater infiltration to the groundwater, 

and particularly on-site water supplies, should be evaluated in any event and, if necessary, 

lagoon lining may be utilized to alleviate the problem. Often preceded by septic tanks 

or aerobic units in order to provide a more acceptable influent and to minimize sludge 

removal from the lagoon. The evaporation lagoon technology is well developed in terms of 

application of climatological and meteorological data. The on-site utilization of evapora-

tion lagoons for the disposal of domestic wastewater, from homes and smaller industrial, 

agricultural or commercial facilities may be applicable where access to a municipal sani-

tary sewer is not available; where subsurface methods are not feasible and where effluent 

“polishing for surface discharge is not practical”. 

Flotation thickening: It is a dissolved air flotation process for sludge volume reduction by floating 

force because the combined solid-bubble floc has a specific gravity of less than 1 (lighter 

than water). After flotation, the subnatant is discharged as an effluent, and the floated 

sludge (floats) can be concentrated to between 2% and 10%, so the mission of sludge vol-

ume reduction is accomplished. 

Gravity thickening: It is a settling process for sludge volume reduction by gravity force because 

the insoluble portion of sludge solids has a specific gravity of greater than 1 (heavier than 

water). After settling, the supernatant is discharged as an effluent, and the settled sludge 

can be concentrated to between 1% and 6%, so the mission of sludge volume reduction is 

accomplished. Note: An equivalent settling process for water and wastewater clarification 

is called sedimentation process. 
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Heat treatment: It is a partial sludge dewatering process in which medium heat energy is applied 

for partial removal of water from the thickened sludge and for heat sludge conditioning 

prior to a subsequent final sludge dewatering process unit, such as vacuum filtration or 

equivalent. The added heat sludge conditioning step may make next vacuum filtration of 

sludge easier. Note: for certain sludge, chemical conditioning (such as lime stabilization) 

instead of heat conditioning may be used prior to vacuum filtration. 

Heavy metals: There are different definitions of heavy metals at present based on the density, atomic 

number or weight and/or toxicity. There can be as much as 40 heavy metals normally 

occurring in nature, although the exact number depends on the definition used. Heavy 

metals are essential to life but can become toxic at high concentrations through accumu-

lation in organisms, such as microorganisms, fish, and plants, or through environmental 

pollution. Arsenic, cadmium, chromium, copper, nickel, lead, mercury, and silver are the 

eight most common toxic heavy metals which can pollute the environment. Mercury, lead, 

and cadmium are of greatest concern because of their ability to travel long distances in 

the atmosphere. Sources of heavy metals pollution include: (a) chemical spills; (b) mining; 

(c) industrial manufacturing and productions, such as oil refineries, metal finishing, chemi-

cal and pesticide productions, chemical industry, and untreated sewage sludge and diffuse 

sources such as metal piping and power generations; and (d) household products, such as 

lead paints, toys, gun bullets, and electronic wastes. 

Humification: Humification is defined as the conversion of organic material to soil organic matter. 

Humification drying beds (planted drying beds): The humification drying beds are also called 

planted drying beds which require desludging only infrequently and the removed sludge 

from the beds is a nutrient-rich soil amendment that can be directly reused in agriculture. 

Although the construction of humification drying beds (i.e. planted drying beds) is simi-

lar to the unplanted drying beds (or conventional gravel/sand filters), the humification or 

planted drying bed frame can be made from concrete or a plastic liner with the bottom 

surfaces slightly sloped in order to facilitate percolation and drainage. Ventilation pipes 

connected to the drainage system contribute to aerobic conditions in the filter in order 

to support plant growth. A general design for layering the bed is (a) 250 mm of coarse 

gravel (grain diameter of 20 mm); (b) 250 mm of fine gravel (grain diameter of 5 mm); and 

(c) 100–150 mm of sand. Free space (1 m) should be left above the top of the sand layer to 

account for about 3–5 years of accumulation. If there is enough space for sludge accumula-

tion, desludging is only required every 5–10 years. 

Incineration: Incineration is a thermal process for ultimate disposal of solid wastes involving the 

high temperature combustion of biosolids or other solid wastes without energy recovery. 

This method reduces the volume of biosolids or solid wastes by at least 70%. The resultant 

ash must be ultimately disposed, usually at a solid waste landfill. Due to high capital and 

operating costs, this method is generally a less popular biosolids management practice. 

Land application: It involves the placement of biosolids or other treated solid wastes (including 

manure) on or into the soil to benefit the crop grown and the soil present. It is commonly 

used on agricultural or forest lands. The biosolids or other similar wastes can be applied 

as either a liquid or a semi-solid (dewatered), similar to animal manure. The material is 

either directly injected into the ground or spread on the ground and then incorporated into 

the soil. Biosolids or similar wastes are spread at an application rate beneficial to the crop 

being grown. 

Mine reclamation: Mine reclamation is an environmental technology involving the use of biosol-

ids, or other similar wastes, such as manure, to reclaim lands on areas with low organic 

content, such as former mine sites. It is often chosen as a cost-effective way to establish 

vegetative cover on contaminated or mined land by increasing the soil’s organic content 

and minimizing the movement of metals through erosion and leaching. 
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Ocean disposal: Disposal of properly treated, stabilized, or harmless waste materials in ocean 

water in accordance with the government rules and regulations is one of many final waste 

disposal methods. 

Open or closed drying beds: Traditional drying beds can be constructed as either open beds (with-

out a closure) or closed beds (with a closure). Sand beds can be enclosed by glass. Glass 

enclosures protect the drying sludge from rain, control odors and insects, reduce the drying 

periods during cold weather, and can improve the appearance of a wastewater treatment 

plant (WWTP). The sand beds enclosed by glass is also called “solar drying beds” or 

“green-house drying beds”. Regular roofs without walls are commonly used for the closed 

drying beds due to their low costs. 

Paved drying beds: Paved drying beds can be built with or without a roof, but commonly, the beds 

are rectangular in shape and are 20–50 ft (5–15 m) wide by 70–150 ft (21–46 m) long with 

vertical sidewalls. Their main advantages are that front-end loaders can be used for sludge 

removal and reduced bed maintenance. Current practice is to use either concrete or asphalt 

lining. The lining normally rests on an 8–12 inches (20–30 cm) build up sand or gravel 

base. The lining should have a minimum of 1.5% slope to the drainage area. An unpaved 

area, 2–3 ft (0.60–1 m) wide, is placed along either side or down the middle for drainage. 

A minimum 4-inch (100 mm) diameter pipe is used to convey drainage water away. For a 

given amount of sludge, paved drying beds require more area than sand beds. Paved drying 

beds with limited drainage systems permit the use of mechanical equipment for cleaning. 

Field experience indicates that the use of paved drying beds results in more efficient dry-

ing cycles as well as more economical operation when compared with conventional sand 

beds because, as indicated above, the use of mechanical equipment for cleaning permits 

the removal of sludge with a higher moisture content than in the case of hand cleaning. 

Paved drying beds can also be open beds or closed beds. They have worked successfully 

with anaerobically digested sludges but are less desirable than sand beds for aerobically 

digested activated sludge. 

Pelletization by heat drying: It is a thermal sludge treatment process in which almost all water 

is removed from biosolids or other similar solid wastes, such as manure, by exposure to a 

heat source, resulting in a fertilizer product. In case of biosolids, typically, the heat drying 

facility takes dewatered biosolids (20%–30% solids) as an input and produces a product 

with greater than 90% solids. 

Planted drying bed system (humification drying bed system): A planted drying bed is similar 

to an unplanted drying bed but has the added benefit of transpiration and enhanced sludge 

treatment due to growth of the plants on the beds. When plants are present, evaporation is 

enhanced by evapotranspiration and sludge can be applied more frequently. It is a sealed 

shallow pond filled with several drainage layers and designed for the separation of the solid 

from the liquid fraction of sludge from latrines, septic tanks, biogas reactors, and trickling 

filters. Sludge is dried naturally by a combination of percolation and evaporation. The key 

improvement of the planted bed over the unplanted bed is that the filters do not need to be 

desludged after each feeding/drying cycle. The roots of the plants create pathways through 

the thickening sludge, allowing water to easily escape. Fresh sludge can be directly applied 

onto the previous layer; the plants and their root systems maintain the porosity of the filter. 

Compared to unplanted drying beds, planted drying beds (also called humification beds) 

require desludging only once every 5–10 years, and the removed sludge is a nutrient-rich 

soil amendment that can be directly reused in agriculture. The leachate collected in the 

drains may require further treatment depending on the quality of the applied sludge. 

Residual : It is a general term for both sludge and biosolids. 

Sludge: (a) It is the solid material in sanitary wastewater, from wastewater treatment plants or on-site septic tanks, or farms. (b) It is the solid material in wastewater from water treatment plants. 
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Sludge digestion: It is a biological sludge volume reduction process in which microorganisms con-

vert part of insoluble organic matter in the sludge to gases, water, and some other soluble 

end products or intermediate products; in turn, the overall insoluble solids and sludge vol-

ume are reduced. There two different types of sludge digestion: (a) aerobic digestion in 

which aerobic microorganisms react with organic sludge in the presence of oxygen for 

sludge volume reduction and (b) anaerobic digestion in which anaerobic microorganisms 

react with organic sludge in the absence of oxygen for sludge volume reduction. 

Sludge cake: It is a semi-dry solid composed of sludge solids that stick together like a cake contain-

ing a solids concentration of 20%–30% (average 25%). 

Sludge dewatering: It is a process of further removing water from a liquid sludge after sludge 

thickening (physical method for sludge volume reduction) or sludge digestion (biological 

method for sludge volume reduction). The dewatered sludge has an insoluble solid concen-

tration usually up to about 25% but can be as high as about 30%. The most common sludge 

dewatering processes are vacuum filtration, filter press, centrifugation, sludge drying beds, 

sludge lagoon (evaporation lagoon), and flash drying (heating dryer, or heat treatment). 

Sludge digestion: It is a biological sludge dewatering process for sludge volume reduction. There 

are two kinds of sludge digestion processes: (a) aerobic digestion using aerobic microor-

ganisms in the presence of oxygen; and (b) anaerobic digestion using anaerobic microor-

ganisms in the absence of oxygen. 

Sludge drying beds: There are at least six types of sludge drying beds: (a) conventional sand drying 

beds; (b) paved drying beds; (c) wedge-wire drying beds; (d) vacuum-assisted drying beds; 

(e) planted drying bed system (humification drying bed system); and (f) sludge drying reed 

beds. 

Sludge drying lagoons : Sludge drying lagoons are similar to sludge drying beds in that sludge is 

periodically drawn from a digester, placed in the sludge drying lagoon, removed after a 

period of drying, and the cycle repeated. Sludge drying lagoons do not have an underdrain 

system. Most of the drying is by evaporation and decanting supernatant liquor. Plastic 

or rubber fabrics may be used as a bottom lining, or they may be natural earth basins. 

Supernatant liquor and rainwater drain off points are usually provided, with the drain off 

liquid returned to the plant for further processing. 

Sludge drying reed beds: Sludge drying reed beds are similar to conventional sludge drying beds 

except that the former uses reed beds and the latter uses sand beds. 

Solid loading rate (SLR) of drying bed: It is the most important loading factor for the design of 

drying beds. Solids loading rate is the weight of sludge solids on a dry weight basis applied 

yearly per square foot of drying bed area, or SLR = (dry weight of sludge solids)/year/(dry-

ing bed area). 

Sludge thickening: It is a process of removing water from a liquid sludge prior to sludge dewater-

ing. The thickened sludge has a total suspended solids (TSS) concentration ranging from 

less than 2%–6%. The most common sludge thickening processes are gravity thickening 

by settling, flotation thickening by dissolved air flotation, or centrifugation thickening by 

centrifugal force. 

Solid-waste-to-energy technology (SWTE technology): It is a thermal process technology involv-

ing both high-temperature combustion of the biosolids or other similar solid wastes and 

recovery of energy from the process. Although energy is recovered, SWTE technology 

facilities are not considered beneficial use, or recycling, in New York State, USA, but is 

considered beneficial use in some other US states, or other countries. 

Unplanted drying bed system: (a) An unplanted drying bed is a traditional simple, permeable 

bed filled with several drainage layers that, when loaded with sludge, collects percolated 

leachate and allows the sludge to dry by percolation and evaporation. Approximately 

50%–80% of the sludge volume drains off as liquid or evaporates. The sludge, however, 

is not effectively stabilized or sanitized. Additional treatment by composting may be fore-

seen for the dried sludge before it can be safely disposed or used as a nutrient-rich soil 
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amendment in agriculture. The percolate still contains pathogens and needs to be collected 

for treatment or controlled reuse. Unplanted drying beds need to be desludged before fresh 

sludge is applied. Drying beds are relatively easy to construct and simple to maintain, 

although large surface areas and man or mechanical power is required for regular desludg-

ing [61,62]; (b) Traditional sludge drying beds are used to dewater sludge both by drainage 

through the sludge mass and by evaporation from the surface exposed to the air. Collected 

filtrate is usually returned to the wastewater treatment plant (WWTP) or a lagoon facil-

ity. Traditional sludge drying beds usually consist of 4–9 inches (10.16–22.86 cm) of sand 

which is placed over 8–18 inches (20.32–45.72 cm) of graded gravel or stone. The sand 

typically has an effective size of 0.3–1.2 mm and a uniformity coefficient of less than 5.0. 

Gravel is normally graded from 1/8 to 1.0 inches (0.3175 com–2.54 cm). Drying beds have 

underdrains that are spaced from 8 to 20 ft (2.44–6.10 m) apart. Underdrain piping is often 

vitrified clay laid with open joints, has a minimum diameter of 4 inches, and has a mini-

mum slope of about 1%. 

Vacuum-assisted drying beds: A vacuum-assisted drying bed is feasible for dewatering an aerobi-

cally digested sludge having 2% solid concentration, which is wasted from an activated 

sludge wastewater treatment plant. The principal components of a vacuum-assisted drying 

bed are (a) a bottom ground slab consisting of reinforced concrete; (b) a layer of stabilized 

aggregate several inches thick which provides support for the rigid multi-media filter top. 

This space is also the vacuum chamber and is connected to a vacuum pump; and (c) a rigid 

multi-media filter top is placed on the aggregate support. Sludge is then applied to the sur-

face of this media. The operating sequence is (a) sludge is introduced onto the filter surface 

by gravity flow at the rate of 150 gpm (9.4 L/s) and to a depth of 12–18 inches (30–46 cm); 

(b) filtrate drains through the multi-media filter and into the space containing the aggre-

gates and then to a sump, from which it is pumped back to the plant by a self-actuated 

submersible pump; and (c) as soon as the entire surface of the multi-media filter is covered 

with sludge, the vacuum system is started and vacuum is maintained at 1–10 inches Hg 

(3–34 kN/m2). 

Wedge-wire drying beds: Wedge-wire drying beds have been used successfully in England. This 

approach prevents the rising of water by capillary action through the media and the con-

struction lends itself well to mechanical cleaning. The first United States installations have 

been made at Rollinsford, New Hampshire, and in Florida. It is possible, in small plants, 

to place the entire dewatering bed in a tiltable unit from which sludge may be removed 

merely by tilting the entire unit mechanically. In a wedge-wire drying bed, sludge slurry 

is introduced onto a horizontal, relatively open-drainage media in a way that yields a clean 

filtrate and provides a reasonable drainage rate. The bed consists of a shallow rectangular 

watertight basin fitted with a false floor of wedgewater panels. These panels have slotted 

openings of 0.01 inches (0.25 mm). This false floor is made watertight with caulking where 

the panels abut the walls. An outlet valve to control the rate of drainage is located under-

neath the false floor. There are many noticeable advantages of using a wedge-wire drying 

bed: (a) no clogging of the media; (b) constant and rapid drainage; (c) higher throughput 

rate than sand beds; (d) easy bed maintenance; (e) difficult-to-dewater sludge, for example, 

aerobically digested can be dried; and (f) compared with sand beds dewatered sludge is 

easier to remove. 
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NOMENCLATURE

BAT: 

Best available technology

DAF: 

Dissolved air flotation

ESID: 

Ecologically sustainable industrial development

ICGEB: 

International Centre for Genetic Engineering and Biotechnology

IE: 

Industrial ecology

ILO: 

International Labour Organisation

IPCS: 

International Program on Chemical Safety

ISID: 

Inclusive and sustainable industrial development

NGO: 

Nongovernmental organization

UN: 

United Nations

UNEP: 

United Nations Environmental Program

UNESCO:  United Nations Educational, Scientific and Cultural Organization

UNIDO: 

United Nations Industrial Development Organization

WHO: 

World Health Organization

10.1 INTRODUCTION

10.1.1  summary

This chapter introduces the United Nations Industrial Development Organization (UNIDO) and 

its international leadership role in promoting industrial ecology (IE) and ecologically sustainable 

industrial development (ESID) and improving solid and hazardous wastes management in industrial 

and developing countries. The subjects covered in this publication are ESID definition, criteria, 

activities, and programs directly or indirectly related to solid waste and hazardous waste manage-

ment. The patterns of industrialization should enhance our economic and social benefits for present 

and future generations without impairing basic ecological processes [1–5]. 
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The 3E criteria of ESID are (a) eco-capacity and biosphere protection, (b) efficiency of using 

man-made and natural capital, and (c) equity promotion. Important ESID activities are (a) pol-

lution prevention and cleaner pollution prevention, (b) international environmental conventions 

and protocols, (c) environmental soundness of industrial technologies, (d) integration of envi-

ronmental considerations into industrial strategies and policies, (e) identification of financial 

resources for developing countries, (f) technical and policy information dissemination, and  

(g) provision of assistance upon request by the UNIDO member states [4–5]. 

The major UNIDO’s ESID programs directly and indirectly related to solid waste and hazard-

ous waste management are (a) integrating environment and development in decision-making pro-

cesses; (b) protection of the atmosphere; (c) protection of water resources, oceans, and fresh water 

resources; (d) environmentally sound management of biotechnology; (e) environmentally sound 

management of toxic chemicals, hazardous wastes, solid wastes, contaminated soil and groundwa-

ter (especially heavy metals and toxic organic substances); (f) strengthening the role of business and 

industry; (g) environmentally sound technology, cooperation, and capacity-building; (h) informa-

tion for decision-making; (i) national mechanisms and international cooperation for capacity-build-

ing in developing countries; and (j) additional ESID programs. 

A sustainable best available technology (BAT) system involving the use of modern dissolved air 

flotation (DAF), coagulant, and membrane filtration for treating landfill leachate is described and 

recommended as a typical example of an ESID activity. 

This publication also introduces sustainable physicochemical and biological technologies which 

may effectively remove heavy metals from landfill leachate, and leachate-contaminated soil and 

groundwater. These sustainable technologies include: chemical precipitation, clarification, filtra-

tion, granular activated carbon, biochar adsorption, biosorption, calcined eggshells adsorption, soil 

washing, phytoremediation, soil bioremediation, electrokinetic soil decontamination, etc. 

10.1.2  the united nations industrial develoPment organization (unido)

The United Nations Industrial Development Organization (UNIDO) is a specialized agency of 

the United Nations (UN) with about 170 member states. The member states regularly discuss and 

decide UNIDO’s guiding principles and policies in their sessions of the Policymaking Organs. The 

UNIDO’s mission is to promote a new humanity science of industrial ecology (IE) and acceler-

ate inclusive and sustainable industrial development (ISID) in Member States. Natural resources 

recovery, environmental sustainability, and proper management of solid, liquid, and gaseous wastes 

are emphasized within ISID. The UNIDO’s programmatic focus is structured, as detailed in the 

UNIDO’s Medium-Term Program Framework 2018–2021, in four strategic priorities: (a) creating 

shared prosperity, (b) advancing economic competitiveness, (c) safeguarding the environment, and 

(d) strengthening knowledge and institutions [1–5]. 

It is important to note that UNIDO is mainly assisting developing countries, so some industrial-

ized countries which are the UN member states have refused to pay the UNIDO membership fees 

becoming the UNIDO member states. 

10.2   ECOLOGICALLY SUSTAINABLE INDUSTRIAL DEVELOPMENT 

AND SOLID AND HAZARDOUS WASTES MANAGEMENT

Efficient solid and hazardous waste management is always needed due to continuous industrial 

development, while continuous industrial development can be sustained only if it preserves the bal-

ance of nature. Industrial ecology (IE) is a branch of science for sustainability or a humanity frame-

work for designing and operating industrial systems as sustainable and interdependent with natural 

systems. It seeks to balance industrial production and economic performance with an emerging 

understanding of local and global ecological constraints [1–18]. 
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Ecologically sustainable industrial development (ESID) which is a part of IE is a necessary 

approach to industrial development that will allow us to reconcile the demands of population 

growth, the desire for continued industrial development, and the need to preserve the environment 

at the same time. The authors and coworkers have conducted many research concerning sustain-

ability activities [19–29]. 

There has been a good deal of debate on the meaning of the term “sustainable development.” 

The UN World Commission on Environment and Development has offered several definitions of 

sustainable development. The one that is most often repeated is that sustainable development “meets 

the needs of the present without compromising the ability of future generations to meet their own 

needs.” According to a document from the United Nations Industrial Development Organization 

(UNIDO) [4–5], ESID is defined as “those patterns of industrialization that enhance economic and 

social benefits for present and future generations without impairing basic ecological processes.” On 

the basis of the growing scientific evidence in support of the strong definition of sustainable devel-

opment, UNIDO proposes a definition of ecologically sustainable industrial development (ESID) 

that tends to preserve natural capital and allows a low degree of substitutability by man-made capi-

tal. ESID may also be defined as those patterns of industrialization that enhance economic and 

social benefits for present and future generations without impairing basic ecological processes. It 

follows, therefore, that any significant degradation of ecological processes by industrialization, as 

well as by other human activities, is unsustainable over long periods. Any definition of sustainable 

development ought to address the following three issues: (a) the explicit contribution of ecological 

processes to living standards; (b) the access by future generations to as effective a resource base as 

that enjoyed by the present generation, if living standards are not to decline over time; and (c) the 

resource base, which must include a mix of man-made and natural capital. 

10.3   CRITERIA OF ECOLOGICALLY SUSTAINABLE  

INDUSTRIAL DEVELOPMENT

To achieve ecologically sustainable industrial development (ESID), industrial development must 

meet the “3E” criteria: (a) eco-capacity: any industrial development must allow the capacity of 

ecosystems to continue to function despite pollution and must protect the biosphere; (b) efficiency: 

any industrial development must have the most efficient conversion of human, material, and energy 

resources into industrial outputs and must make the most efficient use of man-made and natural 

capital; and (c) equity: any industrial development must have the equitable distribution of envi-

ronmental burdens as well as of the outputs of industrialization across nations, across segments of 

society, and across generations, and, in short, must promote equity [1–5]. 

10.3.1  eCo-CaPaCity and BiosPhere ProteCtion

The concept of eco-capacity has two aspects. On the one hand, it refers to the capacity of an eco-

system to be resilient, that is, to maintain its patterns of behavior in the face of external disturbance. 

On the other hand, it refers to the capacity of the system to remain stable, that is, to maintain its 

equilibrium in response to normal fluctuations in the environment. It is the first aspect of the con-

cept that is of interest here. 

Protecting the biosphere from industry-related activities is a fundamental criterion for sustain-

able development. It is also a very difficult one to measure because it is multidimensional. It includes 

stabilizing the biosphere in the face of the threats from greenhouse gases and ozone-depleting 

substances, maintaining the carrying capacity of natural resource systems (forest, fisheries, and 

agricultural land) and protecting the absorptive (assimilative) capacity of air, water, and soil from 

emissions and waste discharges. 
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10.3.2  effiCienCy of using man-made and natural CaPital

Even if the overriding concern of sustainable development is the preservation of the natural envi-

ronment, this should be done in an efficient manner. Thus, if there are alternatives for maintaining 

eco-capacity, the idea would obviously be to choose those that minimize input (e.g., of energy) 

per output produced or that maximize output per input needed. This follows from the fact that the 

notion of development is central to ESID, and development, in turn, implies rising living standards, 

at least in the broad sense. As attested by economic history, economic development by means of 

industrialization (the transformation of raw materials into products) has long been the path to higher 

standards of living. Hence, industrialization policies have to be consistent with achieving the most 

efficient conversion of raw materials into outputs. 

10.3.3  equity Promotion

There is one further criterion that needs to be applied, namely the promotion of equity. The issue of 

equity takes a number of forms: (a) equitable distribution of environmental burdens as well as out-

puts; (b) equitable consideration of industrialized countries and developing countries; (c) equitable 

consideration of present and future generations; and (d) further equity issues [4–5]. 

10.3.3.1  Equitable Distribution of Environmental Burdens and Outputs

The very first is the equitable distribution of environmental burdens as well as outputs. The 

solution of this issue may have important repercussions for their preservation of the environ-

ment. If the costs of meeting environmental standards are considered to be too high, sizable 

segments of the population, many of the already poor, will suffer the consequences of this 

decision, i.e., a degraded environment, and this will make them poorer. The cycle spirals down-

wards because poverty per se breeds some of the worst forms of environmental degradation, 

i.e., deforestation, overexploitation of marine resources, unsanitary living conditions, etc., as 

discussed later. 

10.3.3.2   Equitable Consideration of Industrialized Countries  

and Developing Countries

On a global scale, the issue of equity arises in another way. One argument is that industrialized 

countries, which have benefited the most from the exploitation of natural resources and the waste 

assimilative capacity in the biosphere, now have a moral obligation to permit the developing coun-

tries to follow similar growth patterns. This argument implies that industrialized countries should 

pay the excess costs incurred by the developing countries to protect the environment. However, this 

moral argument is not necessarily accepted by those who would have to pay the excess costs. A more 

effective argument might well be based on interlocking mutual security and economic interests. This 

was the argument that justified the Marshall Plan after the World War II. At present, a number of 

West European countries have found it cost-effective, i.e., in their own interests, to assist Poland and 

the other Eastern European countries to reduce air pollution. Such arguments can be applied on a 

global as well as regional scale. 

10.3.3.3  Equitable Consideration of Present and Future Generations

A third aspect of the equity issue is intergenerational equity. The present generation is clearly 

paying for the degradation of natural resources, such as deforestation, overgrazing, and erosion, 

caused by earlier generations. Future generations will, however, have to pay not only the costs 

of current environmental degradation of the same kind (only accelerated) but also the costs of 

accumulations of atmospheric gases and toxic heavy metals and the loss of tropical rain forests 
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and biological diversity. One implication of this understanding is that the needs of future gen-

erations should be taken into account even if this places an additional strain on political institu-

tions, which are normally geared to achieving short-term targets and not to satisfying future 

generations. 

10.3.3.4  Further Equity Issue

Two further aspects of the equity issue are especially relevant to industry: (a) first, all countries need 

to participate in the shift to cleaner production processes, which are at the core of ESID; besides, 

cleaner production processes could maximize this potential and (b) second, unless employment 

opportunities are created for marginalized populations, they will continue to resort to environmen-

tally unsound farming, grazing, and fishing, giving rise to environmental disasters such as defores-

tation and top-soils depletion and showing little sign of diminishing. 

10.4   LEADERSHIP ROLE AND ESID ACTIVITIES OF THE UNITED 

NATIONS INDUSTRIAL DEVELOPMENT ORGANIZATION

The United Nations Industrial Development Organization (UNIDO) has lent its support, on a coor-

dinated basis, to the activities of many member states active in the field of ESID and has worked in 

close cooperation with national institutions in implementing ESID. The following subsections intro-

duce some past, present, and future major directions for UNIDO action in achieving ESID [1–5]. 

10.4.1  Pollution Prevention and Cleaner Pollution Prevention

The first and the most important UNIDO activity is assisting developing countries, upon request, in 

building the technical and scientific institutional capacity to develop, absorb, and diffuse pollution 

prevention techniques and cleaner production processes essential to making the transition to ESID. 

This could be done by: (a) demonstrating the financial and economic advantages and environmen-

tal benefits of ESID by working cooperatively with industry and other technical experts, and with 

governments, to undertake a program of site-specific, country case studies; (b) providing technical 

support for the design, establishment, operation, evaluation, and monitoring of pollution prevention 

techniques and cleaner production processes and technologies; and (c) assisting demonstration and 

training centers at new or existing industrial facilities and providing support to centers of excellence. 

10.4.2  international environmental Conventions and ProtoCols

To play the UN’s international leadership role, UNIDO has frequently assisted developing countries 

in the implementation of international environmental conventions and protocols related to indus-

trial activities because this is what UNIDO can do the best. This kind of activities can be done by: 

(a) providing technical assistance to those countries to identify and implement the actions needed 

and (b) helping those countries to locate expertise and funding for projects that contribute to the 

implementation of those conventions and protocols. 

10.4.3  environmental soundness of industrial teChnologies

Assisting developing countries in determining the environmental soundness of industrial tech-

nologies is the third UNIDO activity which can be accomplished by: (a) preparing guidelines on 

environmentally sound industrial practice for selected sectors; (b) promoting, in selected sectors, 

technical procedures to evaluate and to test processes, products, and services; and (c) providing 

assistance for the development of assessment techniques for the identification and measurement of 

environmental impact. 
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10.4.4   integration of environmental Considerations 

into industrial strategies and PoliCies

Assisting developing countries in integrating environmental considerations into their industrial 

strategies and policies is the fourth activity which can be done by: (a) identifying sectoral and sub-

sectoral priorities for environmentally sound industrial activities and (b) specifying the techniques 

available to rehabilitate existing industries so that they could operate in an ecologically sustainable 

manner, assessing the costs of such a transition and estimating a time frame for achieving it. 

10.4.5  identifiCation of finanCial resourCes for develoPing Countries

Underdeveloped countries are not ready for industrial development. Developing countries are ready 

and willing but do not have adequate financial resources for their desired correct and sustainable 

industrial development. Since UNIDO is not a financial organization, its responsibility is recom-

mending and assisting developing countries in identifying appropriate and available financial 

resources, where possible on concessional terms, that would enable them to take necessary steps to 

achieve ESID. 

10.4.6  teChniCal and PoliCy information dissemination

Dissemination of any UNIDO information to its member states is a continuous effort. Strengthening 

the UNIDO’s existing database and its capacity to coordinate the dissemination of technical and 

policy information on ESID,  inter alia, is accomplished by cooperating with the United Nations 

Environment Program in its work on the International Cleaner Production Clearinghouse (ICPIC). 

10.4.7  Provision of assistanCe uPon request By the unido memBer states

UNIDO also assists its member states, upon request, in achieving ESID in accordance with the pro-

visions of the UNIDO Constitution and relevant decisions of the General Conference and Industrial 

Development Board. In implementing its programs and projects, UNIDO has established and/or 

strengthened internal procedures for appraisal and approval of activities that ensure compatibility 

with the concept of ESID. 

10.5   UNIDO’S ECOLOGICALLY SUSTAINABLE INDUSTRIAL DEVELOPMENT  

PROGRAMS DIRECTLY AND INDIRECTLY RELATED TO SOLID AND  

HAZARDOUS WASTES MANAGEMENT

The United Nations Industrial Development Organization (UNIDO) plays a key role in the imple-

mentation of the Ecologically Sustainable Industrial Development (ESID) program areas and chap-

ters of the United Nations (UN) Agenda 21. The relevant chapters elaborated below are directly or 

indirectly related to solid and hazardous waste management. 

Most of the UNIDO program areas are accorded high priority within the organization, based on 

its specific strengths as developed over the past 60 years. UNIDO regards these program areas as its 

primary concerns because they are based on a clear delineation of its role and on an efficient divi-

sion of labor within the United Nations system. These program areas are introduced below [1–5]. 

10.5.1  integrating environment and develoPment in deCision-making

The UNIDO strategic management approach is based on a process of consultations and cooperation 

between the government and the private sector for the development of flexible and demand-driven 
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FIGURE 10.1  Recycle and reuse of waste rubber and tires in a children play ground as the floor, road, rect-

angular protection pad, fall protection tires, and foot rods. 

technical and financial support programs that enhance productivity and secure sustainable growth. 

Furthermore, the policy studies, System of Consultations, and technology acquisition and negotia-

tion programs are all instruments geared to affecting a proper integration of environment into the 

decision- and policymaking process. Typical successful examples of solid and hazardous waste 

management in both industrialized countries and developing countries are (a) recycle of lead car 

batteries; (b) government’s plastic bags ban in New York State, USA; (c) establishment of recycle 

centers and development of single stream solid waste treatment technologies for separation and 

recycle of waste plastic bottles, aluminum cans, glass bottles, and waste papers in the United States; 

(d) government incentive program for waste papers recycle and marketing; (e) establishment of 

recycle centers for recycling waste rubber tires and other rubber materials; (f) international collabo-

ration of solid/hazardous waste treatment and disposal chains, etc.; (g) legislation for proper man-

agement, treatment, and disposal of solid and hazardous wastes; (h) government incentive program 

for reuse of agricultural solid waste as raw materials for production of synthetic fuel; and (i) estab-

lishment of the solid waste best available technologies (BAT) and the best available management 

(BAM) for the municipalities and industries to follow [30–33]. Figure  10.1 shows how recycled rubber is successfully reused as the children play ground’s floor, road, rectangular protection pad, 

fall protection tires, and foot rods. 

10.5.2  ProteCtion of the atmosPhere

UNIDO addresses this issue in three ways: by developing alternative clean fuel programs (cleaner 

coal and oil mission control); by stimulating greater efficiency in incineration/combustion processes 

and energy conservation; and by supporting alternative clean energy sources (solar, hydropower, 

hydrogen, methane gas, and biosynthetic gas). Both environmental and energy considerations are 

being increasingly integrated into UNIDO activities, stressing the development of sustainable energy 

systems. Typical solid and hazardous waste management issues in both industrialized countries and 
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developing countries are (a) selection of cleaner fuels, such as low sulfur coal and natural gas, for 

incineration/combustion processes; (b) installation of air pollution control units, such as fabric fil-

tration, cyclones, electrostatic precipitation, wet scrubbing, dry scrubbing, condensation, thermal 

oxidation, catalytic oxidation, gas phase granular activated carbon (GAC), desulfurization, and/or 

gas phase membrane process, for purifying the stack effluent from incineration/combustion facili-

ties [30–33]; (c) collection of methane gas from landfill sites for air pollution reduction; (d) treat-

ment of landfill gas using flare process, gas phase biofiltration, etc.; (e) purification of landfill gas 

and recycle of the purified landfill gas as a fuel; (f) proper siting of incineration/combustion, com-

posting, and landfilling facilities for reduction of air pollution; (g) odor pollution of composting 

gas using gas phase biofiltration; (h) capture, separation, and storage or reuse of carbon dioxide gas 

from incineration and combustion facilities’ stack gaseous effluents by carbon sequestration process 

system [26]; and (i) regional or international atmospheric modeling and dispersion of gaseous efflu-

ent from solid and hazardous waste facilities [30]. 

10.5.3  ProteCtion of Water resourCes, oCeans, and fresh Water resourCes

An integrated approach to water management can ill afford to ignore industry, and the efficient use of 

water was thus emphasized at the ESID Conference. Over the years, UNIDO has been endeavoring 

to minimize the impact of industrial activities on the aquatic environment. Its objective is to improve 

industrial efficiency by reducing the quantity of water used, the waste water produced, and the extent 

of water-borne pollutants. Complementing such efforts, manuals, guidelines, and technological infor-

mation on the management of waste water will be prepared and disseminated. Typical solid and haz-

ardous waste management issues in both industrialized countries and developing countries are (a) 

regional or international groundwater modeling of flow and water quality affected by sanitary landfill 

leachate; (b) investigation and reduction of plastic wastes and other solid/hazardous wastes in riv-

ers and oceans; (c) proper treatment of sanitary landfill leachate for water resources protection; (d) 

reduction or total ban of ocean disposal of any raw or treated biosolids; (e) improving old landfill sites 

using modern liners and leachate collection technologies; (e) proper siting of landfill facilities to avoid 

or reduce water pollution; and (f) application of advanced processes, such as dissolved air flotation 

(DAF) and membrane processes, for treating leachate or decontaminating groundwater [34–40]. 

10.5.4  environmentally sound management of BioteChnology

UNIDO has recognized the enormous potential that biotechnology offers for both industrial devel-

opment and environmental protection and is currently enhancing the biotechnological capacity of 

some developing countries so as to enable them to take advantage of that potential. Appropriate 

mechanisms and centers, such as the International Centre for Genetic Engineering and Biotechnology 

(ICGEB), have been set up. 

Efforts have and will continue to concentrate on studies and capacity-building, enabling coun-

tries to identify and capitalize on opportunities in biotechnology, based on their own comparative 

advantages as well as on direct technical assistance in applying biotechnology to industrial activities 

in health care, chemical production, and environmental protection and to promote biosafety through 

interagency collaboration aimed at developing a biosafety information network and advisory service. 

The examples of environmentally sound management of biotechnology related to solid and hazard-

ous wastes are (a) development and application of biodegradable plastics; (b) development, improve-

ment, and application of bioreactor landfilling technology for replacement of conventional landfilling 

technology; (c) improvement of vermicomposting process for disposal of biodegradable solid wastes, 

such as restaurant food wastes and other agricultural solid wastes; (d) application of advanced DAF, 

sequencing batch bioreactor, biological nitrification–denitrification, membrane bioreactor, etc. for 

leachate treatment; and (e) prevention of pharmaceutical pollutants from entering the solid waste 

streams by implementation of effective pollution prevention or waste minimization programs [40–43]. 
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10.5.5   environmentally sound management of toxiC ChemiCals, 

hazardous Wastes, solid Wastes and landfills

Solid and hazardous industrial wastes can be reduced through improved process efficiency. This 

involves promoting cleaner technologies, minimizing waste at source, developing alternatives for 

erstwhile waste, and promoting recycling. In UNIDO, priority is given to safety in chemical pro-

duction, especially with regard to hazardous operations and toxic chemicals. This approach covers 

operational, occupational, and environmental safety in chemical production and contributes to the 

sound management of toxic chemicals, thus complementing the work initiated by the World Health 

Organization (WHO) in collaboration with UNEP and the International Labor Organization (ILO) 

of the International Program on Chemical Safety (IPCS). UNIDO is currently negotiating to join 

IPCS. The examples of environmentally sound management of toxic chemicals, hazardous wastes 

and solid wastes, may include: (a) recycle of metallic lead from automobile batteries; (b) recovery 

of toxic precious metals and removal or toxic heavy metals from e-wastes; (c) recovery of ferrous 

metals from appliances and automobiles; (d) recycle of plastic solid wastes for manufacturing out-

door furniture, construction materials, etc.; (e) recycle of toxic mercury from e-wastes for reuse; (f) 

solidification of incinerator ashes that contain toxic heavy metals for reuse as bricks; (g) recovery of 

solid glass waste for reuse as glass products; (h) development of technologies for minimization, sep-

aration, treatment, and disposal of hazardous solid wastes; and (i) separation and treatment of haz-

ardous radioactive wastes and long-term storage of the treated radioactive wastes in underground 

or deep ocean; and (j) remediation and reclamation of contaminated soil and groundeater [31–33]. 

10.5.6  strengthening the role of Business and industry

UNIDO will analyze increasingly the role of business and industry with a view to advocating 

either the short- or long-term profitability of environmental protection through the use of clean or 

energy-efficient technology and energy conservation in industry. UNIDO will build on its prior 

experience of pollution prevention through product and process improvement, including plant mod-

ernization and rehabilitation. Business and industry in developing countries will be assisted in the 

adoption of processes and procedures that reduce demand on resources by industry and generate 

less industrial waste, inter alia by devoting particular attention to environmental considerations 

in the operation and development of small- and medium-scale industries. Through demonstration 

activities such as Cleaner Production centers, UNIDO will foster the reduction of industrial waste 

in the production process. The investment promotion activities of UNIDO will play a major role 

in providing enterprises in developing countries with the means to approach sources of financing 

required for diversification of their products and services into environment-related areas. 

10.5.7  environmentally sound teChnology, CooPeration, and CaPaCity-Building

Inherent in all efforts to promote sustainable industrial development is the need to select appropriate 

technologies based on social, technical, economic, and environmental criteria and to develop the 

absorptive capacity for these technologies. Support is also provided in the negotiation of technology 

transfer contracts in order to ensure that the transfer mechanism matches the needs and capabilities 

of the recipient. The efforts of UNIDO to assist developing countries in effective technology trans-

fer will strengthen the ability of those countries to meet the obligations of international agreements 

relating to environmental protection, as outlined in the recommendations of ESID. For example, the 

transfer of appropriate technology reduces dependence upon technologies using chemicals damag-

ing to the ozone layer; it is thus in accordance with the aims of the Montreal Protocol on Substances 

that Deplete the Ozone Layer. Similarly, appropriate technologies can minimize the quantities of 

hazardous wastes produced by industry, which supports the principles of the Basel Convention on 

the Control of Transboundary Movements of Hazardous Wastes and their Disposal. 
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10.5.8  information for deCision-making

Adequate decision-making for industry is directly related to the adequacy of information available. 

UNIDO is working at three interrelated levels to provide information to developing countries: col-

lection and dissemination of industry-related environmental information to developing countries 

through a referral/clearing-house system; data and information collection, analysis and modeling 

as a basis for policy formulation and decision-making; and inclusion through the UNIDO feasi-

bility study program of environmental considerations in the calculation of the costs and benefits 

of potential investments. The UNIDO’s activities also take on a further dimension in enhancing 

public awareness, with the public information program advocating sustainable industrial develop-

ment through the print and audio-visual media, among other approaches, and by promoting closer 

and continued linkages between UNIDO and developing-country counterparts, donors, the media, 

and the public at large. The United Nations Educational, Scientific and Cultural Organization 

(UNESCO) is frequently assisting UNIDO in publication and information dissemination [1–3]. 

10.5.9   national meChanisms and international CooPeration 

for CaPaCity-Building in develoPing Countries

Capacity-building permeates the many different layers of the UNIDO’s response to the UN Agenda 

21. Its support to national capacity-building concentrates on three fundamental aspects of sustain-

able industrial development: enhancing national capacities to incorporate environmental consider-

ations into industrialization policy and strategies; enhancing capacities to disseminate and analyze 

technological information; and improving capacities to analyze and exercise choices among techno-

logical options. Closely linked to technology cooperation, UNIDO’s experience forms a substantial 

base upon which to continue, in cooperation with governments, the United Nations system, nongov-

ernmental organizations (NGOs), and the private sector, to strengthen and amplify those activities. 

10.5.10   other unido’s eCologiCally sustainaBle industrial  

develoPment Programs

The United Nations Industrial and Development Organization (UNIDO) has many other Ecologically 

Sustainable Industrial Development (USID) Programs which may not be directly related to the solid 

and hazardous wastes management. They are (a) global action for women toward sustainable and 

equitable development, (b) combating deforestation, (c) combating poverty, and (d) promoting sus-

tainable agriculture and rural development. 

10.6   SUSTAINABLE PROCESS SYSTEMS AND TECHNOLOGIES  

FOR TREATING LANDFILL LEACHATE, CONTAMINATED 

SOIL AND POLLUTED GROUNDWATER 

10.6.1   eCologiCal landfill ProBlems and the needs of sustainaBle 

Best availaBle teChnology (Bat) for remediation of 

Contaminated soil, groundWater and air

Industrialization will pollute the ecosystem of the Earth. Knowing the concept of ecologically 

sustainable industrial development (ESID), an environmental engineer will naturally become an 

industrial ecologist who will take a scientific approach to solve an environmental pollution problem 

that will allow us to reconcile the demands of population growth, the desire for continued indus-

trial development, and the need to preserve the environment at the same time. Let us take sanitary 
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landfill as an example. Landfill is one of the most important solid waste treatment and disposal 

processes. Landfill is not a sustainable process unless its problems of gas emission and leachate 

discharge are solved. There are more problems if the solid waste stored at the landfill site is of haz-

ardous. Collection, treatment, or recycle of landfill gas is discussed elsewhere [40,43]. This chapter 

introduces an existing process system using mainly dissolved air flotation (ClearFox) for leachate 

treatment in Germany and then discusses other unit processes which may work with dissolved air 

flotation (DAF) together to form an ecologically sustainable (i.e., meaning technically feasible and 

economically affordable) process system for leachate treatment. 

10.6.2   full sCale oPeration of a germany landfill using  

dissolved air flotation for removal of organiCs, 

nutrients and heavy metals from landfill leaChate

The composition and the hydraulic flow of landfill leachate depends on: (a) the type of solid waste 

which was stored in the landfill; (b) the annual precipitation; and (c) the age of the landfill. 

AVE-Alte Schanze is an old landfill in Paderborn, Germany, filled with the solid wastes con-

sisting of production residues (i.e., electroplating, fuel ashes), urban, and oily and construction 

wastes containing high concentrations of biochemical oxygen demand (BOD) and chemical oxygen 

demand (COD). The landfill annually drains about ~200,000 m3  leachate, which is collected for 

proper treatment [36]. 

Since it is an older landfill, it drains a leachate containing less biodegradable organic matter 

(BOD/COD ratio is extremely low and may be zero). Typically, the leachate has a strong smell, low 

turbidity, light color, very high COD, low BOD, and high nitrogen concentrations (NH , NO , NO ), 

4

2

3

various hydrocarbons (often organic halogens), chlorides, sulfates, and different toxic heavy metals 

(i.e., Zn, Cu, Ni, Cr, Cd, Hg, Pb, etc.). 

A possible sustainable BAT system with a capacity of 600 m3/d or 25 m3/h has been chosen by the 

landfill owner and approved by the government. It is a combined physicochemical–biological sys-

tem consisting of: (a) dissolved air flotation (DAF; ClearFox), (b) ozonation, (c) fixed-bed biological 

reactor (FBR) for nitrification and denitrification, and (d) final clarification (lamella separator). The 

entire process system is fully automatic and the daily flowrate which is depending on the rainfall 

can be adjusted manually. Manufacturing time of this possible sustainable BAT process system was 

12 weeks. 

All process steps can be bypassed, and the flow can be reversed manually using switching valves 

(for instance, if more nitrate is present in the raw leachate wastewater, then the denitrification treat-

ment can be carried out ahead of nitrification treatment). 

The complete landfill leachate treatment system using dissolved air flotation (DAF) or ClearFox 

as the work-horse has been operated since November 2018. The average characteristics of the land-

fill leachate wastewater are over 4,000 mg/L COD, over 100 mg/L BOD , over 400 mg/L total nitro-

5

gen, over 200 mg/L ammonia nitrogen, and over 200 mg/L nitrate nitrogen. Dissolved air flotation 

(DAF) (ClearFox) removes 85% of COD, 50% of total nitrogen, 65% of ammonia nitrogen, and 95% 

of AFS from raw leachate wastewater. 

The effluent from the complete physicochemical–biological system (including DAF, ozonation, 

biological nitrification–denitrification, and final lamella clarification) consistently meets the efflu-

ent standards of German, European, and international standards of 400 mg/L COD, 70 mg/L total 

nitrogen, 10 mg/L ammonia nitrogen, 3 mg/L phosphorus, 20 mg/L AFS, and 1,500 mg/L chloride. 

For further full-scale operational results, the readers are encouraged to contact the manufacturer of 

this Germany landfill leachate treatment system, PPU Umwelttechnik GmbH [36]. 

[image: Image 50]
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10.6.3   remediation of landfill leaChate and groundWater 

for removal of heavy metals

Groundwater contamination due to heavy metals from sanitary landfills is a significant environ-

mental concern. The subject can be explored with some relevant information introduced in below:

10.6.3.1   Pollution of Heavy Metals in Landfill Leachate, Groundwater, 

Surface Water and Entire Ecological System

Landfills are commonly used for solid waste disposal due to urban development, as shown in Figure 10.2. 

However, when waste in landfills decomposes, it generates leachate which is liquid that contains vari-

ous pollutants, such as heavy metals, toxic organics, and highly concentrated organics and nutrients. 

In case the sanitary landfill is not lined, or not managed properly, the landfill leachate can infil-

trate the soil causing soil pollution and releasing metals and other pollutants to the soil (see Figure 

10.2). Leachate from landfills contains heavy metals such as cadmium (Cd), chromium (Cr), copper 

(Cu), lead (Pb), zinc (Zn), cobalt (Co), manganese (Mn), mercury (Hg), nickel (Ni), thallium (Tl), 

arsenic (As), barium (Ba), selenium (Se), etc., some precious metals such as silver (Ag), gold (Au), 

and some common metals, such as aluminum (Al), and iron (Fe). Leachate metal contamination to 

soil, subsurface water (groundwater) and surface water shown in Figure 10.2 can be very serious 

if the electronic and electric wastes (e-Wastes) are included in the solid waste influents to landfills. 

These leachate metals pose a risk to soil, surface water and groundwater qualities and entire eco-

logical system due to bioaccumulation and tissue concentration of heavy metals, etc. (Figure 10.2). 

In many cases, the levels of heavy metals in leachate, soil, groundwater and surface water exceed 

regulatory guidelines, which can not only lead to environmental pollution and violations, but also 

lead to final “biologically impaired invertebrate assemblages”, “biologically impaired fish assem-

blages” and “other biological impairments” shown in the bottom of Figure 10.2. 

FIGURE 10.2  Pollution and fate of heavy metals in the environment. (Source: USEPA.)
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10.6.3.2   Removal of Heavy Metals from Landfill Leachate  

and Polluted Groundwater

Various pump-and treat processes and technologies have been developed to remove heavy metals 

from landfill leachate and polluted groundwater: (a) Chemical precipitation, clarification and filtra-

tion: Metallic precipitation using chemicals like caustic soda, lime, sulfides, and phosphates can 

effectively remove heavy metals by forming insoluble precipitates. The formed insoluble metallic 

precipitates can then be preliminarily removed by DAF clarification, sedimentation, or centrifu-

gation clarification, and finally removed by filtration, such as sand filtration, granular activated 

carbon (GAC) filtration, or membrane filtration; (b) Biosorption: Natural materials (such as algae, 

bacteria, or fungi) can adsorb heavy metals from the collected leachate or pumped groundwater; 

and (c) Calcined eggshells and sand filtration: Researchers have found that calcined eggshells can 

effectively eliminate heavy metals from landfill leachate. Sand pretreatment further improves their 

performance [44–50]. 

Regular monitoring of leachate and groundwater qualities is crucial to assess heavy metal levels. 

Proper landfill design, including leachate liners, leachate collection systems, is essential to prevent 

contamination of groundwater. Effective engineering and management practices are essential to 

minimize the impact of landfill leachate on the groundwater and the overall environment. 

10.6.3.3  Removal of Heavy Metals from Contaminated Soil

Decontaminating soil contaminated with heavy metals is a critical environmental challenge. Here 

are a few methods that researchers have explored: (a) Chemical soil washing: This is a metal-soil 

separation technology involves rinsing the heavy metals contaminated soil with a mixture of water 

and a metal-attracting chemical. As this mixture percolates through the soil, it pulls the heavy 

metals loose. The toxic brew is then filtered electrochemically to capture the heavy metals out of 

the water. This process cleanses the soil and recycles the water and chemical mixture for further 

decontamination by the technologies introduced in Section 10.6.3.2; (b) Phytoremediation: The is 

an on-site soil remediation biotechnology for heavy metals removal that involves growing specific 

plants (known as “phytoremediators”) in the contaminated soil to absorb heavy metals from the soil 

through the plants’ roots. After many years, the plants containing the absorbed heavy metals are 

harvested and taken to an extraction and disposal facility for ultimate disposal; (c) Bioremediation: 

This is an on-site soil remediation biotechnology for heavy metals removal that involves the use 

of bacteria or fungi to bind and immobilize heavy metals, preventing them from leaching into 

groundwater or being taken up by plants. The microorganisms (bacteria, fungi, etc.) that contain the 

absorbed heavy metals are harvested and processed further for final disposal; and (d) Electrokinetic 

soil decontamination: This is a physicochemical soil decontamination technology involves: (d1) 

mixing polluted soil with nontoxic, carbon-rich compounds (such as biochar); (d2) applying short 

bursts of electricity; and (d3) flushing out both organic pollutants and heavy metals without using 

water or generating waste [51–55]. 

Each soil decontamination technology listed above has its advantages and limitations, and the 

choice depends on factors like the specific heavy metals present, site conditions, and cost-effective-

ness [2,3,6–10,56–58]. 

GLOSSARY

Bioremediation: This is an on-site, or in-situ soil remediation biotechnology for heavy metals 

removal that involves the use of bacteria or fungi to bind and immobilize heavy metals, 

preventing them from leaching into groundwater or being taken up by plants. The micro-

organisms (bacteria, fungi, etc.) that contain the absorbed heavy metals are harvested and 

processed further for final disposal. 
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Biosorption (heavy metals removal): It is biotechnology that utilizes natural materials (such as 

algae, bacteria, or fungi) for adsorbing heavy metals from the collected leachate or pumped 

groundwater. 

Calcined eggshells and sand filtration: It is new sustainability technology the utilizes calcined 

eggshells for effective elimination of heavy metals from landfill leachate. Sand pretreat-

ment further improves their performance. 

Chemical precipitation, clarification and filtration (heavy metal removal): It is a physicochemi-

cal treatment system that is effective for heavy metal removal. Metallic precipitation using 

chemicals like caustic soda, lime, sulfides, and phosphates can effectively remove heavy 

metals by forming insoluble precipitates. The formed insoluble metallic precipitates can 

then be preliminarily removed by DAF clarification, sedimentation, or centrifugation 

clarification, and finally removed by filtration, such as sand filtration, granular activated 

carbon (GAC) filtration, or membrane filtration. 

Chemical soil washing: This is a metal-soil separation technology involves rinsing the heavy met-

als contaminated soil with a mixture of water and a metal-attracting chemical. As this 

mixture percolates through the soil, it pulls the heavy metals loose. The toxic brew is 

then filtered electrochemically to capture the heavy metals out of the water. This process 

cleanses the soil and recycles the water and chemical mixture for further decontamination 

by one of the pump-and-treat technologies, such as chemical precipitation, clarification 

and filtration; biosorption, calcined eggshells and filtration, etc. 

Ecologically sustainable industrial development (ESID): (a) It is a part of industrial ecology 

science, or a scientific approach to industrial development that will allow us to reconcile 

the demands of population growth, the desire for continued industrial development and 

the need to preserve the environment at the same time; (b) ESID is defined as “those pat-

terns of industrialization that enhance economic and social benefits for present and future 

generations without impairing basic ecological processes”; (c) on the basis of the growing 

scientific evidence in support of the strong definition of sustainable development, UNIDO 

proposes a definition of ecologically sustainable industrial development (ESID) that tends 

to preserve natural capital and allows a low degree of substitutability by man-made capi-

tal; and (d) ESID may also be defined as those patterns of industrialization that enhance 

economic and social benefits for present and future generations without impairing basic 

ecological processes. 

Electrokinetic soil decontamination: This is a physicochemical soil decontamination technology 

involves: (d1) mixing polluted soil with nontoxic, carbon-rich compounds (such as bio-

char); (d2) applying short bursts of electricity; and (d3) flushing out both organic pollutants 

and heavy metals without using water or generating waste. 

Environmentally sustainable industrial development: Its meaning is similar to “ecologically 

sustainable industrial development (ESID)” or “inclusive and sustainable industrial devel-

opment (ISID)”, except that “inclusive” in the context of ISID means that industrial devel-

opment must include all countries and all peoples. 

Inclusive and sustainable industrial development (ISID): Ecologically sustainable industrial 

development (ESID) becomes “inclusive and sustainable industrial development (ISID) 

in 2013 when UNIDO adopted the Lima Declaration.” The meaning of ISID is similar to 

ESID, except that ISID is the primary source of income generation, allows for rapid and 

sustained increases in living standards for all people, and provides the technological solu-

tions to environmentally sound industrialization. “Inclusive” in this context means that 

industrial development must include all countries and all peoples, as well as the private 

sector, civil society organizations, multinational development institutions, and all parts of 

the UN system and offer equal opportunities and an equitable distribution of the benefits of 

industrialization to all stakeholders. The term “sustainable” addresses the need to decouple 

Ecologically Sustainable Industrial Development

283

the prosperity generated from industrial activities from excessive natural resource use and 

negative environmental impacts. 

Industrial ecology (IE): It is a branch of science for sustainability or a humanity framework for 

designing and operating industrial systems as sustainable and interdependent with natural 

systems. 

Phytoremediation: The is an on-site soil remediation biotechnology for heavy metals removal 

that involves growing specific plants (known as “phytoremediators”) in the contaminated 

soil to absorb heavy metals from the soil through the plants’ roots. After many years, the 

plants containing the absorbed heavy metals are harvested and taken to an extraction and 

disposal facility for ultimate disposal. 

United Nations Industrial Development Organization (UNIDO): It is a specialized agency of 

the United Nations (UN) with about 170 member states. The member states regularly 

discuss and decide UNIDO’s guiding principles and policies in their sessions of the 

policymaking organs. The UNIDO’s mission is to promote a new humanity science 

of industrial ecology (IE) and accelerate inclusive and sustainable industrial develop-

ment (ISID) in member states. Natural resources recovery; environmental sustainabil-

ity; and proper management of solid, liquid, and gaseous wastes are emphasized within 

ISID. The UNIDO’s programmatic focus is structured, as detailed in the UNIDO’s 

Medium-Term Program Framework 2018–2021, in four strategic priorities: (a) creating 

shared prosperity; (b) advancing economic competitiveness; and (c) safeguarding the 

environment and strengthening knowledge and institutions. Since UNIDO is mainly 

assisting developing countries, so some industrialized countries which are the UN 

member states have refused to pay the UNIDO membership fees becoming the UNIDO 

member states. 
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11 Removal of Iron, Copper, 

Coliform Bacteria, and 

Hardness from Cooling 

Tower Water by Dissolved 

Air–Ozone Flotation

 Lawrence K. Wang and Mu-Hao Sung Wang

NOMENCLATURE

Al2O3: 

Aluminum oxide

AOP: 

Advanced oxidation processes

CaCO3:  Calcium carbonate

COC: 

Cycles of concentration

CuSO4:  Copper sulfate

DAF: 

Dissolved air flotation

DAOF: 

Dissolved air–ozone flotation

DAOFF:  Combined dissolved air–ozone flotation and filtration

DGF: 

Dissolved gas flotation

DGFF: 

Dissolved gas flotation-filtration

E coli: 

 Escherichia coli

FC: 

Fecal coliform

Fe: Iron

GDT: 

Gas dissolving tube

LIWT: 

Lenox Institute of Water Technology

MAL: 

Maximum allowable limit

O&M: 

Operation and management

POTW:  Publicly owned treatment works

PWT: 

Physical water treatment

TC: 

Total coliform

TDS: 

Total dissolved solids

TNTC: 

Too numerous to count

USEPA:  US Environmental Protection Agency

11.1  COOLING TOWER OPERATION AND PROBLEMS

Cooling towers are heat exchangers that use water and air to transfer heat from chiller systems to the 

outdoor environment. Usually, a cooling tower dissipates heat from recirculating significant amounts 

of water used to cool chillers, air conditioners, or other process equipment to the ambient air. Heat is 

rejected to the ambient environment from a cooling tower through evaporation [1–18]. Water leaves a cooling tower system in one of the four ways: (a) evaporation, (b) water drift loss, (c) blowdown, 
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FIGURE 11.1  Illustration of water tower flow across of a cooling tower [15]. (US Department of Energy.) and (d) water leakage or overflow. The water input of a cooling tower is the make-up water which 

should be the summation of the above four out flows. The air influent entering a cooling tower is cool 

and dry. The air effluent leaving the cooling tower is warm and wet, carrying the evaporated steam. 

Accordingly, the flows across a cooling tower, shown in Figure 11.1, include (a) cool recirculation 

water from the cooling tower to a heat exchanger for the purpose of cooling; (b) warm recirculation 

water after a heat exchanger to the cooling tower, so the warm recirculation water can be cooled; 

(c) evaporation as water vapor from the top of the cooling tower to the atmosphere; (d) blowdown 

water leaving the cooling tower; (e) make-up water (which is the summation of evaporation, blow-

dow discharge, water drift loss, and water lekage) to be fed to the cooling tower in order to make 

up the total water loss; (f) cool dry air flow entering the cooling tower; and (g) warm wet air flow 

leaving the cooling tower. Figure 11.2 shows a common cooling tower. 

As a result of evaporation, total dissolved solids (TDS) concentration will continually increase 

unless reduced by bleed off. Blowdown (bleed off) is a portion of the circulating water in the tower, 

which is purposely discharged to waste to help keep the TDS concentration of the water below a 

maximum allowable limit. 

Fresh make-up water replaces the blowdown wastewater, evaporation loss, drift loss, and leaks. 

The blowdown is necessary to limit scaling from the water. A higher cycles of concentration (COC) 

means less blowdown compared to the make-up water. Typical COC in commercial applications 

is 2–4. Depending on the water conditions and ongoing monitoring, significant added benefit can 

be achieved by taking COC to eight or more cycles. It has been introduced earlier that make-up 

water of cooling tower is the amount of water required to replace normal losses caused by bleed 

off (blowdown), drift, and evaporation. Mathematically, the required make-up water amount can be 

calculated by the following Equation (11.1):



Make-UP = Evaporation + Blowdown + Drift + Leaks (11.1)

If the cooling tower system is operated properly, the amount of water drift loss and water leakage 

will be negligible; Equation (11.1) can be simplified as Equation (11.2), 



Make-UP = Evaporation + Blowdown (11.2)

[image: Image 52]
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FIGURE 11.2  A common cooling tower and an industrial chimney. (USEPA.)

Buildup of scale and biofilms on cooling tower surfaces will inhibit heat transfer and adversely 

affect cooling tower performance. Scale (or hard water scale) is a coating or precipitate depos-

ited on metal, glass, or ceramic surfaces. Boiler water, heat exchanger water, cooling tower 

water, etc. that contain carbonates or bicarbonates of calcium or magnesium are likely to form 

scale when heated. Scale is mainly caused by supersaturation of a hardness compound in the hot 

bulk water. So, it is a big problem for operation and management (O&M) of a cooling tower or 

a boiler system. 

Biofilm formation reduces heat transfer efficiency significantly in the chiller tubes.   Legionella 

bacteria growth  causes diseases.   Both are of biofouling phenomena. Reduction of biofouling 

requires microbiological control. Cooling towers provide an ideal environment for bacterial devel-

opment, such as warm water temperatures, nutrients from the environment, and sunlight. Inadequate 

microbiological control can lead to biofouling. Biofilm releases a polysaccharide layer for protec-

tion, which will continue to grow. The underlying layer is home to anaerobic bacteria that can lead 

to acid generation, which will attack the underlying metal [15–17]. 

Corrosion control keeps the metallic ions of a material, typically a pipe, heat transfer tube, etc., 

from going into solution, such as increasing the water pH, removing free oxygen from water, con-

trolling the carbonate balance of the water, or forming a protective film on metal surfaces by adding 

a sequestration agent. Some of the chemicals used for the cooling tower water’s biological and scal-

ing control are clearly corrosive and need to be monitored and carefully balanced to prevent damage 

to the cooling tower surfaces [12–13]. 

11.2  COOLING TOWER WATER TREATMENT OPTIONS

There are at least three cooling tower water treatment options: (a) chemical treatment of make-up 

water by chemicals, such as scale inhabitants, corrosion inhabitants, and biocides (disinfectants); 

(b) treatment of cool recirculation water for direct recycling to the cooling tower system is called 

side-stream water treatment (shown in Figure  11.1) which is normally done by non-chemical 

physical water treatment (PWT) technologies (such as filtration) or physicochemical treatment 

processes, such as advanced oxidation processes (AOP); and (c) treatment of blowdown water by 
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physicochemical treatment processes either for recycle to the cooling tower system or for effluent 

discharge to a cooling pond [9], a stream, an ocean [19], a deep injection well [20], or a publicly owned treatment works (POTW). 

11.3  OBJECTIVES OF THIS RESEARCH

This research attempts to study the feasibility of removing iron, copper, coliform bacteria, and 

hardness from cooling tower water by dissolved air flotation (DAF), dissolved air-ozone flotation 

(DAOF), and sand filtration. The terminologies of iron, copper, coliform bacteria, DAF, DAOF, 

combined DAF-filtration (DAFF), and combined DAOF-filtration (DAOFF) are introduced in the 

Glossary section. 

11.4  LITERATURE REVIEW

Recent studies have shown that preozonation of drinking water tends to increase removal of color, 

particulates, organics, and trihalomethane precursors [21,22]. While the requirements for cooling water are less stringent than those for drinking water, the effect of ozonation may be advantageous 

for process cooling water treatment. 

Ozone may be produced commercially and is very soluble in water. Basically performing as an 

oxidant, it renders certain solids less harmful and may make them more susceptible to removal by 

clarification and/or filtration methods. Ozone is a proven disinfectant and as such can potentially 

lower the rate of microbiological contamination. Direct ozonation of cooling tower water has proven 

effective in controlling the rates of deposition and corrosion [4]. 

When considering the problems of various solids contamination, deposition, and microbiological 

contamination in cooling tower water, suggested clarification of the water may involve the process 

of dissolved air flotation (DAF) technology. In a recycle flow pressurization DAF system, the addi-

tion and quality of recycle water will have an overall effect on effluent water quality. 

While the process of dissolved air flotation (DAF) is known to successfully reduce various solids 

and turbidity in raw and process waters [23–33], the additional use of ozone to improve recycle water quality and therefore overall water quality has not been extensively studied. The use of ozone in a 

dissolved air flotation (DAF) system is termed dissolved air-ozone flotation (DAOF) which is one 

of dissolved gas flotation (DGF) originally developed by the Lenox Institute of Water Technology 

(LIWT) [18,34]. 

Continuous pilot-scale operation of ozone-assisted chemical coagulation-precipitation, flota-

tion clarification, and filtration for cooling tower water treatment (production of make-up water or 

side-stream recirculation water treatment) have been investigated by Krofta et al. [12,13] at LIWT 

using Supracell and Sandfloat. 

Full-scale cooling tower manufactured by Marley, Mission, KS, USA (see Figure  11.3), was 

extensively investigated by Wang et al. [43–50] at LIWT with a special emphasis on ozonation treat-

ment. The following are only a small portion of the non-quantitative Marley cooling tower research 

results which are allowed by the sponsoring organization for public release at present:

1. Ozone is an effective treatment for the sponsoring organization’s cooling tower water in 

terms of existing scale removal, new scale prevention, corrosion control, bacteria disinfec-

tion, algae control, and water purification. 

2. The Marley Cooling Tower System (Figure 11.3) or equivalent is technically feasible for 

meeting the sponsoring organization’s cooling demand. 

3. The gas dissolving tube (GDT), manufactured by Krofta Engineering Corporation 

(KEC), Lenox, MA, USA, performs well as an ozone-water contactor, especially if an 

ozone-assisted dissolved air-ozone flotation (DAOF) water treatment is intended. Both a 

water booster pump and a gas booster pump are needed for efficient operation. 

[image: Image 53]
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FIGURE 11.3  Bird’s view of Marley cooling tower [5]. 

4. The In-Line Mixer (or Eductor), manufactured by U.S. Ozonair, South San Francisco, 

CA, USA, also performs well as an ozone-water contactor, if no flotation clarification is 

required. A water booster pump is needed for efficient operation. 



5.  Continuous or frequent blowdown can be discontinued with ozone treatment. The make-up 

water requirements are greatly reduced [43–50]. 

The use of process technologies other than ozonation and flotation for the treatment of cooling tower 

water can be found elsewhere [1–18]. 

11.5  EXPERIMENTAL METHODS

11.5.1  synthetiC Cooling Water PreParation

Certain parameters were decided upon as significant measurements of a treatment system’s effec-

tiveness. These parameters were pH, total solids, hardness, calcium, magnesium, total coliform 

count, total iron, and copper. 

Synthetic water was prepared from a concentrated stock solution (Table  11.1) to contain the above constituents and physical properties. Ten liters of the synthetic water was prepared with the 

stock solution and Lenox Institute tap water and stored in a refrigerator. All pretreatment and treat-

ment were run on the same day when water was synthesized. Tables 11.2 and 11.3 show the constitu-

ent concentrations of the cooling water, the recycle water, and the treated waters. Chemicals used 

for synthesis were calcium hydroxide, magnesium carbonate, standard solution of 1,000 mg/L iron, 

and standard solution of 1,000 mg/L copper supplied by Fisher Scientific Company, 461 Riverside 

Avenue, Medford, MA, USA. A bacterial seed was prepared from a Difco disk rehydrated in nutri-

ent broth supplied by Difco Laboratories, Detroit Michigan, USA. 
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TABLE 11.1

Constituents of Synthetic Stock Solution

Chemical Constituent

Concentration 

Calcium hydroxide, Ca(OH)

4500.0

mg/L

2

Magnesium carbonate, MgCO

725.0

mg/L

3

Iron standard solution (1000 mg/L) 

20.0

mg/L

Copper standard solution (1,000 mg/L) 

30.0

mg/L

 Note: Dechlorinated Lenox tap water was used in preparation of one liter of 

synthetic stock solution. 

TABLE 11.2

Constituent Quantities in Synthetic Raw Cooling Water, Recycle Water and Final Effluent 

without Ozonation of Recycle Water

Synthetic Raw 

Recycle Water 

Filtrate without 

Constituent

Water Qualitya 

Qualityb

Ozonation

pH, unit

3.1

7.3 

7.7

Total solids, mg/L

1,720

265

Total dissolved solids, mg/L 

1,720

NA

Total hardness, mg/L as CaCO  

528

59

3

Calcium, mg/L

182

20.4

Calcium hardness, mg/L as CaCO

452

51

3 

Magnesium, mg/L

18 

2

Magnesium hardness, mg/L as CaCO

76

8.6

3

Iron, mg/L

2.0 

0.05

0.15

Copper, mg/L

3.2

0.11

1.03

Coliform, no. per 100 mL

TNTC

0

54

TNTC, too numerous to count. 

a  Synthetic raw cooling water was prepared by diluting 1 L of synthetic stock solution with the dechlorinated Lenox tap water to 10 L. 

b  Recycle water was the dechlorinated Lenox tap water. 


11.5.2  reCyCle Water

Dissolved gas flotation (DGF) process can be operated under full pressurization mode, partial pres-

surization mode, or recycle pressurization mode [25–27,34]. This research only investigates the 

DGF process to be operated under recycle pressurization mode, so both flotation recycle water and 

gas (i.e. air and ozone in this study) are injected into a gas dissolving tube (GDT) or pressure vessel 

under high pressure for dissolving the gas in water. The flotation recycle water means the flotation 

clarification effluent; therefore, it should be a clean water. 

The tap water of Lenox, Massachusetts, was used as the initial startup recycle water for the 

flotation experiments. Water characteristics were measured beforehand and after ozonation. Water 

quality parameters are also listed in Tables 11.2 and 11.3. 
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TABLE 11.3

Constituent Quantities in Synthetic Raw Cooling Water, Recycle Water and 

Final Effluent With Ozonation of Recycle Water

Synthetic Raw 

Recycle Water 

Filtrate with 

Constituent

Water Qualitya 

Qualityb 

Ozonation

pH, unit

3.1

7.7 

8.5

Total solids, mg/L

1,720

100

Total dissolved solids, mg/L 

1,720

NA

Total hardness, mg/L as CaCO  

528 

60

3

Calcium, mg/L

182

21.6

Calcium hardness, mg/L as CaCO  

452

54

3

Magnesium, mg/L

18 

1.4

Magnesium hardness, mg/L as CaCO

76

6

3

Iron, mg/L

2.0

0.05

0.10

Copper, mg/L

3.2

0.11

1.04

Coliform, no. per 100 mL

TNTC

0

0

TNTC, too numerous to count. 

a  Synthetic raw cooling water was prepared by diluting 1 L of synthetic stock solution with the dechlo-

rinated Lenox tap water to 10 L. 

b  Ozonated recycle water was the dechlorinated then ozonated Lenox tap water. 

11.5.3  analyses, instrumentation, and equiPment

All chemical analyses were done according to the  Standard Methods for the Examination of 

 Water and Wastewater [35] and a modified Standard Method [36]. Instrumentation includes an Orion pH Meter (Orion Research Incorporated, 380 Putnam Avenue, Cambridge, Massachusetts, 

USA), Hach DR/2 Spectrophotometer (Hach Company, Loveland, Colorado, USA), Mettler 

Precision Balance (Mettler Instrument Corp. Box 100, Princeton, NJ, USA), and a U.S. Ozonair 

CT-1200 Ozone generator (U.S. Ozonair Corporation, 464 Cabot Road, South San Francisco, 

CA, USA). Bacterial analyses were run according to the standard membrane filter technique [35]. 

Ozone residual measurements were made according to standard methods [35] and confirmed 

using a new method developed by the Lenox Institute [36]. The same analyses were run on the 

synthetic raw water, the recycle water, the ozonated recycle water, and the final effluent of cool-

ing water. 

11.5.4   Pretreatment By ChemiCal Coagulation  

and floCCulation

Standard jar tests were run using a multiple mechanical mixer on the sample to determine what dos-

age of chemical coagulant/flocculant should be used [34]. Because of the definitive floc produced 

using sodium aluminate, a chemical dosage of 0.5 mg/L (as Al O ) of sodium aluminate was used 

2

3

to facilitate flotation. 

The raw cooling water was injected with 0.5 mg/L (as Al O ) of sodium aluminate and flash 

2

3

mixed at 100 rpm for 20 s. Slow mixing was performed at 25 rpm for 3 min and the flocs allowed to 

form. At this point, the water was considered ready for flotation clarification. 
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11.5.5  ozonation treatment

The recycle water was pumped through a U.S. Ozonair ozone generator at the rate of 6 L/min under 

22 psi of pressure. The rate of ozone dosage was 3.33 mg/L. Samples of ozonated recycle water 

were taken and immediately measured for ozone residual [35,36]. Directly after ozonation, the 

recycle water was run into a 2-gallon stainless steel pressure vessel [34] for further air saturation. 

The pressure vessel was sealed and gas (ozone and/or air) was injected through a needle valve to 

bring the pressure in the vessel to 60 psi during vigorous mixing for 30 s. The readers are referred 

to the authors’ laboratory manual [34] for the details of a bench scale dissolved gas flotation (DGF) 

apparatus (including a 2-gallon pressure vessel, a pressure relief valve, and a flotation column) and 

the detailed DGF experimental procedure under the recycle pressurization mode [34]. It is noted 

that any gas or gases can be used for DGF operation, If only the air is used, DGF becomes dissolved 

air flotation (DAF). If both air and ozone are used, DGF becomes dissolved air-ozone flotation 

(DAOF). Ozone gas is an excellent biocide for biofilm fouling control. Both air and ozone gas are 

used for the generation of fine gas bubbles, facilitating the required intended flotation clarification. 

The pressure vessel (or gas dissolving tube or pressure tank) is the heart of an ozonation process 

responsible for mixing ozone, air, and water and distributing ozone to the ozone contactor. 

11.5.5  dissolved gas flotation treatment

The same pressure vessel described in Section 5.4 is also the heart of the dissolved gas flotation (DGF) process responsible for dissolving gases (oxygen, nitrogen, ozone, etc.) into the recycle water 

under high pressure. After the pressurized recycle water (containing the dissolved gases) passes a 

pressure relief valve, the dissolved gases will quickly be released to a flotation clarifier tank forming 

a swarm of extremely fine gas bubbles under the low atmospheric pressure. 

The flocculated raw water sample was floated using a bench-scale DGF system described in the 

literature elsewhere [34]. The water sample was transferred to a flotation column for clarification 

and using a recycle rate of 33%. Air supersaturated, ozonated recycle water was released into the 

bottom of the column to bring the sample up to full volume in the flotation column. The dissolved 

air-ozone bubble size averaged 75 μm. A detention time of 5 min was used, and the clarified sample 

was drawn off the bottom of the flotation column. The cooling water which was treated by ozona-

tion-flotation was now ready for the final step of filtration treatment. 

Although this initial research was conducted using a bench-scale DGF system [34], subsequent 

demonstration research was conducted using a continuous mobile full-scale DGF system [37] with a built-in filtration. The experimental results of the early continuous pilot plant demonstration studies 

were reported elsewhere [12,13]. 

11.5.6  filtration treatment

The clarified flotation effluent was run through a bench-scale sand filter at the rate of 2.5 gpm/ft2. 

This was a gravitational filtration through 12 inches (in depth) of fine quartz sand (E.S. = 0.35 mm; 

U.C. = 1.55) [34]. Before the bench-scale filtration operation, the filtration bed had been upward 

backwashed with tap water at 15 gpm/ft2 for 15 min to produce a filter backwash water with a tur-

bidity equivalent to that of tap water. This filter backwash step ensured that entire filtration bed was 

totally clean. 

Throughout the continuous downward sand filtration operation, 20 inches of freeboard was 

maintained above the sand. The filtrate sample was now considered to be treated and the full analy-

sis of constituents was done. 

The experimental results are presented in Tables 11.2 and 11.3. The results of hardness removal are presented and discussed in next section [19–51]. 
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11.6  RESULTS AND DISCUSSION

11.6.1  ozonation

Ozonation is a physicochemical process involving the use of ozone for water or wastewater treat-

ment. At ozone dosages of 10–300 mg/L, ozone may remove residual dissolved organics in cooling 

water, drinking water, or secondary waste treatment effluent. The rate of ozone oxidation is both 

temperature and pH dependent. Reaction rates increase with increasing temperature. Because there 

is a wide range of ozone reactivity with the diverse organic content of water or wastewater, both the 

required ozone dose and reaction time are dependent on the quality of the influent to the ozonation 

process. Generally, higher doses and longer contact times are required for ozone oxidation reactions 

than are required for wastewater disinfection using ozone. Ozone tertiary treatment may eliminate 

the need for a final disinfection step. Ozone breaks down to elemental oxygen in a relatively short 

period of time (half-life about 20 min). Consequently, it must be generated on site using either air or 

oxygen as the feed gas. Ozone generation utilizes a silent electric arc or corona through which air 

or oxygen passes and yields an ozone in air/oxygen mixture: the percentage of ozone being a func-

tion of voltage, frequency, gas flow rate, and moisture. Automatic devices are commonly applied to 

control and adjust the ozone generation rate [1–2,27]. 

Ozonation is chosen for this research because ozone is a strong oxidant as well as an effective 

disinfectant which may stop the cooling tower water’s biofouling problem [27]. 

11.6.2  dissolved gas flotation With or Without filtration

Dissolved gas flotation (DGF) is a process involving pressurization of gas at 25–95 psig for dis-

solving gas into water and subsequent release of pressure (to one atm) under laminar flow hydraulic 

conditions for generating extremely fine gas bubbles (20–80 μms) which become attached to the 

impurities to be removed and rise to the water surface together. The impurities or pollutants to be 

removed on the water surface are called float or scum which can be scooped off by sludge collec-

tion means. The clarified water is discharged from the flotation clarifier’s bottom. The gas flow rate 

is about 1% of influent liquid flow rate. The attachment of gas bubbles to the impurities can be a 

result of physical entrapment, electrochemical attraction, surface adsorption, and/or gas stripping. 

The specific gravity of the bubble-impurity agglomerate is less than one, resulting in buoyancy or 

non-selective flotation (i.e. Save-All). 

Dissolved air flotation (DAF) is one of the dissolved gas flotation (DGF) processes when air is 

used for the generation of gas bubbles. If both air and ozone are used in a DGF process unit for the 

generation of fine gas bubbles, the DGF becomes dissolved air-ozone flotation (DAOF). 

Dissolved gas flotation-filtration (DGFF) is a package plant which consists of both dissolved gas 

flotation and filtration. In case, both air and ozone are used in a DGFF process unit for generation 

of fine gas bubbles, the DGFF becomes DAOF-filtration or DAOFF package plant. 

Since the flotation process has been successfully used for both water and wastewater treatment 

worldwide [24–33,38–42], one of the research objectives of this study is to determine the feasibil-

ity of using DAOFF for the treatment of cooling tower water. Any manufacturer’s flotation and/or 

filtration process equipment can be used if the Lenox Institute of Water Technology’s demonstration 

study is successful. 

11.6.3  disCussion of exPerimental results

Table 11.1 displays the constituents of synthetic stock solution prepared with calcium hydroxide, magnesium carbonate, iron standard solution, copper standard solution, and dechlorinated Lenox 

tap water. 
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One liter of the synthetic stock solution was further diluted to ten liters with more dechlorinated 

Lenox tap water for the preparation of the synthetic raw cooling tower water. The pH, solids, hard-

ness, and metal concentrations of the synthetic raw cooling water in Tables  11.2 and 11.3 were measured analytical data. The coliform bacteria, however, were dosed to the synthetic raw cooling 

tower water when experimentation was ready to begin. 

Table 11.2 indicates the constituent quantities in synthetic raw cooling tower water, recycle water, and final effluent without ozonation of recycle water. The synthetic raw cooling water was floccu-

lated with 0.5 mg/L (as Al O ) of sodium aluminate, then floated by dissolved air flotation (DAF) 

2

3

process with 33% of recycle flow water, and finally, filtered by sand filtration. The target final 

water quality parameters in this research were pH, iron, copper, and total coliform bacteria. The 

last column of Table  11.2 shows the effluent water quality of the DAF filtration (or DAFF): pH 

7.7 (in neutral range), iron 0.15 mg/L (92.5% reduction), copper 1.03 mg/L (67.8% reduction), and 

coliform 54/100 mL (over 99.9% reduction). It appears that a DAF filtration (or DAFF) process 

system without dosing any ozone is technically feasible for treating a simulated cooling tower water 

if chemical types and dosages are adequate. Although over 99.9% coliform reduction was accom-

plished, total coliform reduction would be better. The Lenox Institute of Water Technology (LIWT) 

researchers successfully developed a continuous full-scale DAFF process system which was known 

as Krofta Sandfloat [23–26] and commercially available from Krofta Engineering Corporation 

(KEC)-associated companies around the world. A Sandfloat DAFF process system consists of 

chemical flocculation, dissolved air flotation, and sand filtration. Any other manufacturers’ flotation 

and/or filtration processes equipment, such as AquaDAF and Chari-DAF, will be equally feasible 

for cooling tower water treatment [41–42]. 

Ozonation process has been discussed in Section 6.1. It has also been discussed in Section 6.2 

that the tested DAF is one of the dissolved gas flotation (DGF) processes if air is used for the gen-

eration of micro-bubbles. If both air and ozone are used for the generation of micro-bubbles in the 

DGF clarifier, the process is technically called dissolved air-ozone flotation (DAOF). The abbrevia-

tion of a combined DAOF and filtration process system is DAOFF. 

Table 11.3 displays the results of all analysis done for a chemical flocculation, dissolved air-ozone flotation (DAOF), and sand filtration system, in which the ozonated (3.33 mg/L O ) recycle water 

3

was used in the DAOF step. The DAOFF research data shown in Table 11.3 are encouraging that the major constituent quantities measured (iron, copper, and coliform) were all significantly decreased 

after treatment. The pH of DAOFF effluent was 8.5, which was in the allowable range. The reduc-

tion of iron, copper, and coliform from the tested raw cooling tower water were 95%, 67.8%, and 

100%, respectively. On the basis of this experimentation, the need for blowdown may be signif-

icantly reduced. Bacterial analysis indicates that the combined ozonation, DAOF, and filtration 

totally reduced the coliform count. This was expected as prior experimentation shows that ozone is 

a strong bacteriacidal agent in water treatment. The addition of ozone to the recycle water produced 

a zero coliform count in the DAOFF final effluent (Table 11.3) than that achieved by DAFF alone without ozone (Table  11.2). The oxidation of iron ions by ozonation of the recycle water facili-

tated iron removal by the flotation process. This chemical oxidation step has proven to be effective 

in other conventional treatment systems (using other chemical oxidants such as chlorine) as well. 

Copper levels were lower following the chemical oxidation treatment. Ozonation is a better chemi-

cal oxidation process because ozone is ideally distributed to water as ozone bubbles, and the end 

product of ozonation is harmless oxygen bubbles which enhance flotation clarification. An ozone 

residual of 0.33 mg/L was measured, indicating ozone demand of 3.00 mg/L (note: ozone dosage 

was 3.33 mg/L). 

The amount of scale in a cooling system is generally controlled by mechanical treatment. 

However, in cooling systems where copper is the major transport material, ozonation may be an 

acceptable and advantageous treatment in that it reduces the rate of algal growth and microbial con-

tamination which are the contributing factors to scale buildup in cooling systems. The removal of 

constituents iron and copper was also apparent in the recycle water: (a) improving the water quality 
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after ozonation and (b) facilitating a more effective flotation process as indicated in Table  11.3. 

Water quality of the recycle water was measured after ozonation in separate analyses. 

Normally, only ion exchange process or a two-stage lime-soda ash softening process system 

[27,37] will be able to remove hardness from a hard water, such as cooling tower water, that con-

tains a high concentration of calcium and magnesium ions. It is discovered from this research 

that a process system combining ozonation, chemical coagulation (using alum), clarification, and 

filtration (i.e. DAOFF) significantly reduced calcium hardness and magnesium hardness by over 

96%. The authors request for timely verification of the feasibility of using the ozone-assisted 

process system for hardness removal by the environmental researchers worldwide because a new 

softening process system could have been developed [1,2]. If the ozone-assisted process system, 

indeed, is feasible for softening application, what are the physicochemical theory and principles 

involved? 

Overall, the results indicate that a DAFF process system (consisting of chemical coagulation/

flocculation, dissolved air flotation, and sand filtration) alone is adequate for removal of iron and 

copper ions from a cooling tower water or raw make-up water. An ozone-assisted DAOFF pro-

cess system is feasible for removal of iron ions, copper ions, microorganisms (coliform bacteria), 

and hardness. In systems where microbiological contamination is a problem, ozonation may be an 

advantageous addition to the DAOFF treatment process system. 

11.7 SUMMARY

An ozone-assisted physical-chemical treatment process involving the use of chemical coagula-

tion-precipitation, clarification (either sedimentation or flotation), and filtration for cooling tower 

water treatment (raw make-up water treatment, side-stream recirculating water treatment, or blow-

ndown water treatment) was attempted by the Lenox Institute of Water Technology (LIWT) in 

1983–1988, by bench-scale laboratory tests, continuous pilot plant demonstration [11,12], and actual 

full-scale cooling tower operation [43–50]. Figure 11.3 is the bird’s view of Marley cooling tower tested by the Lenox Institute for this research in 1988. 

Being the research collaborator with the sponsoring organizations, the authors may only intro-

duce the preliminary laboratory data at this stage but encourage the researchers worldwide to study 

further, especially in the area of the theory and principles of ozone-assisted physical-chemical pro-

cess system. The authors report that 95% of iron ions, 67.8% of copper ions, 100% of total coliform 

bacteria, and over 98% of total hardness can be removed by the ozone-assisted dissolved air-ozone 

flotation (DAOF) and filtration process system. 

It is recommended that the combination of ozone-assisted DAOF and filtration (i.e. a DAOFF 

system) be adopted for (a) production of cooling tower make-up water using raw reservoir/stream 

water or raw groundwater water as the source water [12,13]; (b) treatment of cooling tower 

side-stream recirculation water for scale removal, new scale prevention, corrosion, bacteria disin-

fection, algae control, and water purification [43]; or (c) treatment of cooling tower blowdown water 

for final discharge to a deep well (without groundwater contamination), an ocean, or a receiving 

water (without thermal pollution nor excessive TDS). It appears that ozone may keep the hardness 

in suspension so it will not form scale, and the suspended hardness may be effectively removed 

by filtration. Because the ozone will kill all bacteria slimes which commonly bind the scale on 

the metal surface, the scale (calcium carbonate) produced will mainly be in suspended form. All 

researchers are urged to understand the theory and principles. Although the LIWT research-

ers have used sponsoring organizations’ flotation clarifier (Suprecell),  flotation-filtration unit 

(Sandfloat), and cooling tower (Marley cooling tower, Mission, KS, USA) for the ozone-assisted 

process investigation, the scientific results can be applied to any manufacturer’s process equip-

ment (sedimentation clarifier or flotation clarifier; sand filtration or membrane filtration), such as 

AquaDAF [41], Clari-DAF [42], Marley cooling tower, Ozonair in-line mixer, ozone generator, 

and many others. 
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GLOSSARY [2,21,27,51]

Biocides: It is a commercially available chemical that can kill or inhibit the growth of small living 

organisms, such as bacteria, fungi, slimes, and molds. Typical biocides used in indus-

trial cooling tower include chlorine gas, sodium hypochlorite, bromine, chlorine dioxide 

(ClO ), and ozone. Sometimes, ozone is not considered to be a commercially available 

2

chemical because it must be generated on-site using air and/or oxygen. 

Biofilm inhibitor: Biocides (chlorine, hypochlorite, bromine, chlorine dioxide, or ozone) can be the 

biofilm inhibitors. Another common biofilm inhibitor used in cooling tower water treat-

ment, especially for algae control of cooling tower water, is copper sulfate (CuSO ). It is a 

4

chemical prepared from copper and sulfuric acid. 

Calcium and magnesium, carbonate, and bicarbonate hardness: Hard water and soft water are 

relative terms. Hard water retards the cleaning action of soaps and detergents, causing an 

expense in the form of extra work and cleaning agents. Furthermore, when hard water is 

heated, it will deposit a hard scale (as in a kettle, heating coils, or cooking utensils) with 

a consequent waste of fuel. Calcium and magnesium salts, which cause hardness in water 

supplies, are divided into two general classifications: (a) carbonate or temporary hardness 

and (b) noncarbonate or permanent hardness. Carbonate or temporary hardness is so called 

because heating the water will largely remove it. When the water is heated, bicarbonates 

break down into insoluble carbonates that precipitate as solid particles which adhere to a 

heated surface and the inside of pipes. Noncarbonate or permanent hardness is so called 

because it is not removed when water is heated. Noncarbonate hardness is largely due to 

the presence of the sulfates and chlorides of calcium and magnesium in the water. The 

classifications of water based on hardness are (a) soft water, 0–40 mg/L of total hardness 

as CaCO ; (b) moderately hard water, 40–100 mg/L of total hardness as CaCO ; (c) hard 

3

3

water, 100–300 mg/L of total hardness as CaCO ; (d) very hard water, 300–500 mg/L of 

3

total hardness as CaCO ; and (e) extremely hard water, greater than 500  mg/L of total 

3

hardness as CaCO . The total hardness in drinking water is unregulated in the U.S. The 

3

Mexico maximum allowable limit for total hardness and Canada recommended concentra-

tion for total hardness in drinking water are both 500 mg/L as CaCO .3

Calcium carbonate (CaCO3): It is a white crystalline compound that occurs naturally as marble, 

limestone, etc. and is a sparingly soluble salt. Its solubility decreases with increasing tem-

perature; therefore, it has high potential to form scaling if it reaches the supersaturation 

condition. 

Copper sulfate (CuSO4): It is a chemical prepared from copper and sulfuric acid. It is called blue 

vitriol or blue stone or blue copperas. Since copper sulfate is frequently used for the control 

of algal growths in cooling tower water and water supply reservoir water, it is regulated by 

the US Environmental Protection Agency (USEPA). 

Corrosion control for cooling tower: It is a water treatment technology that keeps the metallic 

ions of a material, typically a pipe, heat transfer tube, etc., from going into solution, such as 

increasing the water pH, removing free oxygen from water, controlling the carbonate bal-

ance of the water, or forming a protective film on metal surfaces by adding a sequestration 

agent. Some of the chemicals used for cooling tower water’s biological and scaling control 

are clearly corrosive and need to be monitored and carefully balanced to prevent damage 

to the cooling tower surfaces. 

Corrosion inhibitor: It is a substance that slows or prevents corrosion by formation of a protective 

film on the interior surface of pipes, tubes, or tanks. 

Corrosion: Corrosion is an electrochemical or chemical process that leads to the destruction of 

the system metallurgy. Corrosion is enhanced by elevated dissolved mineral content in the 

water and the presence of oxygen, both of which are typical of most cooling tower systems. 

There are different types of corrosion encountered in cooling tower systems, including 
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pitting, galvanic, microbiologically influenced, and erosion corrosion, among others. Loss 

of system metallurgy, if pervasive enough, can result in failed heat exchangers, piping, or 

portions of the cooling tower itself. 

Disinfection: It is a process of destroying or inactivating pathogenic organisms (bacteria, viruses, 

fungi, protozoa, etc.) by physical and/or chemical means. 

Escherichia coli (E. coli):  E. coli  is a gram-negative, facultatively anaerobic, nonspore-forming bacillus that is characterized by its ability to hydrolyze beta glucuronides, in turn, to pro-

duce a solution that fluoresces when exposed to UV light. Since  E. coli is commonly found 

in the intestinal tracts of humans and other warm-blooded animals, in environmental engi-

neering field, it is considered the primary indicator of recent fecal contamination. 

Fecal coliform (FC): A part of the total coliform group of bacteria that are characterized by their 

ability to ferment lactose at 44.5°C. FC is considered a more specific indicator of fecal 

contamination. The number of FC includes  Escherichia coli. 

Iron (Fe): (a) It is an element with an atomic weight of 55.847; (b) it is an important trace metal 

to the human health; (c) small amounts of iron are frequently present in water because of 

the large amount of iron present in the soil and because corrosive water will pick up iron 

from pipes. The presence of iron in water is considered objectionable because it imparts a 

brownish color to laundered goods and affects the taste of beverages such as tea and cof-

fee. Recent studies indicate that eggs spoil faster when washed in water containing iron in 

excess of 10 mg/L. The U.S. and Canada recommended limits for iron are 0.3 mg/L, and 

the Mexican maximum allowable limit (MAL) is also 0.3 mg/L. 

Scale (or hard water scale): It is a coating or precipitate deposited on metal, glass, or ceramic sur-

faces. Boiler water, heat exchanger water, and cooling tower water that contain carbonates 

or bicarbonates of calcium or magnesium are likely to form scale when heated. Scale is 

mainly caused by supersaturation of a hardness compound in the hot bulk water. So, it is a 

big problem for operation and management (O&M) of a cooling tower. 

Scale and biofilm buildup: Buildup of scale and biofilms on cooling tower surfaces will inhibit 

heat transfer and adversely affect cooling tower performance. 

Scale inhibitor (or scale prevention compound or antiscalants): It is a chemical additive, such as 

sodium polyphosphate, that prevents the buildup and formation of a scale. 

Sterilization: It is a process of destroying all forms of microorganisms on and in an object by physi-

cal and/or chemical means. 

Total coliform (TC): Bacteria of the family Enterobacteriaceae, including all aerobic and faculta-

tive anaerobic, gram-negative, nonspore-forming, rod-shaped bacteria that ferment lac-

tose in 24–48 h at 35°C. Coliform bacteria are commonly found in the intestinal tracts of 

warm-blooded animals; therefore, total coliform is used as an indicator of possible bacte-

rial or fecal contamination. The number of total coliform includes both Fecal coliform and 

 Escherichia coli. 
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12 Recycling and Disposal of 

Hazardous Solid Wastes 

Containing Heavy Metals 

and Other Toxic Substances

 Mu-Hao Sung Wang and Lawrence K. Wang

NOMENCLATURE

CFC: Chlorofluorocarbons

CRT: 

Cathode ray tubes

EEEW: 

Electronic and electrical equipment waste

MSW: 

Municipal solid wastes

NEWMOA:  Northeast Waste Management Officials’ Association

ORDEA: 

Ordinance on return, taking back, and disposal of electrical and electronic appliances

PCB: 

Polychlorinated biphenyls

PNNL: 

Pacific Northwest National Laboratory

RCRA: 

Resource Conservation and Recovery Act

U.S. EPA: 

U.S. Environmental Protection Agency

USD: 

U.S. dollar

12.1 INTRODUCTION

The disposal of electrical and electronic wastes around the world has not been very satisfactory. 

The rapid evolution of electrical, electronic, information, and communication technologies leads to 

an increased production of such wastes in the future. It is our ideal objective that we do not dispose 

of electrical and electronic wastes together with municipal solid wastes (MSWs). We should try 

our best to create separate disposal paths for electrical and electronic wastes. Some electrical and 

electronic wastes contain hazardous but recyclable components, in particular, metals. These can 

be only recovered at a justifiable expense if the appliances are collected separately and treated by 

suitable processes. In addition, there are often problematic legal and managerial issues on waste 

labeling, handling, packaging, transportation, and disposition. Different countries have established 

their national policies for solving the problems of hazardous wastes and universal wastes [1–11]. 

12.2   HANDLING, MANAGEMENT, AND DISPOSAL OF ELECTRICAL 

AND ELECTRONIC WASTES: THE SWITZERLAND EXPERIENCE

Each country establishes its own ordinance on the handling, disposal, and general management 

of electrical and electronic wastes. The Switzerland government has established the Ordinance on 

return, taking back, and disposal of electrical and electronic appliances (ORDEA), which forms the 

legal framework, allowing the industrial and commercial sectors to establish tailored and efficient 

return and recycling schemes [4]. The Switzerland’s Ordinance takes into account the regulations on 

cooperation between the country’s Federal Council and private sectors that Parliament has included 
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in the revised Law Relating to the Protection of the Environment. Their ORDEA came into force on 

July 1, 1998. Its provisions are short and primarily regulate the following:

1. Users of electrical and electronic appliances must bring worn-out appliances back to the 

manufacturers, importers, dealers, or to specialized disposal firms. 

2. Manufacturers, importers, and dealers of electrical and electronic appliances are obliged 

to take back worn-out appliances. 

3. Worn-out appliances must be recycled or finally disposed of in an environmentally sound 

way, by the most technically up-to-date means. The ORDEA also contains criteria for the 

environmentally sound disposal of worn-out appliances. 

4. Anyone who accepts appliances for disposal in Switzerland requires a permit. Export of 

appliances for disposal must be authorized by the government. 

The Switzerland’s authorities and economic sector are working closely together to implement the 

ORDEA. A uniform enforcement practice and substantial input from the companies are important 

prerequisites for success, to which their present guidelines will contribute. 

12.3   HANDLING, MANAGEMENT, AND DISPOSAL OF ELECTRICAL 

AND ELECTRONIC WASTES: THE U.S. EXPERIENCE

In the United States, electrical and electronic appliances, when old and considered to be wastes, 

are sent to the sanitary landfill sites for dismantling, separation, resource recovery, and disposal. 

Commercial companies are formed for the waste handling, packaging, transportation, resource 

recovery, and disposition operations, aiming at profit making [1–3,5–11]. 

Fluorescent lamps, fluorescent lamp ballasts, batteries, pesticides, mercury-containing thermo-

stats, and other mercury-containing equipment are singled out for special consideration. Specifically, 

these electrical and electronic wastes outfall into a regulated category called “Universal Wastes” in 

the United States. 

By a strict definition, these electrical and electronic wastes are hazardous. Fluorescent lamps 

contain mercury, and almost all fluorescents fail the U.S. Environmental Protection Agency (U.S. 

EPA) toxicity test for hazardous wastes. Fluorescent lamp ballasts manufactured in the mid-1980s 

contain polychlorinated biphenyls (PCBs), a carcinogen; most of these ballasts are still in service. 

Batteries can contain any number of hazardous materials, including cadmium (nickel-cadmium bat-

teries), the explosive lithium (lithium-ion batteries), and lead (lead-acid batteries). Some household 

nonrechargeable batteries still in use also contain mercury, although mercury has been phased out 

of batteries that are in wide circulation. 

In the United States, the Universal Waste Regulations so far have streamlined hazardous waste 

management standards for the above U.S. Federal universal wastes (batteries, pesticides, thermo-

stats, and lamps). The regulations govern the collection and management of these widely generated 

wastes. This facilitates the environmentally sound collection and increases the proper recycling or 

treatment of the universal wastes mentioned above. 

These U.S. regulations have eased the regulatory burden on American retail stores and others 

that wish to collect or generate these wastes. In addition, they also facilitate programs developed to 

reduce the quantity of these wastes going to MSW landfills or combustors. They also assure that the 

wastes subject to this system will go to appropriate treatment or recycling facilities pursuant to the 

full hazardous waste regulatory controls. 

According to a strict reading of the characteristics established by the U.S. EPA and the State 

environmental agencies, all of these items are hazardous wastes when disposed of and should there-

fore be subject to the whole onerous spectrum of handling, transportation, and disposition require-

ments that have been established for toxins, carcinogens, mutagens, explosives, and other wastes 

that are threatening to health and the environment. 
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But batteries and fluorescents are generated by almost every company, and every household, in 

the country (hence the name “universal”). If they were defined as a hazardous waste, that would 

make practically every company and every household in the United States a hazardous waste gen-

erator, with the accompanying burden of reporting, record keeping, handling, and management 

requirements (not to mention outrageous waste management costs). The State and Federal agencies 

would be flooded with mountains of paper work and information to track, sort, store, and ultimately 

throw away. 

Recognizing that the full hazardous waste approach would be an overkill for batteries and fluo-

rescents, the U.S. EPA created the “Universal Waste” regulatory category in the mid-1990s, and it 

has been adopted since then by almost all states. The universal waste requirements are straightfor-

ward. First, batteries and fluorescents are banned from disposal in landfills and incinerators. But, as 

long as they are handled, packed, and transported in a way that prevents their breakage and possible 

release to the environment and are recycled through a licensed facility, they are exempt from defini-

tion and regulation as a hazardous waste. Instead, they are subject to a much less onerous (and much 

less costly) set of requirements specifically crafted to ensure their convenient but safe, management, 

transportation, and ultimate disposition. 

Fluorescents and batteries need to be handled and packaged in a way that prevents breakage and 

potential release of hazardous materials, on a site and throughout the chain of custody to the ulti-

mate disposition facility. A commercial company can provide packaging for all types of fluorescents 

(4′ and 8′ straight tubes, U-tubes, and others) to be delivered to a receiver. Straightforward handling 

and packaging procedures will prevent spills and breakage and their associated cleanup costs. 

Handling and packaging needs for batteries are different. Batteries need to be handled and packed 

to prevent short circuits and minimize transportation costs. Again, a commercial company can pro-

vide appropriate packaging materials and instructions designed to minimize handling requirements 

and costs and eliminate possible liabilities associated with mispackaged materials. 

The Universal Waste transportation requirements are not onerous. Because they are not defined 

as hazardous wastes, universal wastes in the United States do not need to be accompanied by a 

hazardous waste manifest, or shipped by a hazardous waste transporter. Even so, transportation is 

where many generators lose money, and where many recyclers make their margins. 

The problem with transporting universals is volume. Fluorescents are too light to make a 

cost-effective load. A generator rarely generates a truckload, which leaves the generator at the mercy 

of less-than-load freight rates, or even higher oncall or “convenience” rates charged by some ship-

pers and recyclers. Batteries are the opposite—too heavy and too bulky to cube out an efficiently 

loaded box trailer. 

There are several possible solutions. If both electronic wastes and universal wastes are handled at 

the same time, they may be on the same truck and may be cross-docked to the correct end markets. 

The generator may save money on both sets of materials. A commercial company can routinely 

set up “milk run” pickups from multiple generators, building to that critical truckload volume and 

dividing transportation charges among multiple generators, with savings for all individual small 

generators. 

The universal waste regulatory requirement is that all universals must be handled by a licensed 

recycler. There are, however, only a few licensed recyclers in the United States available for services. 

12.4   GENERAL REQUIREMENTS FOR COLLECTION, SEPARATION, 

AND DISPOSAL OF ELECTRICAL AND ELECTRONIC WASTES 

CONTAINING PARTICULARLY HAZARDOUS SUBSTANCES

All electrical and electronic wastes may be found to harbor components containing particularly 

hazardous substances. It is essential that these be removed (stripping of hazardous materials). The 

following are some examples of such components. Batteries and accumulators, notably include the 

following:
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1. Nickel-cadmium batteries accumulators. 

2. Batteries and accumulators containing mercury. 

3. Lithium batteries and accumulators. 

4. Condensers and ballasts (preswitches). 

5. Mercury switches/mercury relays/mercury vapor lamps. 

6. Parts containing chlorofluorocarbons (CFCs) (refrigeration cycle in refrigerators/insula-

tion materials). 



7. Selenium drums in photocopying machines. 

8. Components that release asbestos fibers. 

Stripping of electrical and electronic waste appliances must be done properly. During the process-

ing of waste appliances (e.g., in shredders), the components highly contaminated with hazardous 

substances that are intended for recycling should not end up in fractions. It is furthermore necessary 

to ensure that the disposal of treatment residues (e.g., shredder residues) is not impeded by the pres-

ence of hazardous substances. As a rule, components containing particularly hazardous substances 

are to be removed manually. Future disposal processes, such as pyrolysis, may allow recycling of 

appliances without prior removal of hazardous substances, in which case it will be possible to do 

without the disassembly of hazardous components [4,11]. 

It is the responsibility of the disposal company concerned to identify and separate novel compo-

nents containing hazardous substances. However, the disposal company can only do this provided 

the manufacturers or importers assume their responsibility as producers by making a corresponding 

declaration. 

Fractions containing halogenated flame retardants (e.g., from printed circuit boards, cable insula-

tion, and plastic housings) must be incinerated in suitable plants if recycling is not possible. 

Besides the environmentally sound disposal of hazardous components, the recovery of fer-

rous, nonferrous, and noble metals is the main priority in the disposal of electrical and elec-

tronic appliances. Here, it is important to ensure that the requirements relating to scrap quality 

are met. 

12.5  PRACTICAL EXAMPLES

12.5.1  general management and disPosal of eleCtroniC Waste aPPlianCes

All appliances and modules consisting mainly of electronic components fall under the category of 

electronic waste appliances. This group comprises the following categories: entertainment electron-

ics, office, information and communication appliances, and electronic components of appliances. 

Owing to the rapid pace of technical developments, the composition of appliances is subject to 

continual change. Particular attention must be paid to:

1. Batteries and accumulators

2. Mercury switches/mercury relays

3. Condensers containing PCBs

4. Photoconductive drums of copying machines coated with selenium arsenate or cadmium 

sulfide

5. Cathode ray tubes (CRTs)

6. Printed circuit boards



7. Wood treated with paints, varnishes, and preservatives

8. Plastics containing halogenated flame retardants

Furthermore, appliances also contain valuable constituents such as gold (from connectors), nickel, 

copper, iron, aluminum, and permanent magnets, which are worth recovering. 
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The objectives for disposal of electronic waste appliances are as follows: (a) stripping of hazard-

ous substances; (b) reduction of pollutant and metal content in the plastic fraction, thus permitting 

recycling or incineration in waste incineration plants or cement works; (c) recovery of nonferrous 

metals; and (d) attainment of commercially recyclable scrap quality. 

The requirements for disposal of electronic waste appliances are as follows: (a) Appliances may 

only be broken up (shredded) if the components containing particularly hazardous substances have 

previously been removed. (b) Since in disposing of electronic appliances the main emphasis is on 

the recovery of nonferrous metals, nonstripped appliances must not be shredded together with scrap 

cars. As a rule, electronic appliances are dismantled manually to achieve effective separation of the 

components containing hazardous substances. 

Typical examples for disposal of electronic waste appliances include the following steps:

1. 

Stripping of hazardous components: In an initial step, components containing particu-

larly hazardous substances are for the most part removed manually. 

2. 

Shredding of appliances and separation of fractions: The stripped appliances are, as 

a rule, ground in a fine shredder (e.g., rotary cutter). The material resulting from this can 

be further processed by several methods. Possible processes are air classification, riddle 

screening, cyclone, turbo-rotor, sink-float, eddy current, or magnetic separation. The sepa-

rated fractions are handed on in workable lots for further processing or recycling or to 

resellers. 

3. Recycling and disposal of waste fractions. 

4. 

Handling and processing of stripped components containing particularly hazardous 

substances: Batteries and accumulators are classified as hazardous waste even if they are 

recycled. Mercury is classified as hazardous waste and can be recovered in special plants. 

Condensers containing PCBs must be incinerated in a hazardous waste incineration plant. 

5. 

Separation of ferrous and nonferrous metals, copper, and aluminum for separate 

recovery: The scrap material and scrap metal dealers sort these metals (in part very finely) 

and send them to steelworks at home and abroad. 

6. 

Handling and processing of CRTs: CRTs are handed on for special processing. 

7. 

Processing of printed circuit boards: Printed circuit boards are subjected to special 

treatment in order to recover their entire metal content. 

8. 

Recycling of plastic-sheathed cables: Electrical cables are sent to cable recycling plants 

that separate the plastic and copper components. 

9. 

Disposal of residual fraction: Depending on their quality and on the specific require-

ments applicable, residual fractions are disposed of in MSW incinerators, hazardous waste 

incinerators, and cement works, or they are recycled. 

12.5.2  general management and disPosal of large eleCtriCal Waste aPPlianCes

Large electrically powered domestic waste appliances, such as cookers, ovens, washing machine, 

and other cleaning appliances, mobile electrical heaters, and ventilators (see List of appliances) 

come under the category of large electrical waste appliances. The electricity for the large waste 

electrical appliances is supplied by the electrical mains. 

These large electrical waste appliances consist mainly of iron, copper, aluminum, and insulation 

materials. The insulation materials are mostly inorganic. The electronic controllers contained in the 

appliances are classified as electronic scrap (see separate fact sheet). They may contain particularly 

hazardous components (accumulators, batteries, condensers, mercury switches, etc.). 

The objectives for management and disposal of large electrical waste appliances are as follows: 

(a) stripping of hazardous substances; (b) reduction of pollutant and metal content in the shredder 

residue; (c) recycling and recovery of ferrous metals; and (d) attainment of commercially recyclable 

scrap quality (e.g., low copper content in the scrap iron). 
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The requirements for management and disposal of large electrical waste appliances are that 

appliances may only be shredded if the particularly hazardous components have previously been 

removed. 

Older appliances (such as ovens) still sometimes contain asbestos. Waste from which asbestos 

fibers may be released is classified as hazardous waste and must be disposed of as specified in the 

appropriate environmental laws. The heat-transfer oils of older types of mobile convector heaters 

still sometimes contain PCBs. These fluids must be disposed of as hazardous waste. 

Typical examples for the management and disposal of large electrical waste appliances include 

the following steps:

1. 

Stripping of hazardous substances: In an initial step, components containing particu-

larly hazardous substances are removed. 

2. 

Breaking up of appliances and separation of fractions: After stripping, the large elec-

trical appliances are, as a rule, ground in a shredder (hammer mill for scrap cars). The 

resulting fragments are separated by means  of special equipment, such as air classifiers, 

magnetic separators, electrostatic separators, eddy current separators, and sink-float sepa-

rators. The main fractions are fractions of ferrous or nonferrous metals, printed circuit 

boards (if applicable), and residual fraction (shredder residue). 

3. Recycling and disposal of waste fractions. 

4. 

Handling and processing of stripped components containing particularly hazardous 

substances: Batteries and accumulators are classified as hazardous waste even if they are 

to be recycled. Mercury is classified as hazardous waste and can be recovered in special 

plants. Condensers containing PCBs must be incinerated in a hazardous waste incineration 

plant. 

5. 

Separation of ferrous and nonferrous metals, copper, and aluminum for separate 

recovery: The scrap material and scrap metal dealers sort these metals (in part very finely) 

and send them to steelworks at home and abroad. 

6. 

Processing of printed circuit boards: Printed circuit boards are subjected to special 

treatment in order to recover their entire metal content. 

7. 

Recycling of plastic-sheathed cables: Cables are sent to cable recycling plants that sepa-

rate the plastics and copper components. 

8. 

Disposal of residual fraction: Depending on their quality and on the specific require-

ments applicable, residual fractions are disposed of in MSW incinerators, hazardous waste 

incinerators, cement works, or they are recycled. 

12.5.3   general management and disPosal of small  

eleCtriCal Waste aPPlianCes

The category of small electrical waste appliances comprises electrical appliances such as electric 

razors, music players, hair removing appliances, hair dryers, egg boilers, immersion water heaters, 

coffee grinders, and so on. They are generally composed of plastics, ferrous, and nonferrous metals. 

A large proportion of these small appliances is powered by batteries or accumulators. 

The objectives of disposal of small electrical waste appliances are simple: (a) stripping of hazard-

ous substances; (b) recycling and recovery of ferrous and nonferrous metals; (c) reduction of pollut-

ant and metal content in the plastic fraction; and (d) recovery of the copper fraction. 

The only requirement for disposal of small electrical waste appliances is that appliances may 

be shredded if the components containing particularly hazardous substances have previously been 

removed. In the case of small cordless electrical appliances, the greater part of the hazardous sub-

stances can be eliminated by prior removal of batteries and accumulators. 

The following are typical operational steps for disposal of small waste appliances. 
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1. 

Stripping of hazardous substances: In an initial step, components containing particu-

larly hazardous substances are for the most part removed manually. 

2. 

Breaking up of appliances and separation of fractions: The stripped appliances are, for 

example, finely shredded (in a rotary cutter). Using an air classifier, plastics, nonmetallic 

components, and so on are removed. The ferrous metals are separated from nonferrous 

ones in a magnetic separator. An eddy current separator is used for fine separation of non-

ferrous metals. Copper and aluminum are separated in sink-float separators. The material 

resulting from the fine shredding can be processed by various means. Possible processes 

are air classification, riddle screening, cyclone, turbo-rotor, sink-float, eddy current, or 

magnetic separation. The separated fractions are handed on in workable lots for further 

processing or recycling or to resellers. 

3. Recycling and disposal of waste fractions. 

4. 

Handling and processing of stripped components containing particularly hazardous 

substances: Batteries and accumulators are classified as hazardous waste even if they are 

to be recycled. 

5. 

Separation of ferrous and nonferrous metals, copper, and aluminum for separate 

recovery: The scrap material and scrap metal dealers sort these metals (in part very finely) 

and send them to steelworks at home and abroad. 

6. 

Recycling of plastic-sheathed cables: Cables are handed on to cable recycling plants that 

separate the plastic and copper components. 

7. 

Disposal of residual fraction: Depending on their quality and on the specific require-

ments applicable, residual fractions are disposed of in MSW incinerators, hazardous waste 

incinerators, and cement works, or they are recycled. 

12.5.4   general management and disPosal of refrigeration 

and air-Conditioning Waste aPPlianCes

Refrigerators, deep-freezers, ice machines equipped with a circulation system, mobile air condition-

ers, dehumidifiers, and so on are discussed in this section. 

The cooling circuit of these appliances contains refrigerants. The most common are CFCs, 

ammonia, or pentane. In many types of refrigerators, the circulation system also contains oil. Other 

components are metals (steel, aluminum, and copper), plastics (housings, drawers, and shelves), 

polyurethane (PU) insulation, polystyrene (PS) insulation, glass, and so on. In older appliances, the 

insulation material also generally contains CFCs. The following components are removed prior to 

shredding: compressors, cooling coils, glass, cables, and switches. 

The objectives of disposal of refrigeration and air-conditioning waste appliances are as follows: 

(a) separate disposal of the CFCs from the circulation system and the insulating material; (b) further 

stripping of hazardous substances (e.g., mercury switches); and (c) recovery of ferrous metals to be 

the priority in metal recycling. 

The requirements for disposal of refrigeration and air-conditioning waste appliances are very 

stringent: (a) Mercury switches and condensers containing PCBs must be removed in advance and 

disposed of. (b) Ninety percent of the CFCs, both from the circulation system and the insulation, must 

be recovered and disposed of in an environmentally sound manner, as specified in the regulations. 

(c) The amount of residual CFCs in the pressed-out foam must not exceed 0.5% if it is to be reused. 

(d) The government emission standard for CFCs (20 mg/m3 at a flow rate >100 g/h, for instance) 

must be complied with; therefore, the emission flow rate must be measured and recorded continu-

ously. (e) Recovered CFCs or recovered components containing CFCs (e.g., foam containing >0.5% 

CFCs) must be disposed of in suitable plants. (f) Chrome-plated ferrous scrap (chromium(VI)) must 

not be mixed with unsorted scrap but must be delivered direct to the steelworks, in compliance with 

the relevant workplace protection and safety regulations. 
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Since pentane is a flammable gas that can form explosive mixtures in combination with air or 

oxygen, suitable safety precautions must be taken. 

Typical operational steps for disposal of refrigerators and similar appliances are listed as follows:

1. 

Stripping of hazardous substances: Mercury switches and other components contain-

ing particularly hazardous substances must be removed. CFCs are recovered from the 

cooling circuit and PU foam with special equipment and appliances with varying degrees 

of automation; ammonia is dissolved in water; and separate disposal of waste oil (from 

compressors). 

2. 

Breaking up of appliances and separation of fractions. 

3. 

Removal of special components: Loose fittings are mostly removed. They include plastic 

accessories and trays, steel racks, glass shelves, and doors made of plastic, metal, and insu-

lation material. 

4. 

Handling of the main unit: The first step is to extract the refrigerant. It must be recovered 

as completely as possible by means of suitable plants and equipment. The refrigerants and 

foaming agents are condensed by refrigeration and sent to be destroyed. 

5. 

Shredding and fractionation of the main unit: It takes place under partial vacuum in a 

special shredder. PU foamed with CFCs is pressed out as completely as possible. The viti-

ated air from the shredder and the press is cleaned through activated carbon and passed 

through a condensation cooling system. By this means, the foaming agent may be almost 

entirely recovered. 

6. 

Separation of the residual fractions as follows: Separation of CFCs by condensation; 

separation of expanded PS and PU foam by air classification; separation of iron with a 

magnetic separator; and separation of nonferrous metals with an eddy current separator. 

Following stripping of hazardous substances, air conditioners and dehumidifiers can be further 

dismantled either manually or in a shredder. Figure 12.1 shows the flow diagram for management, 

separation, recycle, and disposal of used refrigeration appliances [4]. 

Refrigeration appliances

1

Stripping of hazardous substances

VREG Fact Sheets: Example

Main recycling/disposal path

FIGURE  12.1  Flow diagram for management, separation, recycling, and disposal of waste refrigeration 

appliances. (Adapted from SAEFL.  Waste Management Guidelines for the Ordinance on the Return,   the 

 Taking Back and the Disposal of Electrical and Electronic Appliances (ORDEA), p. 76. Swiss Agency for the Environment, Forests and Landscape Bern, Switzerland, 2000.)
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12.5.5  general management and disPosal of universal Wastes

Universal Waste is a legal, environmental term used in the United States. The Universal Waste 

Regulations in the United States streamline collection requirements for certain hazardous wastes 

in the specific categories decided by the Federal and the State governments. The Universal Waste 

Regulations ease regulatory burdens on businesses; promote proper recycling, treatment, or dis-

posal; and provide for efficient, proper, and cost-effective collection opportunities. 

The U.S. EPA Federal universal wastes are as follows: (a) batteries such as nickel-cadmium 

(Ni-Cd) and small sealed lead-acid batteries, which are found in many common items in the busi-

ness and home setting, including electronic equipment, mobile telephones, portable computers, and 

emergency backup lighting; (b) agricultural pesticides that are recalled under certain conditions and 

unused, pesticides that are collected and managed as part of a waste pesticide collection program, 

and pesticides that are unwanted for a number of reasons, such as being banned, obsolete, dam-

aged, or no longer needed due to changes in cropping patterns or other factors; and (c) thermostats 

that can contain as much as 3 g of liquid mercury and are located in almost any building, including 

commercial, 

industrial, agricultural, community, and household buildings; (d) lamps that are the bulb 

or tube portion of electric lighting devices that have a hazardous component [ Note: Examples 

of common universal waste electric lamps include, but are not limited to, fluorescent lights, 

high-intensity discharge, neon, mercury vapor, high-pressure sodium, and metal halide lamps. 

Many used lamps are considered hazardous wastes under The Resource Conservation and 

Recovery Act (RCRA) because of the presence of mercury or occasionally lead]; and (e) mer-

cury-containing equipment is proposed as a new universal waste category because mercury is 

used in several types of instruments that are common to electric utilities, municipalities, and 

households. Some of these devices include switches, barometers, meters, temperature gauges, 

pressure gauges, and sprinkler system. 

It is important to note that each state in the United States can add different wastes and does 

not have to include all the U.S. Federal universal wastes. In other words, the states can modify 

the Federal Universal Waste Rule and add additional universal waste in individual state regula-

tions. A waste generator should check with the State for the exact regulations that apply to the 

generator. 

For proper management and disposal of the aforementioned universal wastes, a waste generator, 

a waste handler, a transporter, or a destination facility must understand the legal definitions of wastes 

and their legal status. The following is an overview of legal definitions and related requirements:

1. 

Universal waste: A waste must be a hazardous waste before it can be considered a uni-

versal waste. A waste must also meet certain criteria to qualify as a universal waste. For 

instance, it must be widespread, commonly found in medium to large volumes, and exhibit 

only low-level hazards or be easily managed. 

2. 

Federal universal wastes: In the United States, the universal wastes (such as batteries, 

pesticides, thermostats, lamps, and mercury-containing wastes) are decided and legally 

defined by the U.S. EPA. 

3. 

State universal wastes: In the United States, the states do not have to include all of the 

Federal universal wastes when they use (adopt) the program and they can make them more 

stringent by adding their own universal wastes (such as antifreeze). 

4. 

Universal waste battery: Battery means a device consisting of one or more electrically 

connected electrochemical cells that is designed to receive, store, and deliver electric 

energy. An electrochemical cell is a system consisting of an anode, a cathode, and an 

electrolyte, plus such connections (electrical and mechanical) as may be needed to allow 

the cell to deliver or receive electrical energy. The term “battery” also includes an intact, 

unbroken battery from which the electrolyte has been removed. 
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5. 

Universal waste pesticide: Pesticide means any substance or mixture of substances 

intended for preventing, destroying, repelling, or mitigating any pest, or intended for use 

as plant regulator, defoliant, or desiccant. 

6. 

Universal waste thermostat: Thermostat means a temperature-controlling device that 

contains metallic mercury in an ampoule attached to a bimetal-sensing element. 

7. 

Universal waste lamp: Lamp, also referred to as “universal waste lamp,” is defined as 

the bulb or tube portion of an electric lighting device. A lamp is specifically designed 

to produce radiant energy, most often in the ultraviolet, visible, and infrared regions 

of the electromagnetic spectrum. Examples of common universal waste electric lamps 

include, but are not limited to, fluorescent, high-intensity discharge, neon, mercury vapor, 

high-pressure sodium, and metal halide lamps. 

8. 

Universal waste handlers: This could be as follows: (a) a business that generated (needs 

to dispose of) a universal waste (fluorescent lights for instance); (b) a take-back program; 

and (c) a collection program. 

9. 

Small quantity handlers of universal waste (SQHUW): A handler that accumulates less 

than 5000 kg (11,000 lbs) of universal waste at any one time. 

10. 

Large quantity handlers of universal waste (LQHUW): A handler that accumulates 

5000 kg (11,000 lbs) or more of universal waste at any one time. 

11. 

Universal waste transporter: A transporter that transports universal waste from handlers 

to other handlers, destination facilities, or foreign destinations. 

12. Universal waste destination facilities: The facilities that recycle, treat, or dispose of univer-

sal wastes as hazardous waste (no longer universal waste). ( Note: This does not include facili-

ties that only store universal waste since those facilities qualify as a universal waste handler.)

12.5.6  management and disPosal of a sPeCifiC eleCtroniC Waste: Crts

CRTs, as shown in Figure 12.2, are the video display components of televisions and computer moni-

tors. CRT glass typically contains enough lead to be classified as hazardous waste when it is being 

recycled or disposed of. Currently, businesses and other organizations that recycle or dispose of 

Frit

FIGURE  12.2  Schematic diagram of a CRT. (Adapted from RSC. Royal Society of Chemistry, London, 

2009. Available at: www.rsc.org/ej/GC/2001/b102671m/b102671m-f1.gif.)

[image: Image 58]
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their CRTs are confused about the applicability of hazardous waste management requirements to 

their computer or television monitors. The Federal government is proposing to revise regulations to 

encourage opportunities to safely collect, reuse, and recycle CRTs [4]. 

To encourage more reuse and recycling, intact CRTs being sent for possible reuse are considered 

to be products rather than wastes and therefore not regulated unless they are being disposed of. If 

CRT handlers disassemble the CRTs and send the glass for recycling, the U.S. EPA is also propos-

ing to exclude them from being a waste, provided they comply with simplified storage, labeling, and 

transportation requirements. Furthermore, the U.S. EPA believes that if broken CRTs are properly 

containerized and labeled when stored or shipped before recycling, they resemble commodities 

more than wastes. 

Finally, processed glass being sent to a CRT glass manufacturer or a lead smelter is excluded 

from hazardous waste management under most conditions. If the glass is being sent to any other 

kind of recycler, it must be packaged and labeled the same as broken CRTs. The U.S. EPA believes 

that these proposed changes will encourage the recycling of these materials, while minimizing the 

possibility of releasing lead into the environment. Figure 12.3 shows a flow diagram for the manage-

ment, separation, recycle, and disposal of CRTs [4]. 

12.5.7   management and disPosal of merCury-Containing  

equiPment inCluding lamPs

Mercury is present in several types of instruments that are commonly used by electric utilities, 

municipalities, and households. Among others, these devices include barometers, meters, tempera-

ture gauges, pressure gauges, sprinkler system contacts, and parts of coal conveyor systems. The 

U.S. EPA has received data on mercury-containing equipment since 1995, when it issued the first 

Federal Universal Waste Rule. The agency believes that adding mercury-containing devices to the 

universal waste stream will facilitate better management of this waste [10]. 

FIGURE 12.3  Flow diagram for management, separation, recycling, and disposal of waste CRTs. (Adapted 

from SAEFL.  Waste Management Guidelines for the Ordinance on the Return, the Taking Back and the 

 Disposal of Electrical and Electronic Appliances (ORDEA), p. 76. Swiss Agency for the Environment, Forests and Landscape Bern, Switzerland, 2000.)
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The Universal Waste Rule tailors management requirements to the nature of the waste in order 

to encourage collection (including household collections) and proper management. Universal waste 

generators, collectors, and transporters must follow specific record keeping, storage, and transpor-

tation requirements. The U.S. EPA is proposing the same tailored requirements for all mercury- 

containing equipments. 

The U.S. EPA initiated a mercury-containing lamp recycling outreach program in 2002 to 

promote mercury lamp recycling by commercial and industrial users. The outreach program aims 

to increase the awareness of the proper disposal methods of these lamps in compliance with the 

Federal and State universal waste rules. This outreach effort will be effective in increasing the 

amount of lamps recycled in the short term, as well as have lasting impact over the long term. 

The U.S. EPA’s goal is to raise the national recycling rate for mercury lamps from the current 

20%–40% by 2005 to 80% by 2009. 

The U.S. EPA awarded funds in the form of ten cooperative agreements for the development and 

implementation of a coordinated nationwide mercury-containing lamp recycling outreach program. 

This program is currently being implemented in two phases. Recipients of Phase I cooperative 

agreements are developing outreach materials such as fact sheets, recycling database, websites, 

public service announcements, and educational materials. 

Although Phase I cooperative agreement recipients focused on developing outreach materials, 

the recently selected Phase II recipients will focus on outreach program implementation. They will 

conduct outreach to segments of the lamp-disposing population by adapting outreach materials 

developed in Phase I to target-specific audiences (i.e., industry-specific lamp users or lamp users 

within a certain geographic location). 

12.5.8  management, reuse, reCyCle, and disPosal of vehiCle Batteries

Every year in the United States, billions of batteries are bought, used, and thrown out. In 1998 

alone, over 3 billion industrial and household batteries were sold. The demand for batteries can be 

traced largely to the rapid increase in automobiles, cordless, and portable products such as cellular 

phones, video cameras, laptop computers, and battery-powered tools and toys. 

Because many batteries contain toxic constituents such as mercury and cadmium, they pose a 

potential threat to human health and the environment when improperly disposed. Though batteries 

generally make up only a tiny portion of MSWs, less than 1%, they account for a disproportionate 

amount of the toxic heavy metals in MSWs. For example, the U.S. EPA has reported that, as of 

1995, nickel-cadmium batteries accounted for 75% of the cadmium found in MSWs. When MSWis 

incinerated or disposed of in landfills, under certain improper management scenarios, these toxics 

can be released into the environment. 

Over the past decade, the battery industry, partly in response to public concerns and legislation, 

has played an active role in finding solutions to these problems. Industry efforts have touched on 

every stage of the product life cycle. 

Seventy million vehicle batteries are produced each year in the United States. About 80% of dis-

carded lead-acid batteries are being collected and recycled. Lead-acid batteries contain about 15–20 

pounds of lead per battery and about 1–2 gallons of sulfuric acid. Vehicle batteries are banned from 

disposal in Nebraska landfills as of September 1, 1994. 

The environmental hazards of batteries are briefly summarized below. A battery is an electro-

chemical device with the ability to convert chemical energy to electrical energy to provide power to 

electronic devices. Batteries may contain lead, cadmium, mercury, copper, zinc, lead, manganese, 

nickel, and lithium, which can be hazardous when incorrectly disposed. Batteries may produce 

the following potential problems or hazards: (a) they pollute the lakes and streams as the metals 

vaporize into the air when burned, (b) they contribute to heavy metals that leach from solid waste 

landfills, (c) they expose the environment and water to lead and sulfuric acid, (d) they contain strong 

acids that are corrosive, and (e) they may cause burns or danger to eyes and skin. 
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Heavy metals have the potential to enter the water supply from the leachate or runoff from 

landfills. It is estimated that nonrecycled lead-acid batteries produce about 65% of the lead in the 

municipal waste stream. When burned, some heavy metals such as mercury may vaporize and 

escape into the air, and cadmium and lead may end up in the ash, making the ash a hazardous mate-

rial for disposal. 

Vehicle batteries may be recycled by trading in an old battery when replacing with a new battery. 

Most battery distribution centers, automotive garages, and repair centers have collection points. 

Batteries are also accepted at some scrap yards, automobile dismantlers, and some retail chain 

stores. Batteries should be stored in a secure area, locked, or away from children and sources of 

sparks. All old batteries should be recycled. 

Prolonging battery life is another method for environmental protection. To reduce waste, a con-

sumer should buy longer-life batteries that may result in fewer batteries to recycle and follow recom-

mended maintenance procedures to lengthen battery life. 

Good maintenance of a vehicle battery can prolong a battery’s life, if the following procedures 

can be followed: (a) check the battery for adequate water level if the battery is not a sealed battery 

and check the battery and the vehicle charge system if the battery is low on water; (b) do not over-

fill a battery; (c) make sure all connections are clean; (d) if the vehicle is seldom used, charge the 

battery at least every two months to maintain the battery charge, because in a discharge state, the 

battery might freeze; (e) if the battery must be stored out of the vehicle, store in a cool dry place; 

(f) do not jump start a battery when the battery is extremely cold; and (g) when jump starting, con-

nect the jumper cables first to the power source and then connect the positive cable to positive cable 

on the battery to be jumped, and the negative cable to a solid ground on the vehicle (e.g., bracket on 

alternator). This avoids going directly to the battery to be charged to prevent sparking. 

Redesign, reuse, and recycling will be the best management practice (BMP) for waste vehicle 

battery management. Some battery manufacturers are redesigning their products to reduce or elimi-

nate the use of toxic constituents. For example, since the early 1980s, manufacturers have reduced 

their use of mercury by over 98%. Many manufacturers are also designing batteries for a longer life. 

Most states have passed legislation prohibiting the disposal of lead-acid batteries (which are 

primarily vehicle batteries) in landfills and incinerators and requiring retailers to accept used bat-

teries for recycling when consumers purchase new batteries. For example, Maine, United States, 

has adopted legislation that requires retailers to either (a) accept a used battery upon sale of a new 

battery or (b) collect a USD 10 deposit upon sale of a new battery, with the provision that the deposit 

shall be returned to the customer if the buyer delivers a used lead-acid battery within 30 days of the 

date of sale. This legislation is based on a model developed by the lead-acid battery industry. 

Lead-acid batteries are collected for recycling through a reverse distribution system. Spent lead 

batteries are returned by consumers to retailers, picked up by wholesalers or battery manufacturers, 

and finally taken to secondary smelters for reclamation. These recycling programs have been highly 

successful: the nationwide recycling rate for lead-acid batteries stands at roughly more than 95%, 

making them one of the most widely recycled consumer products. Automotive and other industrial 

batteries are, more and more, being recycled and better designed now. 

12.5.9  management, reuse, reCyCle, and disPosal of household Batteries

More and more household batteries are being used today. The average person owns about two button 

batteries, ten normal (A, AA, AAA, C, D, 9V, etc.) batteries, and throws out about eight household 

batteries per year. About 3 billion batteries are sold annually in the United States averaging about 

32 per family or 10 per person [5–9]. 

Table 12.1 shows the typical types of household batteries. 

Battery manufacturers are producing more rechargeable batteries each year. The National 

Electrical Manufacturers Association has estimated that the USA’s demand for rechargeable batter-

ies is growing twice as fast as the demand for nonrechargeable batteries. 
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TABLE 12.1

Typical Types of Household Batteries

Primary Cells (Nonrechargeable)

Common Uses

Alkaline

Cassettes players, radios, appliances

Carbon-zinc

Flashlights, toys, etc. 

Lithium

Cameras, calculators, watches, computers, etc. 

Mercury

Hearing aids, pacemakers, cameras, calculators, watches, etc. 

Silver

Hearing aids, watches, cameras, calculators

Zinc

Hearing aids, pagers

Secondary Cells (Rechargeable)

Common Uses

Nickel-cadmium

Cameras, rechargeable appliances such as portable power tools, 

Small sealed lead-acid

hand held vacuums, etc. 

Camcorders, computers, portable radios and tape players, 

cellular phones, lawn mower starters, etc. 

The Rechargeable Battery Recycling Corporation (RBRC) started a nationwide take-back 

program in 1994 for the collection and recycling of used nickel-cadmium batteries. The RBRC 

expanded in 2001 to include all portable rechargeable batteries in its take-back program. This is 

the first nationwide take-back program that involves an entire U.S. industry. Much of this progress 

has come in response to far-reaching legislation at the State and Federal level in the United States. 

Starting in 1989, 13 states took the lead by adopting laws (including battery labeling requirements) 

to facilitate the collection and recycling of used rechargeable batteries. In 1996, the U.S. Congress 

passed the Mercury Containing and Rechargeable Battery Management Act, which removed bar-

riers to and helped facilitate the RBRC’s nationwide take-back program. In addition, many states 

have passed legislation prohibiting incineration and landfilling of mercury-containing and lead-acid 

batteries. 

The following are important legal terminologies for this section. The term “mercuric oxide bat-

tery” means a battery that uses a mercuric oxide electrode. 

The term “rechargeable battery” (a) means one or more voltaic or galvanic cells, electrically 

connected to produce electric energy, that is designed to be recharged for repeated uses and 

(b) includes any type of enclosed device or sealed container consisting of one or more such cells, 

including what is commonly called a battery pack (and in the case of a battery pack, for the pur-

poses of the requirements of easy removability and labeling under law, means the battery pack as 

a whole rather than each component individually); but it does not include a lead-acid battery used 

to start an internal combustion engine, a lead-acid battery used for load leveling or for storage of 

electricity, and a battery used as a backup power source for memory or program, nor as a recharge-

able alkaline battery. 

The term “rechargeable consumer product” (a) means a product that, when sold at retail, includes 

a regulated battery as a primary energy supply, and that is primarily intended for 1 kW personal 

or household use but (b) does not include a product that only uses a battery solely as a source of 

backup power for memory or program instruction storage, time keeping, or any similar purpose that 

requires uninterrupted electrical power in order to function if the primary energy supply fails or 

fluctuates momentarily. 

The term “regulated battery” (a) means a rechargeable battery that contains a cadmium or a 

lead electrode or any combination of cadmium and lead electrodes or (b) contains other electrode 

chemistries and is the subject of a determination by the Administrator of the U.S. EPA under envi-

ronmental laws. 

The term “remanufactured product” means a rechargeable consumer product that has been altered 

by the replacement of parts, repackaged, or repaired after initial sale by the original manufacturer. 
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As stated previously, a battery is an electrochemical device with the ability to convert chemical 

energy to electrical energy to provide power to electronic devices. Household batteries may also 

contain cadmium, mercury, copper, zinc, lead, manganese, nickel, and lithium, which may create 

a hazard when disposed incorrectly. The potential problems or hazards of household batteries are 

similar to that of vehicle batteries. 

In landfills, heavy metals have the potential to leach slowly into soil, groundwater, or surface 

water. Dry cell batteries contribute about 88% of the total mercury and 50% of the cadmium in 

the MSW stream. In the past, household batteries accounted for nearly half of the mercury used in 

the United States and over half of the mercury and cadmium in the MSW stream. When burned, 

some heavy metals such as mercury may vaporize and escape into the air, and cadmium and lead 

may end up in the ash. 

Controversy exists about reclaiming household batteries. Currently, most batteries collected 

through household battery collection programs are disposed of in hazardous waste landfills. There 

are no known recycling facilities in the United States that can practically and cost-effectively 

reclaim all types of household batteries, although facilities exist that reclaim some button batteries. 

Currently, battery collection programs typically target button and nickel-cadmium batteries but 

may collect all household batteries because of the consumers’ difficulty in identifying battery types. 

There are two major types of household batteries: (a) primary batteries are those that cannot be 

reused and include alkaline/manganese, carbon-zinc, mercuric oxide, zinc-air, silver oxide, and 

other types of button batteries. (b) Secondary batteries are those that can be reused and (recharge-

able) include lead-acid, nickel-cadmium, and potentially nickel-hydrogen. 

Mercury reduction in household batteries began in 1984 and continues today. During the past 

5 years, the industry has reduced the total amount of mercury usage by about 86%. Some batteries 

such as the alkaline battery have had about a 97% mercury reduction in the product. Newer alkaline 

batteries may contain about one-tenth the amount of mercury previously contained in the typi-

cal alkaline battery. Some alkaline batteries have zero-added mercury, and several mercury-free, 

heavy-duty, carbon-zinc batteries are on the market. Mercuric oxide batteries are being gradually 

replaced by new technology such as silver oxide and zinc-air button batteries that contain less 

mercury. 

Nickel-cadmium rechargeable batteries are being researched. Alternatives such as cadmium-free 

nickel and nickel hydride system are being researched, but nickel-cadmium are unlikely to be totally 

replaced. Nickel-cadmium batteries can be reprocessed to reclaim the nickel. 

However, currently approximately 80% of all nickel-cadmium batteries are permanently sealed 

in appliances. Changing regulations may result in easier access to the nickel-cadmium batteries for 

recycling. 

To reduce waste, start with pollution prevention. Starting with prevention creates less or no left-

over waste to become potentially hazardous wastes. Rechargeable batteries result in a longer life 

span and use fewer batteries. However, rechargeable batteries still contain heavy metals such as 

nickel-cadmium. When disposing of rechargeable batteries, recycle if possible. 

The use of rechargeable nickel-cadmium batteries can reduce the number of batteries entering 

the waste stream but may increase the amount of heavy metals entering the waste stream unless they 

are more effectively recycled. As of 1992, the percentage of cadmium in nickel-cadmium batteries 

was higher than the percentage of mercury in alkaline batteries, so substitution might only replace 

one heavy metal for another, and rechargeable batteries do use energy resources in recharging. 

Rechargeable alkaline batteries are available along with rechargers. 

Recycle waste batteries if possible. Batteries with high levels of mercury or silver can be recov-

ered for the refining process. The mercuric oxide batteries can be targeted for recollection and mer-

cury recovery. There are a few mercury-refining locations in the United States that accept mercury 

batteries, and they could be contacted for information on battery recycling. 

Mercury oxide and silver oxide button batteries are sometimes collected by jewelers, pharma-

cies, hospitals, and electronic or hearing aid stores for shipping to companies that reclaim mercury 
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or silver. Some batteries cannot be recycled. If recycling is not possible, batteries should be saved for 

hazardous waste collection. Battery recycling and button battery collection may be a good option at 

present but may change as the mercury concentration in the majority of button batteries continues 

to decrease. 

Batteries may be taken to a household hazardous waste collection, local battery collection pro-

gram. One can also contact the battery manufacturer for other disposal options or for information 

on collection programs. If disposal is the only option, and the household batteries are not banned 

from the area permitted landfill, one should protect the batteries for disposal by placing them in a 

sturdy plastic bag in a sturdy container to help guard against leakage. Waste batteries should not be 

burned because the metals they contain could explode. When burned, some heavy metals such as 

mercury may vaporize and escape into the air, and cadmium and lead may end up in the ash. 

In the United States, Federal and State initiatives are assisting the business and consumers in 

managing, reusing, recycling, and disposal of household batteries. These include the Universal 

Waste Rule and the Mercury-Containing and Rechargeable Battery Management Act. 

The Universal Waste Rule, promulgated in 1995, was designed to encourage recovery and 

recycling of certain hazardous wastes (including batteries, thermostats, and some pesticides) by 

removing some of the regulatory barriers. Under the rule, batteries recovered and properly man-

aged are exempt from some RCRA provisions, no matter who generates the waste. Promulgation of 

the Universal Waste Rule facilitated the battery industry’s take-back system for Ni-Cd batteries in 

states that adopted the rule through state rulemaking. 

The Mercury-Containing and Rechargeable Battery Management Act (the “Battery Act”), which 

was signed into law on May 13, 1996, removed previous barriers to Ni-Cd battery recycling pro-

grams resulting from varying individual state laws and regulatory restrictions governing the label-

ing, collection, recycling, and transportation of these batteries. The Act facilitated and encouraged 

voluntary industry programs for recycling Ni-Cd batteries, such as the national “Charge Up to 

Recycle” program. The Act also established national labeling requirements for rechargeable batter-

ies, ordered that rechargeable batteries are easy to remove from consumer products, and restricted 

the sale of certain batteries that contain mercury. 

The 1996 Battery Act eased the burden on battery recycling programs by mandating national, 

uniform labeling requirements for Ni-Cd and certain small sealed lead-acid batteries and by mak-

ing the Universal Waste Rule effective in all 50 states. The Battery Act indicates (a) the state label-

ing requirements for these battery types and (b) the state legislative and regulatory authority for the 

collection, storage, and transportation of Ni-Cd and other covered batteries. States can, however, 

adopt standards for battery recycling and disposal that are more stringent than existing Federal 

standards. States can also adopt more stringent requirements concerning the allowable mercury 

content in batteries. 

Several states have passed legislation mandating additional reductions in mercury beyond those 

in the Battery Act and prohibiting or restricting the disposal in MSW of batteries with the highest 

heavy metal content (i.e., Ni-Cd, small sealed lead-acid, and mercuric oxide batteries). A handful of 

states have gone further, placing collection and management requirements on battery manufacturers 

and retailers to ensure that certain types of batteries are recycled or disposed of properly. 

Many states and regional organizations have developed far-reaching legislation for battery man-

agement, which is beyond the scope of the Federal law. Only the following two organizations are 

introduced here: (a) Northeast Waste Management Officials’ Association (NEWMOA) and (b) New 

England Governors’ Conference. 

NEWMOA, a coalition of state waste program directors from New England and New York, has 

developed a model legislation meant to reduce mercury in waste. The model legislation proposes a 

variety of approaches that states can use to manage mercury-containing products (such as batteries, 

thermometers, and certain electronic products) and wastes, with a goal of instituting consistent con-

trols throughout the region. The proposed approaches focus on notification product phase-outs and 

exemptions; product labeling; disposal bans; collection and recycling programs; and a mechanism 
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for interstate cooperation. Bills based on the model legislation have been under consideration by 

legislators in New Hampshire and Maine. In April 2000, NEWMOA released a revised version of 

the model legislation following a series of public meetings and the collection of comments from 

stakeholders. 

The New England Governors’ Conference passed a resolution in September 2000, recommend-

ing, among other things, that each New England state work with its legislature to adopt mercury 

legislation based on the NEWMOA model (see above). The NEWMOA model legislation is meant 

to reduce the amount of mercury in waste through strategies such as product phase-outs, product 

labeling, disposal bans, and collection and recycling programs. Certain types of mercury-contain-

ing batteries are among the products targeted by the model legislation. 

12.5.10  management of eleCtroniC Wastes: Waste ComPuters

In the early 1980s, the world witnessed the sale of the first personal computer. The transition from 

the relatively bulky and slow first units to the sleek, speed demons has made the computer truly 

revolutionary. With each improvement in computers, however, comes the increasing problem of 

what to do with the ever-increasing number of computer e-wastes. The U.S. EPA estimates that 

nearly 250 million computers will become obsolete in the next 5 years in the United States alone. 

Unfortunately, approximately 10% of these old computers that are retired each year are being recy-

cled. This presents a substantial concern because toxic elements such as lead, cadmium, mercury, 

barium, chromium, beryllium as well as flame retardant, and phosphor are used in a typical com-

puter and cause potential harm if they are released into the environment [1]. 

The Town of Colonie, County of Albany, New York, USA, has a good management policy. The 

Town residents can bring their old computers to the Town Solid Waste Management Facility’s 

“Residential Recyclables Drop Off Area” for recycling. The Town collects old computers from 

residents and packages them to be shipped out to a private recycling firm, SR Recycling, which 

separates the salvageable components for reuse, removes the special metals/materials that have 

recyclable value, and only disposes of the remaining waste materials. The Town charges the resi-

dents a fee, USD 10 per computer system (monitor, CPU, printer, keyboard, and mouse, as a set or 

parts of set), to pay for the recycling of these units. When the Town collects sufficient units to make 

up a shipment, the vendor is called to collect the computers [1]. 

Through the Town’s recycling system, the residents are provided an environmentally and eco-

nomically sound means of managing the e-wastes. This assures that the materials of concern within 

these e-wastes are effectively and appropriately managed. 

12.5.11  nanoteChnology for merCury removal

When the mercury-containing equipment is improperly disposed of on land, the mercury will even-

tually leachate out from the waste equipment. Once released into the environment, mercury remains 

there indefinitely, contaminating the soil, sediment, and groundwater. This contamination eventu-

ally enters the food chain, exposing local populations to mercury’s harmful effects [2]. 

Until now, there has been no effective technology for reducing groundwater mercury to 2ppb, as 

required by the maximum contamination limit for drinking water established by the U.S. Food and 

Drug Administration and the U.S. EPA. 

According to the U.S. Department of Energy’s Pacific Northwest National Laboratory (PNNL), 

a new nanotechnology has been developed by PNNL for mercury removal without producing harm-

ful byproducts or secondary wastes. The technology is an advanced adsorption technology involv-

ing the use of a powder adsorbent, called SAMMS. SAMMS stands for “self-assembled monolayers 

on mesoporous supports,” which is critically important in constantly changing industries and the 

environment. It has broad applications in environmental cleanup where mercury contamination is 

prevalent or for mercury removal in radiological hazardous waste. 
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Technically speaking, SAMMS is a hybrid of two frontiers in materials science: molecular 

self-assembly techniques and nanoporous materials. SAMMS is created by attaching a mono-

layer of contaminant-specific molecules to nanoporous ceramic supports. The nanoporous materi-

als ranging from 2 nm (nanometer) to 20 nm, with high surface areas (about 600–1,000 m2/g) are 

functionalized with a self-assembled monolayer, resulting in an extremely high density of binding 

sites. The functionalized material exhibits fast kinetics, high loading, and excellent selectivity for 

contaminants. 

Both the monolayer and the nanoporous support can be tailored for a specific application. For 

example, the functional group at the free end of the monolayer can be designed to selectively bind 

targeted molecules, whereas the pore size, monolayer length, and density can be adjusted to give 

the material-specific adsorptive properties. This monolayer will seek out and adsorb specific con-

taminants. When tested on 160 L of waste solution containing about 11 ppm of mercury, or a total 

of 1.76 g, mercury concentration in the solution reduced by about 99.5%. Estimates indicate that it 

will cost about USD 200 (October 2004 cost), including material, analysis, and labor, to treat similar 

volumes of this waste solution, resulting in a savings of USD 3200 over more traditional polymeric 

adsorbent (resin) or activated carbon disposal methods. 

12.5.12   solidifiCation (Cementation) teChnology  

for hazardous e-Waste disPosal

Cementation technology is one of the solidification technologies, involving the use of a solidifying 

agent (i.e., cement, in this case) for solidifying the hazardous solid e-wastes (such as mercury-con-

taining batteries or equipment). Conventional cementation technology has the following problems: 

(a) the solidified cement or concrete is still porous, and eventually, the hazardous substances may 

leak out and (b) the solidified cement or concrete block are not strong enough and may break upon 

impact or earth quake. 

An improved solidification (cementation) technology has been used by Dr Lawrence K. Wang of 

the Lenox Institute of Water Technology, Massachusetts, USA, for successful solidification of mer-

cury- containing batteries in concrete blocks. The concrete blocks, which are friendly to the envi-

ronment, can then be properly buried in the government-approved hazardous waste landfill sites [3]. 

Specifically, the improved solidification (cementation) technology involves the use of (a) a spe-

cial dry powder admixture for generation of a nonsoluble crystalline formation deep within the 

pores and capillary tracts of the concrete—a crystalline structure that permanently seals the con-

crete against the penetration or movement of water and other hazardous liquids from any direction; 

(b) a special nonmetal reinforced bars for enhancing the concrete block’s tensile and compressive 

strengths; and (c) a unique chemical crystallization treatment for the waterproofing and protection 

of concrete block’s surface. 

To create its crystalline waterproofing effect, the special solidifying agent must become an inte-

gral part of the concrete mass. It does so by taking advantage of the natural and inherent character-

istics of concrete; concrete is both porous (capillary tract system) and chemical in nature. By means 

of diffusion, the reactive chemicals in the agent use water as a migrating medium to enter and travel 

through the capillary tracts in the concrete. This process precipitates a chemical reaction between 

the agent, moisture, and the natural chemical byproducts of cement hydration (calcium hydroxide, 

mineral salts, mineral oxides, and unhydrated and partially hydrated cement particles). The end 

result is crystallization, and ultimately, a nonsoluble crystalline structure that plugs the pores and 

capillary tracts of the concrete is thereby rendered impenetrable by water and other liquids from 

any direction. 

The chemical treatment is permanent. Its unique, crystalline growth will not deteriorate under a 

wide variety of conditions. The treated concrete block is structurally strong and is not affected by 

a wide range of aggressive chemicals, including acids, solvents, chlorides, and caustic materials in 

the pH range 3–11 [12]. 
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12.6   EFFORTS OF THE US FEDERAL AND STATE 

GOVERNMENTS FOR E-WASTES RECYCLING

Electronic products are made from valuable resources and materials, including metals, plastics, and 

glass, all of which require energy to mine and manufacture. Electronic waste or e-waste refers to 

electronic products that have finished their useful life. Consumer electronic products include televi-

sions and monitors, computers, computer peripherals, audio and stereo equipment, video cassette 

recorders (VCRs), digital video disc (DVD) players, video cameras, telephones, fax and copying 

machines, cellular phones, wireless devices, and video game consoles. The use of electronic prod-

ucts has grown substantially over the past two decades. In 2006, U.S. Geological Survey (USGS) 

estimated that (a) Recycling one million laptops saves the energy equivalent to the electricity used 

by more than 3,500 U.S. homes in a year; and (b) For every million cell phones we recycle, 35 thou-

sand pounds of copper, 772 pounds of silver, 75 pounds of gold, and 33 pounds of palladium can be 

recovered [13]. 

Donating or recycling consumer electronics conserves our natural resources and avoids air 

and water pollution, as well as greenhouse gas emissions that are caused by manufacturing 

virgin materials. The U.S. EPA provides the information on Electronic Stewardship [14] for 

donating recyclable e-wastes for reuse, in turn, preventing valuable materials from going into 

the waste stream. At present, USEPA is maintaining an  Electronics Donation and Recycling 

 website to provide information on companies and drop off locations for donating and recycling 

any old PC, television, or mobile device. For information on the USEPA’s international efforts 

to combat e-waste, see  Cleaning Up Electronic Waste (E-Waste). For more information, par-

ticularly regarding the Resource Conservation and Recovery Act (RCRA), see the  Wastes FAQ 

 Database [15]. 

At the State government level, twenty-five U.S. states currently have electronics recycling laws. 

The readers may check with the  state environmental agency as there also may be state regulations 

regarding the disposal of computer equipment. For instance, New York State (NYS) consumers are 

required to recycle many electronic waste items, such as computers, computer peripherals, televi-

sions, small scale servers, and small electronic equipment, in an environmentally responsible man-

ner under the NYS Electronic Equipment Recycling and Reuse Act (Environmental Conservation 

Law, Article 27, Title 26). The NYS law [16] requires manufacturers to provide free and convenient recycling of electronic waste to most consumers in the state. Consumers eligible for free and con-

venient recycling include individuals, for-profit businesses, corporations with less than 50 full-time 

employees, not-for-profit corporations with less than 75 full-time employees, not-for-profit corpo-

rations designated under section 501(c)(3) of the internal revenue code, schools, or governmental 

entities located in NYS. For-profit businesses with 50 or more full-time employees and not-for-profit 

corporations with 75 or more full-time employees may be charged. The separate NYS Wireless 

Telephone Recycling Act (Environmental Conservation Law, Article 27, Title 23*2) requires wire-

less telephone service suppliers that offer wireless phones for sale, to provide for the free reuse and 

recycling of up to ten cell phones from any person or provide for the free shipping of those phones 

to a recycling program. 

More information on electronic and electrical equipment waste (EEEW) disposal worldwide is 

reported by Palaniandy et al. [17]. 

GLOSSARY

Cathode ray tubes (CRTs): They are the video display components of televisions and computer 

monitors. CRT glass typically contains enough lead to be classified as hazardous waste 

when it is being recycled or disposed of. Currently, businesses and other organizations that 

recycle or dispose of their CRTs are confused about the applicability of hazardous waste 

management requirements to their computer or television monitors. 
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Cementation technology: It is one of the solidification technologies, involving the use of a solidify-

ing agent (i.e., cement, in this case) for solidifying the hazardous solid e-wastes (such as 

mercury-containing batteries or equipment)

Electronic and electrical equipment waste (EEEW): It refers to all electronic products (such 

as televisions and monitors, computers, computer peripherals, audio and stereo equip-

ment, VCRs, DVD players, video cameras, telephones, fax and copying machines, cellular 

phones, and wireless devices) and all electric products (such as refrigerators, ovens, toast-

ers, driers, washers, etc.) that have finished their useful life. 

Electronic waste or e-waste: It refers to electronic products that have finished their useful life. 

Consumer electronic products include televisions and monitors, computers, computer 

peripherals, audio and stereo equipment, VCRs, DVD players, video cameras, telephones, 

fax and copying machines, cellular phones, wireless devices, and video game consoles. 

The use of electronic products has grown substantially over the past two decades. 

Federal universal wastes: In the United States, the universal wastes (such as batteries, pesticides, 

thermostats, lamps, and mercury-containing wastes) are decided and legally defined by 

the U.S. EPA. 

Household batteries: There are two major types of household batteries: (a) Primary batteries are 

those that cannot be reused and include alkaline/manganese, carbon-zinc, mercuric oxide, 

zinc-air, silver oxide, and other types of button batteries. (b) Secondary batteries are those 

that can be reused and (rechargeable) include lead-acid, nickel-cadmium, and potentially 

nickel-hydrogen. 

Large quantity handlers of universal waste (LQHUW): A handler that accumulates 5000 kg 

(11,000 lbs) or more of universal waste at any one time. 

Nanotechnology: It is a branch of engineering science that deals with dimensions and tolerances of 

less than 100 nanometers, especially the manipulation of individual atoms and molecules 

with applications in environmental nanofiltration, computer system design, bio-charac-

terization, data storage, semi-conductor production, activated carbon manufacturing, bio-

medical monitoring, etc. 

Primary batteries: They are those that cannot be reused and include alkaline/manganese, car-

bon-zinc, mercuric oxide, zinc-air, silver oxide, and other types of button batteries. 

Rechargeable consumer product: It (a) means a product that, when sold at retail, includes a regu-

lated battery as a primary energy supply, and that is primarily intended 1 kW personal or 

household use; but (b) does not include a product that only uses a battery solely as a source 

of backup power for memory or program instruction storage, time keeping, or any similar 

purpose that requires uninterrupted electrical power in order to function if the primary 

energy supply fails or fluctuates momentarily. 

Regulated battery: It (a) means a rechargeable battery that contains a cadmium or a lead electrode 

or any combination of cadmium and lead electrodes or (b) contains other electrode chem-

istries and is the subject of a determination by the Administrator of the U.S. EPA under 

environmental laws. 

Remanufactured product: It means a rechargeable consumer product that has been altered by the 

replacement of parts, repackaged, or repaired after initial sale by the original manufacturer. 

Secondary batteries: They are those that can be reused and (rechargeable) include lead-acid, 

nickel-cadmium, and potentially nickel-hydrogen. 

Small quantity handlers of universal waste (SQHUW): A handler that accumulates less than 

5000 kg (11,000 lbs) of universal waste at any one time. 

Solidification technology: It is a chemical technology involving the use of a solidifying agent 

(i.e., cement, or polymeric compound, glass, etc.) for solidifying the hazardous solid 

e-wastes (such as mercury-containing batteries or equipment), or radioactive waste, or 

contaminated soil. 
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State universal wastes: In the United States, the states do not have to include all of the Federal uni-

versal wastes when they use (adopt) the program and they can make them more stringent 

by adding their own universal wastes (such as antifreeze). 

Universal waste battery: Battery means a device consisting of one or more electrically connected 

electrochemical cells that is designed to receive, store, and deliver electric energy. An 

electrochemical cell is a system consisting of an anode, a cathode, and an electrolyte, plus 

such connections (electrical and mechanical) as may be needed to allow the cell to deliver 

or receive electrical energy. The term “battery” also includes an intact, unbroken battery 

from which the electrolyte has been removed. 

Universal waste destination facilities: The facilities that recycle, treat, or dispose of univer-

sal wastes as hazardous waste (no longer universal waste). ( Note: This does not include 

facilities that only store universal waste since those facilities qualify as a universal waste 

handler.)

Universal waste handlers: This could be as follows: (a) a business that generated (needs to dis-

pose of) a universal waste (fluorescent lights for instance); (b) a take-back program; and 

(c) a collection program. 

Universal waste lamp: Lamp, also referred to as “universal waste lamp,” is defined as the bulb 

or tube portion of an electric lighting device. A lamp is specifically designed to produce 

radiant energy, most often in the ultraviolet, visible, and infrared regions of the electro-

magnetic spectrum. Examples of common universal waste electric lamps include, but are 

not limited to, fluorescent, high-intensity discharge, neon, mercury vapor, high-pressure 

sodium, and metal halide lamps. 

Universal waste pesticide: Pesticide means any substance or mixture of substances intended for 

preventing, destroying, repelling, or mitigating any pest, or intended for use as plant regu-

lator, defoliant, or desiccant. 

Universal waste thermostat: Thermostat means a temperature-controlling device that contains 

metallic mercury in an ampoule attached to a bimetal-sensing element. 

Universal waste transporter: A transporter that transports universal waste from handlers to other 

handlers, destination facilities, or foreign destinations. 

Universal wastes (U.S. EPA definition): Universal Waste is a legal, environmental term used in 

the United States. The Universal Waste Regulations in the United States streamline col-

lection requirements for certain hazardous wastes in the specific categories decided by 

the Federal and the State governments. The Universal Waste Regulations ease regulatory 

burdens on businesses, promote proper recycling, treatment, or disposal; and provide for 

efficient, proper, and cost-effective collection opportunities. The U.S. EPA Federal univer-

sal wastes are as follows: (a) batteries such as nickel-cadmium (Ni-Cd) and small sealed 

lead-acid batteries, which are found in many common items in the business and home 

setting, including electronic equipment, mobile telephones, portable computers, and emer-

gency backup lighting; (b) agricultural pesticides that are recalled under certain conditions 

and unused, pesticides that are collected and managed as part of a waste pesticide col-

lection program, and pesticides that are unwanted for a number of reasons, such as being 

banned, obsolete, damaged, or no longer needed due to changes in cropping patterns or 

other factors; and (c) thermostats that can contain as much as 3 g of liquid mercury and are 

located in almost any building, including commercial, 
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NOMENCLATURE

Ag: Silver

AOP: 

Advanced oxidation process

AR4: 

Fourth assessment report

ARAR: 

Applicable or relevant and appropriate requirements

As: Arsenic

BAT: 

Best available technology economically achievable

BCT: 

Best conventional technology

BDAT: 

Best demonstrated available technology

BPT: 

Best practicable control technology currently available

C3H8: Propane

C4H10: Butane

CAA: 

Clean Air Act

Cd: Cadmium

CERCLA:  Comprehensive Environmental Response Compensation and Liability Act of 1980

CFC: Chlorofluorocarbons

CFR: 

Code of Federal Regulations

CFS: Chlorofluorocarbons

CH4: Methane

CN−:  

Cyanide ion

CNO−: 

Cyanate ion

CO2: 

Carbon dioxide

CPL: 

Concentrated pickling liquor

Cr(III): 

Trivalent chromium

Cr(VI): 

Hexavalent chromium

Cr: Chromium

Cu: Copper

CWA: 

Clean Water Act

D&D: 

Decontamination and decommissioning

DAF: 

Dissolved air flotation

DGF: 

Dissolved gas flotation

DNAPL: 

Dense non-aqueous phase liquid

DNF: 

Dissolved nitrogen flotation

ED: Electrodialysis

EMS: 

Environmental management standards

EPCRA: 

Emergency Planning and Community Right-to-Know Act

EPH: 

Extractable petroleum hydrocarbons
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ER: 

Electrolytic recovery

ESV: 

Ex situ vitrification

FAA: 

Federal Aviation Administration

FS: 

Feasibility study

GAC: 

Granular activated carbon

GCM: 

Global Climate Models

GHG: 

Greenhouse gas

GWP: 

Global Warming Potential

HAP: 

Hazardous air pollutants

HCFC: 

Halogenated fluorocarbons

HCO −

3 : 

Bicarbonate ion

HFC: Hydrofluorocarbons

Hg: Mercury

HM: 

Heavy metals

HSAC: 

High surface area cathode

ICAO: 

International Civil Aviation Organization

ISO: 

International Organization for Standardization

ISV: 

In situ vitrification

IX: 

Ion exchange

LNAPL: 

Light non-aqueous phase liquid

M(II)(OH)2:  Divalent metal hydroxide

M(II)2+: 

Divalent metal ion

M(III)(OH)3:  Trivalent hydroxide

M(III)3+: 

Trivalent metal ion

MACT: 

Maximum Achievable Control Technology

MCLs: 

Maximum contaminant levels

MF: Microfiltration

Mo: Molybdenum

N2: Nitrogen

N2O: 

Nitrous oxide

NAQQS: 

National Ambient Air Quality

NCPS: 

New Source Performance Standards

NESHAP: 

National Emissions Standards for Hazardous Air Pollutants

Ni(OH)2: 

Nickel hydroxide

Ni: Nickel

Ni2+: 

Nickel ion

NO x: 

Nitrogen oxides

NPL: 

National Priorities List

NTIS: 

National Technical Information Service

nvPM: 

Nonvolatile particulate matter

O2: 

Oxygen

O3: Ozone

ODP: 

Ozone depletion potentials

OH–: 

Hydroxide ion

OSHA: 

Occupational Safety and Health Administration

P2: 

Pollution prevention

PA: 

Preliminary assessments

PAH: 

Polycyclic aromatic hydrocarbons

Pb: Lead

PC: Physicochemical

PCB: 

Polychlorinated biphenyls
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PC-SBR: 

Physicochemical sequencing batch reactor

PEL: 

Permissible Exposure Limits of OSHA

PFC: 

Perfluorinated carbon

PFC: Perfluorocarbons

POTW: 

Publicly owned treatment works

PPE: 

Personal protective equipment

PRPs: 

Potentially responsible parties

RRR: 

Reuse, recycling, and recovery

PSD: 

Prevention of Significant Deterioration

PVC: 

Polyvinyl chloride

RCRA: 

Resource Conservation and Recovery Act

REDOX: 

Chemical reduction/oxidation

RI/FS: 

Remedial investigation and feasibility study

RI: 

Remedial investigation

rO: 

Rated output

RO: 

Reverse osmosis

ROD: 

Record of decision

rPR: 

Rated pressure ratio

S/S: Solidification/stabilization

SARA: 

Superfund Amendments and Reauthorization Act

SBLRBRA: 

Small Business Liability Relief and Brownfields Revitalization Act

SBR: 

Sequencing batch reactor

Se: Selenium

SI: 

Site investigation

SIP: 

State implementation plan

SITE: 

Superfund Innovative Technology Evaluation (SITE) program

SPL: 

Spent pickle liquor (SPL)

SSL: 

Superfund soil screening levels

SVOC: 

Semi-volatile organic compounds

TCLP: 

Toxicity Characteristic Leachate Procedure

TMD: 

Total metal discharge

TPH: 

Total petroleum hydrocarbons

TSCA: 

Toxic Substances Control Act

TSS: 

Total suspended solids

TTO: 

Total toxic organics

USDOT: 

US Department of Transportation

USEPA or U.S. EPA:  U.S. Environmental Protection Agency

UST: 

Underground storage tank

UV: Ultraviolet

VOC: 

Volatile organic compounds

VPH: 

Volatile petroleum hydrocarbons

WPL: 

Waste pickle liquor

Zn: Zinc

13.1 INTRODUCTION

This chapter summarizes the technical information mainly from the US Environmental Protection 

Agency (USEPA) concerning environmental management of electroplating and metal-finishing 

operations. The following compiled technical information is presented in alphabetical order for 

the convenience of the readers: (a) various electroplating technologies and their available plating 

bath solutions; (b) methodologies of electroplating and metal-finishing operations; (c) pollution 
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prevention (P2) recommendations; (d) suggested industrial water purification; (e) pollutants and 

wastes generated from the metal plating and metal-finishing operations; (f) conventional and 

innovative waste treatment technologies; (g) indirect industrial discharge (pretreatment) versus 

direct surface water discharge; (h) air emission control; (i) remediation of contaminated soil, 

groundwater, and facilities; (j) applicable US Federal laws and regulations for environmental 

management; (k) International Organization for Standardization ISO 14000 and ISO 14001 

environmental management standards; (l) health and safety issues of metal finishers; and (m) 

technical terminologies [1–76]. 

13.2   TECHNOLOGIES, METHODOLOGIES, AND TERMINOLOGIES 

FOR THE OPERATION AND WASTE MANAGEMENT OF 

ELECTROPLATING AND METAL-FINISHING PROCESSES

40 CFR Part 433 (Metal Finishing) Effluent Guidelines: The Code of Federal Regulations (CFR) 

Part 433  guidelines apply to indirect dischargers that maintain any of the following primary 

metal-finishing operations (and that are not already covered by the Part 413 guidelines): (a) electro-

plating; (b) electroless plating; (c) anodizing; (d) coating; (chromating, phosphating, and coloring); 

(e) chemical etching and milling; and printed circuit board manufacturing. 

Abrasive jet machining: It is a mechanical process for cutting hard, brittle materials. It is simi-

lar to sand blasting but uses much finer abrasives carried at high velocities (150–910 m/s [500–3,000 

ft/s]) by a liquid or gas stream. Uses include frosting glass, removing metal oxides, deburring, and 

drilling and cutting thin sections of metal. 

Acid chloride plating baths (zinc electroplating): The baths contain 15–38 g/L (2.0–5.0 oz/gal) 

of acid chloride zinc. 

Acid cleaning (metal work): It is a metal cleaning process that involves the use of acid to remove 

inorganic contaminant not removable by other primary cleaning solutions from metal surface. Acid 

cleaning has its limitations in that it is difficult to handle because of its corrosiveness and is not 

applicable to all steels. The hydrogen from the acid reacts with the metal surface and makes it 

brittle and crack. Because of its high reactivity to treatable steels, acid concentrations and solution 

temperatures must be kept under control to assure desired pickling rates. 

Acid dipping (chromium electroplating): It is an optional process step used to remove tarnish 

or oxide films formed in the alkaline cleaning step and to neutralize the alkaline film. Acid dip solu-

tions typically contain 10%–30% hydrochloric or sulfuric acid. 

Acid gold cyanide plating baths: They are used in gold and gold alloy plating and contain 

8–16 g/L (1.1–2.1 oz/gal) of potassium gold cyanide. Cathode efficiencies range from 30% to 40%. 

Other types of baths used in gold plating include alkaline gold cyanide plating baths and neutral 

gold cyanide plating baths. 

Acid palladium plating baths: They contain 50 g/L (6.7 oz/gal) of palladium chloride. Palladium 

alloys combine readily with other metals: the most important of which is nickel. 

Acid pickling: Technically speaking, acid pickling is the treatment of metallic surfaces with acid 

in order to remove impurities, stains, rust, or scale with a solution called pickle liquor, containing 

strong mineral acids, before subsequent processing (i.e., extrusion, rolling, painting, galvanizing, 

or plating) with tin or chromium. The two acids commonly used are hydrochloric acid and sulfuric 

acid. 

Acid zinc-cobalt plating baths (zinc-cobalt electroplating): The baths contain 30 g/L (4.0 oz/

gal) of zinc metal and 1.9–3.8 g/L (0.25–0.51 oz/gal) of cobalt metal. 

Acid zinc-iron plating baths (zinc-iron electroplating): The baths contain 200–300 g/L (27–

40 oz/gal) of ferric sulfate and 200–300 g/L (27–40 oz/gal) of zinc sulfate. 

Acid zinc-nickel plating baths (zinc-nickel electroplating): The baths contain 120–130 g/L 

(16–17 oz/gal) of zinc chloride and 110–130 g/L (15–17 oz/gal) of nickel chloride. 
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Acidification of cyanide waste streams: It is the chemical process in which cyanide is acidified 

in a sealed reactor that is vented to the atmosphere through an air emission control system. Cyanide 

is converted to gaseous hydrogen cyanide, treated, vented, and dispersed. 

Acutely hazardous waste: It is a hazardous waste that carries immediate danger to human 

health or the environment. Hazardous waste that is assigned a hazardous waste code beginning with 

“P” is acutely hazardous. 

Advanced oxidation process (AOP) using ozone and UV: One interesting variation of ozona-

tion technology is augmentation with ultraviolet (UV) radiation. This is a technology that has been 

applied on wastes in the coke byproduct manufacturing industry. A significant development has 

been made that has resulted in significantly less ozone consumption through the use of UV radia-

tion. UV absorption has the following effects: (a) ozone and cyanide are raised to higher energy 

status; (b) free radicals are formed; (c) more rapid reaction; and (d) less ozone is required. 

Air knives: It is a metal-finishing operation. As the workpiece rack is raised above the process 

tank, air can be blown at the workpieces to improve the drainage of the dragout solution into the 

process bath. High humidity air can be used in order to counteract workpiece drying. 

Alkaline chlorination (metal-finishing industry): This technology is generally applicable to 

wastes containing less than 1% cyanide, generally present as free cyanide. It is conducted in two 

stages: the first stage is operated at a pH greater than 10 and the second stage is operated at a pH 

range of 7.5–8. Alkaline chlorination is performed using sodium hypochlorite and chlorine. 

Alkaline cleaning (chromium electroplating): It is used to dislodge surface soil with inorganic 

cleaning solutions, such as sodium carbonate, sodium phosphate, or sodium hydroxide. 

Alkaline gold cyanide plating baths: They are used in gold and gold alloy plating and contain 

8–20 g/L (1.1–2.7 oz/gal) of potassium gold cyanide and 15–100 g/L (2.0–13.4 oz/gal) of potassium 

cyanide. Cathode efficiencies range from 90% to 100%. Other types of baths used in gold plating 

include neutral gold cyanide plating baths and acid gold cyanide plating baths. 

Alkaline noncyanide plating baths (zinc electroplating): The baths contain 6.0–23 g/L (0.80–

3.0 oz/gal) of alkaline noncyanide zinc. 

Alkaline zinc-cobalt plating baths (zinc-cobalt electroplating): The baths contain 6.0–9.0 g/L 

(0.80–1.2 oz/gal) of zinc metal and 0.030–0.050 g/L (0.0040–0.0067 oz/gal) of cobalt metal. 

Alkaline zinc-iron plating baths (zinc-iron electroplating): The baths contain 20–25 g/L (2.7–

3.3 oz/gal) of zinc metal and 0.25–0.50 g/L (0.033–0.067 oz/gal) of iron metal. 

Alkaline zinc-nickel plating baths (zinc-nickel electroplating): The baths contain 8.0 g/L (1.1 

oz/gal) of zinc metal and 1.6 g/L (0.21 oz/gal) of nickel metal. 

Ammoniacal palladium plating baths: They contain 10–15 g/L (1.3–2.0 oz/gal) of palladium 

ammonium nitrate or palladium ammonium chloride. 

Anodizing: It is an electrolytic oxidation process that converts the surface of the metal to an 

insoluble oxide. 

Applicable or relevant and appropriate requirements (ARARs): ARARs are the relevant US 

Federal environmental laws, and any more stringent state laws, that address conditions at the site. It 

summarizes some of the important federal standards that may address conditions at a site. ARARs 

may be modified based on local public or state input and site-specific considerations, provided pro-

tection of public health and the environment is still ensured. 

Arsenic: It is a semi-metallic element or metalloid that has several allotropic forms. The most 

stable allotrope is a silver-gray, brittle, crystalline solid that tarnishes in air. As compounds, mainly 

As O , can be recovered as a byproduct of processing complex ores mined mainly for copper, lead, 

2

3

zinc, gold, and silver. As occurs in a wide variety of mineral forms, including arsenopyrite, FeAsS , 

4

which is the main commercial ore of As worldwide. 

Assembly: It is the fitting together of previously manufactured parts or components into a com-

plete machine, unit of a machine, or structure. 

Atmosphere: The gaseous envelope surrounding the Earth. The dry atmosphere consists almost 

entirely of nitrogen (78.1% volume mixing ratio) and oxygen (20.9% volume mixing ratio), together 
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with a number of trace gases, such as argon (0.93% volume mixing ratio), helium, radiatively active 

greenhouse gases such as carbon dioxide (0.035% volume mixing ratio) and ozone. In addition, the 

atmosphere contains water vapor, whose amount is highly variable but typically 1% volume mix-

ing ratio. The atmosphere also contains clouds and aerosols. The atmosphere can be divided into 

a number of layers according to its mixing or chemical characteristics, generally determined by 

temperature. The layer nearest the Earth is the troposphere, which reaches up to an altitude of about 

8 km (about 5 miles) in the polar regions and up to 17 km (nearly 11 miles) above the equator. The 

stratosphere reaches to an altitude of about 50 km (31 miles) and lies above the troposphere. The 

mesosphere extends up to 80–90 km and is above the stratosphere, and finally, the thermosphere, 

or ionosphere, gradually diminishes and forms a fuzzy border with outer space. There is very little 

mixing of gases between layers. 

Atmospheric evaporators: They are more commonly used. They are open systems that use pro-

cess heat and warm air to evaporate water. These evaporators are relatively inexpensive, require low 

maintenance and are self-operating. Under the right conditions, they can evaporate water from virtu-

ally any plating bath or rinse. A packed-bed evaporator is an example of an atmospheric evaporator. 

Audit (waste reduction): It is a thorough analysis of a company’s processes and wastes to gen-

erate detailed information on the types and quantities of wastes that the company is generating. 

Completion of a waste reduction audit identifies problem areas and provides baseline data from 

which to gauge the success of a waste reduction program. 

Baghouse: It is a large dust-collecting device consisting of a series of cloth bags in a metal frame. 

A blower system forces dust-laden air through the bags. Particulates are deposited, and the cleaned 

air exits. The accumulated dust is periodically dislodged. 

Barrel finishing or tumbling: It is a controlled method of processing parts to remove burrs, 

scale, flash, and oxides as well as to improve surface finish. 

Best available technology economically achievable (BAT): Existing facilities must implement 

controls for toxic and nonconventional pollutants that are equivalent to the best existing perfor-

mance in their industry. 

Best Conventional Technology (BCT): Existing facilities must control conventional pollutants 

to a degree that is reasonable in light of the cost of removing the same pollutants in sewage treat-

ment plants. 

Best demonstrated available technology (BDAT): BDAT status refers to the determination 

under the RCRA of the BDAT for various industry-generated hazardous wastes that contain the 

metals of interest. Whether the characteristics of a Superfund metal-contaminated soil (or fractions 

derived from it) are similar enough to the RCRA waste to justify serious evaluation of the BDAT 

for a specific Superfund soil must be made on a site-specific basis. Other limitations relevant to 

BDATs include the following: (a) the regulatory basis for BDAT standards focus BDATs on proven, 

commercially available technologies at the time of the BDAT determination; (b) a BDAT may be 

identified but that does not necessarily preclude the use of other technologies; and (c) a technology 

identified as BDAT may not necessarily be the current technology of choice in the RCRA hazardous 

waste treatment industry. 

Best practicable control technology currently available (BPT): Existing facilities must imple-

ment control technologies equivalent to the average performance of well-operated plants in the 

industry. 

Bioremediation: It is a biological treatment process that enriches soil with nutrients, oxygen, or 

compounds that release oxygen in order to stimulate microbial growth, in turn, to remove mainly 

organic pollutants by carbonaceous oxidation, nitrification, and denitrification. 

Both direct and indirect dischargers: (a) A facility can be both a direct and indirect discharger 

if some of its wastewater goes directly to a water body and some into a sewer. Most metal finishers 

are indirect dischargers; (b) both direct and indirect dischargers must meet effluent limits and con-

duct periodic monitoring and reporting. Both direct and indirect dischargers will need to pretreat 
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their wastewaters and/or implement pollution prevention measures to successfully meet the appli-

cable effluent limits. 

Brass electroplating: Brass, which is an alloy of copper and zinc, is the most widely used alloy 

electroplate. Brass plating primarily is used for decorative applications, but it is also used for engi-

neering applications such as for plating steel wire cord for steel-belted radial tires. Although all 

of the alloys of copper and zinc can be plated, the brass alloy most often used includes 70%–80% 

copper, with the balance being zinc. Typical brass plating baths include 34 g/L (4.2 oz/gal) of cop-

per cyanide and 10 g/L (1.3 oz/gal) of zinc cyanide. Other bath constituents include sodium cyanide, 

soda ash, and ammonia. 

Brazing: It is the process of joining metals by flowing a thin, capillary thickness layer of nonfer-

rous filler metal into the space between them. Bonding results from the intimate contact produced 

by the dissolution of a small amount of base metal in the molten filler metal, without fusion of the 

base metal. The term “brazing” is used where the temperature exceeds 425°C (800°F). 

Brownfield: (a) The Comprehensive Environmental Response, Compensation, and Liability Act 

(CERCLA) or Superfund defines brownfields sites as “real property, the expansion, redevelopment, 

or reuse of which may be complicated by the presence or potential presence of a hazardous sub-

stance, pollutant, or contaminant.” According to the U.S. Environmental Protection Agency (U.S. 

EPA), brownfields sites are abandoned, idled, or under-used industrial and commercial facilities 

where expansion or redevelopment is complicated by real or perceived environmental contami-

nation. Concerns about liability, cost, and potential health risks associated with brownfields sites 

often prompt businesses to migrate to “greenfields” outside the city. Left behind are communities 

burdened with environmental contamination, declining property values, and increased unemploy-

ment; (b) Brownfields are real properties: the expansion, redevelopment, or reuse of which may 

be complicated by the presence or potential presence of a hazardous substance, pollutant, or con-

taminant. Obvious brownfields include: metal-finishing factories, research laboratories, abandoned 

mills, gasoline and service stations, manufacturing companies, dry cleaners, etc. Less obvious 

brownfields include: commercial malls, strip malls, hair and nail salons, home improvement build-

ings, paint store, print store, doctor office, dentist office, veterinary clinic, etc. Soil, water, and air 

contamination occur from a variety of sources and activities; (c) Contaminants are any physical, 

chemical, biological, or radiological substances that have an adverse effect on air, water, or soil. The 

most common contaminants found in Rhode Island include the following: (c1) heavy metals (HM); 

(c2) volatile organic compounds (VOCs); (c3) semi-volatile organic compounds (SVOCs), such as 

polycyclic aromatic hydrocarbons (PAHs); (c4) polychlorinated biphenyls (PCBs); (c5) petroleum 

hydrocarbons, such as total petroleum hydrocarbons (TPH), extractable petroleum hydrocarbons 

(EPH), and volatile petroleum hydrocarbons (VPH); (d) Although the expansion, redevelopment, or 

reuse of brownfield site may be complicated by the presence or potential presence of a hazardous 

substance, pollutant, or contaminant, cleaning up and reinvesting in these brownfield properties 

increases local tax bases, facilitates job growth, utilizes existing infrastructure, takes development 

pressures off of undeveloped, open land, and both improves and protects the environment. 

Burnishing: It is a process of finish sizing or smooth finishing a workpiece (previously machined or ground) by displacement, rather than removal, of minute surface irregularities. It is accomplished 

with a smooth point or line-contact and fixed or rotating tools. 

Cadmium electroplating: Cadmium plating generally is performed in alkaline cyanide baths 

that are prepared by dissolving cadmium oxide in a sodium cyanide solution. However, because 

of the hazards associated with cyanide use, noncyanide cadmium plating solutions are being used 

more widely. The primary noncyanide plating solutions are neutral sulfate, acid fluoborate, and acid 

sulfate. The cadmium concentration in plating baths ranges from 3.7 to 94 g/L (0.5–12.6 oz/gal) 

depending on the type of solution. 

Cadmium: It is a bluish-white, soft, ductile metal. Pure Cd compounds are rarely found in 

nature, although occurrences of greenockite (CdS) and otavite (CdCO ) are known. The main 
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sources of Cd are sulfide ores of lead, zinc, and copper. Cd is recovered as a byproduct when these 

ores are processed. 

Calibration: It is the application of thermal, electrical, or mechanical energy to set or establish 

reference points for a component or complete assembly. 

Capping system: It is one of the containment structures which reduces surface water infiltration, 

controls gas and odor emissions, improves aesthetics, and provides a stable surface over the waste. 

Caps can range from a simple native soil cover to a full RCRA subtitle C, composite cover. 

Capping: It is a mechanical process that adds a hard layer of clean soil or sometimes geotextile 

at the top of the soil to serve as a barrier between the surface and the contaminants, so the polluted 

soil can be contained or isolated. 

Carbon adsorption: It is a physicochemical process: (a) method: a packed-bed throwaway sys-

tem to remove organic pollutants from oily waste stream; (b) system component: contactor system, 

and a pump station designed for a contact time of 30 min and a hydraulic loading of 162 L/min/m2 

(4 gpm/ft2). 

Cementation: It is a cement-based solidification/stabilization (S/S) technology which reduces 

the mobility of inorganic compounds by the formation of insoluble hydroxides, carbonates, or sili-

cates; substitution of the metal into a mineral structure; sorption; physical encapsulation; and per-

haps other mechanisms. Cement-based s/s involves a complex series of reactions, and there are 

many potential interferences (e.g., coating of particles by organics, excessive acceleration or retar-

dation of set times by various soluble metal and inorganic compounds; excessive heat of hydration; 

pH conditions that solubilize anionic species of metal compounds, and so on) that can prevent the 

attainment of s/s treatment objectives for physical strength and leachability. While there are many 

potential interferences, Portland cement is widely used and studied, and a knowledgeable vendor 

may be able to identify and confirm via treatability studies, approaches to counteract adverse effects 

by the use of appropriate additives or other changes in formulation. 

Certification: It is a statement of professional opinion based on knowledge and belief. 

Chelate: It is a specific type of complex compound where a central metal ion is attached to two 

or more nonmetal atoms in the same molecule. 

Chemical conversion coatings: They are the coatings that are applied to previously deposited 

metal or basis material for increased corrosion protection, lubricity, preparation of the surface for 

additional coatings, or formulation of a special surface appearance. This operation includes chro-

mating, phosphating, metal coloring, and passivating. 

Chemical or physicochemical treatment: Chemical or physicochemical treatment, also known 

as chemical reduction/oxidation (REDOX), typically involves redox reactions that chemically con-

vert hazardous contaminants into compounds that are nonhazardous, less toxic, more stable, less 

mobile, or inert. Redox reactions involve the transfer of electrons from one compound to another. 

Specifically, one reactant is oxidized (loses electrons) and one reactant is reduced (gains electrons). 

The oxidizing agents used for the treatment of hazardous contaminants in soil include ozone, hydro-

gen peroxide, hypochlorites, potassium permanganate, Fenton’s reagent (hydrogen peroxide and 

iron), chlorine, and chlorine dioxide. This method may be applied in situ or ex situ to soils, sludges, 

sediments, and other solids and may also be applied to groundwater in situ or ex situ chemical treat-

ment using pump and treat technology. Chemical treatment may also include use of ultraviolet (UV) 

light in a process known as UV oxidation. 

Chemical precipitation and clarification (sedimentation or DAF): The most important tech-

nology in metals treatment is chemical precipitation and clarification. It is accomplished through the 

addition of a chemical reagent to form metal precipitants, which are then removed as solids in a clari-

fication process. The options available to a facility as precipitation reagents are lime Ca(OH) , caus-

2

tic NaOH, carbonate CaCO  and Na CO , sulfide NaHS and FeS, and sodium borohydride NaBH . 

3

2

3

4

Clarification can be either sedimentation clarification or dissolved air flotation (DAF) clarification. 

Chemical precipitation, electroplating: It is a physicochemical process for the removal of some 

metal contaminants (that enter the plating bath as impurities in anodes) from certain plating baths. 
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Precipitation is an alternative method to carbonate freezing for cyanide baths and is especially 

applicable to potassium cyanide baths. Chemicals used for this purpose include barium cyanide, 

barium hydroxide, calcium hydroxide, calcium sulfate, or calcium cyanide. The precipitates from 

the chemical precipitation process can then be removed by bath filtration. 

Chromic acid anodic treatment (chromium electroplating): It is an optional process step that 

cleans the metal surface and enhances the adhesion of chromium in the electroplating step. 

Chromic acid anodizing: (a) It is one of the electroplating processes that is used to provide an 

oxide layer on aluminum (such as aircraft parts and architectural structures) for corrosion protection, 

electrical insulation, ease of coloring, and improved dielectric strength and the aluminum substrate 

acts as the anode and the electroplating tank is the cathode in the electrical circuit; (b) there are 

four primary differences between the equipment used for chromium electroplating and that used 

for chromic acid anodizing: chromic acid anodizing requires the rectifier to be fitted with a rheostat 

or other control mechanisms to permit starting at about 5 V; the tank is the cathode in the electrical 

circuit; the aluminum substrate acts as the anode; and sidewall shields typically are used instead of a 

liner in the tank to minimize short circuits and to decrease the effective cathode area. Types of shield 

materials used are herculite glass, wire safety glass, neoprene, and vinyl chloride polymer; (c) before 

anodizing, the aluminum must be pretreated by means of the following steps: alkaline soak, desmut-

ting, etching, and vapor degreasing. The pretreatment steps used for a particular aluminum substrate 

depend upon the amount of smut and the composition of the aluminum. The aluminum substrate is 

rinsed between pretreatment steps to remove cleaners; (c) during anodizing, the voltage is applied 

step-wise (5 V/min) from 0 to 40 V and maintained at 40 V for the remainder of the anodizing time. 

A low starting voltage (i.e., 5 V) minimizes current surge that may cause “burning” at contact points 

between the rack and the aluminum part. The process is effective over a wide range of voltages, tem-

peratures, and anodizing times. All other factors being equal, high voltages tend to produce bright 

transparent films, and lower voltages tend to produce opaque films. Raising the bath temperature 

increases current density to produce thicker films in a given time period. Temperatures up to 49°C 

(120°F) typically are used to produce films that are to be colored by dyeing. The amount of current 

varies depending on the size of the aluminum parts; and (d) the postanodizing steps include sealing 

and air drying. Sealing causes hydration of the aluminum oxide and fills the pores in the aluminum 

surface. As a result, the elasticity of the oxide film increases, but the hardness and wear resistance 

decrease. Sealing is performed by immersing aluminum in a water bath at 88°–99°C (190°–210°F) 

for a minimum of 15 min. Chromic acid or other chromates may be added to the solution to help 

improve corrosion resistance. The aluminum is allowed to air dry after it is sealed. 

Chromium electroplating and anodizing operations: They include: (a) hard chromium elec-

troplating of metals, (b) decorative chromium electroplating of metals, (c) decorative chromium 

electroplating of plastics, (d) chromic acid anodizing, and (e) trivalent chromium plating. 

Chromium plating wastes: (a) In chromium plating, the chromium is supplied to the plating 

baths as chromic acid. For example, plating baths can be prepared by adding hexavalent chro-

mium in the form of either sodium dichromate (Na Cr O  • H O) or chromium trioxide (CrO ). 

2

2
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When sodium dichromate is used, it dissociates to produce the divalent dichromate ion (Cr O −). 

2

2

When chromium trioxide is used, it immediately dissolves in water to form chromic acid (H CrO . 

2

4)

Theoretically, HCrO − is the predominant species between pH 1.5 and 4.0, HCrO − and CrO 2− 

4

4

4

exist in equal amounts at pH 6.5, and CrO 2− predominates at higher pH values. Chromium plating 

4

wastewater is generally somewhat acid, and the acid chromate ion HCrO− is predominant in this 

wastewater. Chromate conversion coatings are formed by immersing the metal in an aqueous acidi-

fied chromate solution consisting substantially of chromic acid or water-soluble salts of chromic 

acid, together with various catalysts or activators. 

Chromium reduction: It is a chemical process: (a) method: chemical reduction of hexavalent 

chromium by sulfur dioxide under acid conditions for the continuous operating system and by 

sodium bisulfite under acid condition for the batch operating system. The reduced trivalent form 

of chromium is subsequently removed by precipitation as the hydroxide; (b) system component: 
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reaction tanks, a reagent storage and feed system, mixers, sensors, and controls for continuous chro-

mium reduction. A single aboveground concrete tank with a retention time of 45 min is provided. 

For batch operation, dual aboveground concrete tanks with 4 h retention time are provided. 

Chromium, environmental impact: (a) Chromium can exist as either trivalent or hexavalent 

compounds in raw wastewater streams. The chromium that passes through the publicly owned 

treatment works (POTWs) is discharged to ambient surface water. Chromium is toxic to aquatic 

organisms at levels observed in POTW effluent: (a1) Trivalent chromium significantly impaired the 

reproduction of Daphnia magna at levels of 0.3–0.5 mg/L; (a2) hexavalent chromium retards the 

growth of chinook salmon at 0.0002 mg/L; (a3) hexavalent chromium is also corrosive and a potent 

human skin sensitizer; and (b) besides providing an environment for aquatic organisms, surface 

water is often used as a source of drinking water. The National Primary Drinking Water Standards 

are based on total chromium, the limit being 0.1 mg/L; and (c) a U.S. EPA study of 180 municipal 

wastewater sludges showed that municipal wastewater sludge contains 10–99,000 mg/kg (dry basis) 

of chromium. Most crops absorb relatively little chromium even when it is present in high levels 

in soils, but chromium in sludge has been shown to reduce crop yields in concentrations as low as 

200 mg/kg. 

Chromium: It is a silver-gray metal and one of the less common elements in the Earth’s crust. 

It occurs only in compounds. The chief commercial source of chromium is the mineral chromite. 

Chromium is mined as a primary product and is not recovered as a byproduct of any other min-

ing operation. There are no chromite-ore reserves, nor any primary production of chromite in the 

United States. 

Chromium-containing waste treatment: (a) Wastes containing trivalent chromium can be 

treated using chemical precipitation and clarification (sedimentation or dissolved air flotation); 

(b) there are three treatment methods applicable to wastes containing hexavalent chromium: (b1) 

sulfur dioxide reduction; (b2) sodium metabisulfite reduction; and (b3) ferrous sulfate reduction. 

Hexavalent chromium reduction through the use of sulfur dioxide and sodium metabisulfite has 

found the widest application in the metal-finishing industry. It is not truly a treatment step but a 

conversion process in which the hexavalent chromium is converted to trivalent chromium. All three 

reduction processes convert Cr (VI) to Cr (III) which in turn can be removed by chemical precipita-

tion and clarification. 

Clean Water Act (CWA): (a) CWA is the principal federal law protecting surface water quality 

in the United States. Originally passed in 1972 as the Water Pollution Control Act, the CWA has 

been amended several times, most notably in 1978 and 1982. The two principal goals of CWA are: 

(a1) To restore and maintain the chemical, physical, and biological integrity of the nation’s waters; 

and (a2) where attainable, to achieve water quality that promotes protection and propagation of 

fish, shellfish, and wildlife and provides for recreation in and on the water; (b) the Clean Water Act 

requires the USEPA to set permissible levels of pollutants in waters used for public water supply, 

recreation, fish and wildlife protection, and/or agricultural and industrial use. The USEPA estab-

lished pretreatment standards and effluent guidelines for 65 toxic constituents. All but a few of the 

standards are based on best available technology. 

Cleaning: It is an operation that involves the removal of oil, grease, and dirt from the surface of 

the basis material using water with or without a detergent or other dispersing materials. 

Cleanup four stages at National Priorities List (NPL) sites: (a)  Stage 1: Preliminary 

 Assessment and Site Investigation: (a1) Preliminary assessments (PAs) are typically conducted by 

the USEPA, a state regulatory agency, or private consultants. The scope of a PA can range from 

a simple review of existing information in agency files and other readily available information 

regarding the property to a comprehensive detailed inspection of the property; (a2) depending on 

the results of the PA, a more detailed site investigation (SI) may be warranted. This may include 

sampling and analysis of property soil and groundwater; (a3) results of the PA and/or SI result will 

then be used to evaluate the real and potential risk, to human health and the environment posed 

by contamination on the property; (b)  Stage 2: Remedial Investigation and Feasibility Study (RI/
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 FS): (b1) the first major investigation for a site is the remedial investigation (RI). This is a very 

detailed investigation of the site and, often, offsite media to determine real and potential impacts to 

human health and the environment. The RI incorporates or is followed by a human and ecological 

risk assessment to identify the need for cleanup and the appropriate standards the cleanup should 

be designed to achieve; (b2) once the need for cleanup is established, a feasibility study (FS) is 

performed to identify feasible remediation options. Starting with the universe of potential cleanup 

solutions, the FS evaluates technical performance, reliability, and implementability of potential 

cleanup options; financial considerations; and institutional requirements, such as compliance with 

other laws; (b3) the final outcome of the RI/FS is a set of recommendations for stabilizing or clean-

ing up the property or property area. Typically, RI/FS costs are well over SI million. The RI/FS 

can be performed by PRPs (potentially responsible parties), by state regulatory agencies, or by the 

USEPA. PRPs on a Superfund site range from a single company to hundreds of parties; (c)  Stage 3: 

 Design and Implementation of a Remedial Action Plan:  Recommended cleanup actions from the 

RI/FS are memorialized by the USEPA through a record of decision (ROD). Once the ROD is 

established, actual remedial design and construction occur. Remedial solutions can be a single tech-

nology or a combination of technologies to address the real and potential risks by a contaminated 

property; and (d)  Stage 4: Ongoing Site Operations and Maintenance: Only in rare instances are 

cleanups complete in a short time frame. Typical cleanups occur over a period of years or decades. 

With current technologies, some sites cannot be completely cleaned up or are so costly to cleanup 

that cleanup is not justified economically. Until a permanent remedy is achieved, remedial systems 

require maintenance, monitoring, and repair. Site conditions are also periodically monitored to 

evaluate the progress of the cleanup. 

Complex compound: It is a compound formed from a metal ion and a nonmetallic ion or mol-

ecule referred to as a ligand or complexing agent. 

Complexation: Complexation is a phenomenon that involves a coordinate bond between a cen-

tral atom (the metal) and a ligand (the anions). In a coordinate bond, the electron pair is shared by 

the metal and the ligand. A complex containing one coordinate bond is referred to as a monodentate 

complex. Multiple coordinate bonds are characteristic of polydentate complexes. Polydentate com-

plexes are also referred to as chelates. An example of a monodentate-forming ligand is ammonia. 

Examples of chelates are oxylates (bidentates) and EDTA (hexadentates). 

Complexed metals: (a) The complexing agents react with soluble metal to form complexed met-

als. In the metal-finishing industry, complexed metals may occur in a number of unit operations 

but come primarily from electroless and immersion plating. The most commonly used metals in 

these operations are copper, nickel, and tin. Wastewaters containing complexing agents must be 

segregated and treated independently of other wastes in order to prevent further complexing of 

free metals in the other streams. (b) The metals in these waste streams are tied up or complexed 

by particular complexing agents whose function is to prevent metals from coming out of solution. 

This counteracts the technique employed by most conventional solids removal methods. Therefore, 

segregated treatment of these wastes is necessary. The treatment method well suited to treating 

complexed metal wastes is high pH precipitation. 

Comprehensive Environmental Response, Compensation, and Liability Act (Superfund) 

(CERCLA): The Comprehensive Environmental Response, Compensation, and Liability Act (also 

known as CERCLA or Superfund) provides a Federal “Superfund” to clean up uncontrolled or 

abandoned hazardous waste sites as well as accidents, spills, and other emergency releases of pollut-

ants and contaminants into the environment. Through CERCLA, USEPA was given power to seek 

out those parties responsible for any release and assure their cooperation in the cleanup. 

Concentrated pickling liquor (CPL): In the spray roasting acid regeneration process, or simi-

lar, the waste pickling liquor (WPL) at 2%–4% HCl in contact with the hot flue gas from the spray 

roaster. When WPL vaporizes some of the water, the concentrated liquor then becomes CPL. 

Container: It is any portable device in which a material is stored, transported, disposed of, or 

otherwise handled. 
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Containment: It is a physical structure ranging from a surface cap that limits infiltration of 

uncontaminated surface water to subsurface vertical or horizontal barriers that restrict lateral or 

vertical migration of contaminated groundwater. 

Contingency plan, hazardous waste management: It is a document setting out an organized, 

planned, and coordinated course of action to be followed in case of a fire, explosion, or release 

of hazardous waste or hazardous waste constituents which could threaten human health or the 

environment. 

Conventional nickel-chromium plating wastewater treatment system: A conventional sys-

tem for treatment of nickel-chromium plating wastewater involves the use of the following unit pro-

cesses: (a) Neutralization; (b) chromium reduction; (c) pH adjustment and hydroxide precipitation; 

(d) clarification (either sedimentation or dissolved gas flotation, DGF); (e) sludge treatment (filter 

press and final disposal). 

Copper cyanide plating bath: It is used in copper plating that typically contains 30 g/L (4.0 oz/

gal) of copper cyanide and either 59 g/L (7.8 oz/gal) of potassium cyanide or 48 g/L (6.4 oz/gal) of 

sodium cyanide. Cathode efficiencies range from 30% to 60%. Other types of baths used in copper 

plating include copper pyrophosphate plating bath and copper sulfate plating bath. 

Copper electroplating: Copper cyanide plating is widely used in many plating operations as a 

strike. However, its use for thick deposits is decreasing. For copper cyanide plating, cuprous cyanide 

must be complexed with either potassium or sodium to form soluble copper compounds in aqueous 

solutions. Copper cyanide plating baths typically contain 30 g/L (4.0 oz/gal) of copper cyanide and 

either 59 g/L (7.8 oz/gal) of potassium cyanide or 48 g/L (6.4 oz/gal) of sodium cyanide. Cathode 

efficiencies range from 30% to 60%. Other types of baths used in copper plating include copper 

pyrophosphate plating bath and copper sulfate plating bath. 

Copper pyrophosphate plating bath: It is used in copper plating for plating copper on plastics 

and printed circuits and requires more control and maintenance of the plating baths than cop-

per cyanide plating does. However, copper pyrophosphate solutions are relatively nontoxic. Copper 

pyrophosphate plating baths typically contain 53–84 g/L (7.0–11.2 oz/gal) of copper pyrophosphate 

and 200–350 g/L (27–47 oz/gal) of potassium pyrophosphate. Other types of baths used in copper 

plating include copper cyanide plating bath and copper sulfate plating bath. 

Copper sulfate plating bath: It is used in copper plating for plating printed circuits, electron-

ics, rotogravure, and plastics and for electroforming and decorative uses. It is more economical 

to prepare and operate than copper pyrophosphate baths. In this type of bath, copper sulfate and 

sulfuric acid form the ionized species in solution. Copper sulfate plating baths typically contain 

195–248 g/L (26–33 oz/gal) of copper sulfate and 11–75 g/L (1.5–10 oz/gal) of sulfuric acid. Other 

types of baths used in copper plating include copper cyanide plating bath and copper pyrophosphate 

plating bath. 

CWA (metal finishers): many programs have been developed to achieve the federal Clean Water 

Act goals. three of these programs affect metal finishers: (a) control of wastewater discharges, which 

affects all metal finishers;(b); permitting of storm water discharges, which affects some metal fin-

ishers; and (c) preparation of oil spill control and countermeasure plans, which affects a select few 

metal finishers. 

Cyanide bath carbonate freezing, spent plating solution management: It is a solution to the 

management of spent plating solutions. Carbonates are formed in cyanide baths by the breakdown 

of cyanide, excessive anode current densities, and the adsorption of carbon dioxide from the air. 

Excessive carbonates increase the resistance in the bath, resulting in low plating current densities 

and adversely affecting the smoothness of deposits, plating efficiency, and plating range. Carbonates 

can be removed from sodium cyanide baths by lowering the bath temperature to approximately 

−30°C, where the low solubility of the carbonate salt results in crystallization, permitting subse-

quent removal from the bath. 

Cyanide bath carbonate freezing: It is a freezing process that lowers the bath temperature 

to approximately −30°C, where the low solubility of the carbonate salt contaminants results in 
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crystallization, permitting subsequent removal from the bath. So, it is a decontamination process for 

purifying the spent plating solutions by removing the carbonate. Carbonates are formed in cyanide 

baths by (a) the breakdown of cyanide, (b) excessive anode current densities, and (c) the adsorption 

of carbon dioxide from the air. Excessive carbonates increase the resistance in the bath, resulting in 

low plating current densities and adversely affecting the smoothness of deposits, plating efficiency, 

and plating range. Removal of carbonates from sodium cyanide baths is important. 

Cyanide oxidation: It is a chemical process: (a) method: cyanide is destroyed by reaction with 

sodium hypochlorite under alkaline conditions; (b) system component: reaction tanks, a reagent 

storage and feed system, mixers, sensors, and controls. Two identical reaction tanks sized as 

aboveground cylindrical tanks with a retention time of 4 h are provided. Chemical storage consists 

of covered concrete tanks to store 60 d supply of sodium hypochlorite and 90 d supply of sodium 

hydroxide. 

Cyanide plating baths (zinc electroplating): The baths contain 7.5–34 g/L (1.0–4.5 oz/gal) of 

cyanide zinc. 

Cyanide reduction with hydrogen peroxide: It is a chemical process that is effective in reduc-

ing cyanide. The reduction of cyanide (CN−) with peroxide (H O  occurs in the first step to cyanate 

2

2)

(CNO−) and in the second step to CO  and ammonia:

2

Cyanide: It is a hazardous inorganic chemical containing the chemical group of CN-, which has 

been used extensively in the surface finishing industry for many years. The use of cyanide in plat-

ing and stripping solutions stems from its ability to weakly complex many metals typically used in 

plating. Metal deposits produced from cyanide plating solutions are finer grained than those plated 

from an acidic solution. In addition, cyanide-based plating solutions tend to be more tolerant of 

impurities than other solutions, offering preferred finishes over a wide range of conditions. Cyanide 

is generally destroyed by oxidation. Chlorine, in either elemental or hypochlorate form, is the pri-

mary oxidation agent used in industrial waste treatment to destroy cyanide. Alternative treatment 

techniques for the destruction of cyanide include oxidation by ozone, ozone with ultraviolet (UV) 

radiation (oxyphotolysis), hydrogen peroxide, and electrolytic oxidation:

Cyanide-containing wastes treatment: There are eight methods applicable to the treatment of 

cyanide wastes for metal finishing: (a) alkaline chlorination; (b) electrolytic decomposition; (c) ozo-

nation; (d) UV/ozonation; (e) hydrogen peroxide; (f) thermal oxidation; (g) acidification and acid 

hydrolysis; and (h) ferrous sulfate precipitation. 

Cyclone: It is a dust-collecting device consisting of a cylindrical chamber, the lower portion of 

which is tapered into a cone shape. Dust enters at the top of the chamber and travels in a circular 

path. Centrifugal force causes particles to move to the chamber walls, where they are slowed and 

gradually accumulate at the bottom. 

Decommissioning of metal-finishing equipment: Decommissioning takes place when 

metal-finishing equipment is taken out of service, when a department is closed, or when a facility 

is closed. Decommissioning involves removing manufacturing equipment from service and, subse-

quently, decontaminating all equipment and surrounding building surfaces. 

Decontamination and decommissioning (D&D) of metal-finishing equipment or building: 

Decommissioning (D&D) of equipment or a building can be a source of contamination at metal- 

finishing operations. Also, D&D operations can potentially expose employees to dangerous levels 

of toxic chemicals. Following appropriate procedures for D&D is important to: (a) Ensure compli-

ance with applicable federal and state regulations and guidelines concerning waste management 

and D&D activities; (b) ensure compliance with applicable federal and state regulations concerning 

employee health and safety; (c) ensure that the facility or equipment is sufficiently clean for reuse, 

sale, or disposal; and (d) prevent unnecessary contamination. 

Decontamination of metal-finishing equipment: It is necessary during both routine and non-

routine maintenance and renovation activities. It includes such activities as: (a) Pumping free liquids 

from holding and conveyance systems; (b) removing accumulated sludges by physical means; and 

(c) washing or scraping residues from surfaces. 
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Decorative chromium electroplating of metals: (a) It is one of the chromium electroplating 

processes that is applied to metals and plastics. In decorative plating of metals, the base material 

generally is plated with layers of copper and nickel followed by a relatively thin layer of chromium 

to provide a bright surface with wear and tarnish resistance. Decorative plating is used for items 

such as automotive trim, metal furniture, bicycles, hand tools, and plumbing fixtures; (b) the process 

train consists of pretreatment, alkaline cleaning, and acid dipping, which were described previously, 

followed by strike plating of copper, copper electroplating, nickel electroplating, and chromium 

electroplating; and (c) decorative electroplating baths operate on the same principle as that of the 

hard chromium plating process. However, decorative chromium plating requires shorter plating 

times and operates at lower current densities than does hard chromium plating. Some decorative 

chromium plating operations use fluoride catalysts instead of sulfuric acid because fluoride cata-

lysts, such as fluosilicate or fluoborate, have been found to produce higher bath efficiencies. 

Decorative chromium electroplating of plastics: It is one of the chromium electroplating pro-

cesses. Most plastics that are electroplated with chromium are formed from acrylonitrile butadiene 

styrene (ABS). The process for chromium electroplating of ABS plastics consists of the following 

steps: chromic acid/sulfuric acid etch; dilute hydrochloric acid dip; colloidal palladium activation; 

dilute hydrochloric acid dip; electroless nickel plating or copper plating; and chromium electroplat-

ing cycle. After each process step, the plastic is rinsed with water to prevent carry-over of solution 

from one bath to another. The electroplating of plastics follows the same cycle as that described for 

decorative chromium electroplating. 

Degreasing (chromium electroplating): It consists of either dipping the part in organic sol-

vents, such as trichloroethylene or perchloroethylene, or using the vapors from organic solvents to 

remove surface grease. 

Deionized water, electroplating: (a) Deionized water is a water that has no ions, such as calcium 

ions, magnesium ions, chloride ions, and sulfate ions. Using deionized water to prepare plating bath 

solutions is an effective way of preventing waste generation. Some groundwater and surface waters 

contain high concentrations of calcium, magnesium, chloride, and other soluble contaminants that 

may build up in process baths. By using deionized water, buildup of these contaminants can be more 

easily controlled; (b) reverse osmosis (RO) and ion exchange (IX) can also be used to effectively 

remove soluble contaminants from incoming water, and produce the deionized water for electroplat-

ing operation. 

Dense non-aqueous phase liquid (DNAPL) and its removal from groundwater: DNAPL can 

form a layer of contaminant that settles in ground water, and it is extremely difficult to remove with 

existing technology. DNAPLs are often controlled by treating the dissolved groundwater contami-

nation, which is usually also present. 

Designated facility, hazardous waste management: The permitted hazardous waste treatment, 

storage, or disposal facility where a shipment of waste is sent. 

Direct discharger: If a facility discharges its process and/or nonprocess wastewater directly to 

a surface water body (including rivers, streams, lakes, and oceans), it is a direct discharger. Direct 

discharges are controlled under the National Pollutant Discharge Elimination System (NPDES) 

program, established under the Clean Water Act. Direct dischargers must obtain an NPDES permit 

to discharge wastewater. 

Discarded material, hazardous waste management: Any substance that is abandoned, recy-

cled, or is (in USEPA’s judgment) inherently waste-like. 

Discarded material: It is any substance that is abandoned, recycled, or is (in USEPA’s judgment) 

inherently waste-like. 

Discharge, hazardous waste management: The spilling, leaking, pumping, pouring, emitting, 

emptying, or dumping of hazardous waste into or on any land or water. 

Disposal Facility, hazardous waste management: It is a permitted facility for the disposal of 

hazardous waste. 
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Disposal, hazardous waste management: The application of hazardous waste into or on any 

land or water so that it may enter the environment (through either the air, water, or land). 

Dissolved gas flotation (DGF): It is a solid-waters separation process whereby a side stream is 

saturated with gas (air, nitrogen, etc.) at high pressure and then injected into the flotation tank to mix 

with the incoming water stream. When the high pressure is suddenly reduced to the lower atmo-

spheric pressure, a swarm of extremely fine gas bubbles are generated. As the fine gas bubbles rise 

to the surface, they attach themselves to chemical floc particles (such as insoluble metal particles, 

like Cr(OH) , Ni(OH) , Al(OH) , Cr S , NiS, etc.), rise together to the water surface, and finally 

3

2

3
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create a sludge layer at the water surface of the flotation tank, which is then removed for sludge dis-

posal. The DGF clarified effluent is the purified water. DGF becomes dissolved air flotation (DAF) 

if the gas used is air and becomes dissolved nitrogen flotation (DNF) if the gas used is nitrogen. 

Drag-in and its reduction: Drag-in is the liquid from the preceding bath that adheres to the 

workpiece and gets dragged-in to the subsequent tank. The drag-in reduces bath life and effective-

ness. Rinsing helps prevent crosscontamination, so that the drag-in to the next process bath is only 

rinse water. 

Dragout: It is a liquid adhering to an object when removed from a bath. Dragout depletes one 

bath and contaminates the next. 

Dragout management, metal-finishing industry: There are advantages and disadvantages to 

dragout recovery. Depending upon the solution, up to 60% of the materials carried out of a plat-

ing tank can be recovered for reuse; thus dragout can affect metal deposition and surface finish 

quality. Impurities can concentrate in the solutions causing a deteriorating effect on the plating 

process when returned to the plating bath. Dragout recovery is a simple technology used by metal 

finishers to recover plating chemicals. It involves using drain boards, drip tanks, fog-spray tanks, 

or dragout tanks separately, or in combination, to capture plating chemicals dragged out of plat-

ing tanks from parts being plated: (a) Drain boards are widely used throughout the metal industry 

to capture plating solutions. Boards are suspended between process tanks and are constructed 

of plastic or plain or teflon-coated steel. Solutions drip on the boards and drain back into their 

respective processing tanks; (b) drip tanks recover process chemicals by collecting dragout into 

a separate tank, from which it can be returned to the process as needed; (c) in a fog-spray tank, 

plating chemicals clinging to parts are recovered by washing them with a fine water-mist. The 

solution that collects in the fog-spray tank is returned to the process tank as needed. The added 

water helps to offset evaporative losses from the process tanks; (d) dragout tanks are essentially 

rinse tanks. Dragout chemicals are captured in a water solution, which is returned to the process 

tank as needed. 

Dragout reduction, electroplating: It is achieved using the following steps: (a) Minimize bath 

concentrations to the lower end of their operating range; (b) maximize bath operating temperatures 

to lower the solution’s viscosity; (c) use wetting agents (which reduce the surface tension of the solu-

tion) in process baths to decrease the amount of dragout; (d) withdraw workpieces from tanks slowly 

to allow maximum drainage back into process tank; (e) use air knives or spray rinses above process 

tanks to rinse excess solution off a workpiece and into the process bath; (f) install drainage boards 

between process tanks and rinse tanks to direct dragout back into process tank; (g) use dedicated 

dragout tanks after process baths to capture dragout; (h) install rails above process tanks to hang 

workpiece racks for drainage prior to rinsing; (i) use spray rinses as the initial rinse after the process 

tank and before the dip tank; (j) use air agitation or workpiece agitation to improve rinse efficiency; 

(k) install multiple rinse tanks (including counterflow rinse tanks) after process baths to improve 

rinse efficiency and reduce water consumption. 

Electrical discharge machining: It is a process that can remove metals with good dimensional 

control from any metal. It cannot be used for machining glass, ceramics, or other nonconducting 

materials. Electrical discharge machining is also known as spark machining or electronic erosion. 
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The operation was developed primarily for machining carbides, hard nonferrous alloys, and other 

hard-to-machine materials. 

Electrochemical machining: It is a process based on the same principles used in electroplating 

except that the workpiece is the anode and the tool is the cathode. Electrolyte is pumped between 

the electrodes and a potential applied, resulting in rapid removal of metal. 

Electrodialysis (ED), electroplating waste treatment: (a) It is a physicochemical process that 

separates small molecules from macromolecules in solution by using a semi-impermeable mem-

brane and an electric current. ED units recover plating chemicals differently from the recovery units 

discussed thus far. In ED, electromotive forces selectively drive metal ions through an ion-selective 

membrane (in RO, pressure is the driving force; in ion exchange, the driving force is chemical 

attraction). The membranes are thin sheets of plastic material with either anionic or cationic char-

acteristics; (b) ED units are constructed using a plate-and-frame technique similar to filter presses. 

Alternating sheets of anionic and cationic membranes are placed between two electrodes. The plat-

ing or rinse solution to be recovered (electrolyte) circulates past the system’s electrodes. Hydrogen 

and oxygen evolve. Positive ions travel to the negative terminal and negative ions travel to the posi-

tive terminal. The electrolyte also provides overall electrical conductivity to the cell. In some units, 

the current is periodically reversed to reduce membrane fouling; (c) ED is compatible with most 

plating baths, and the design size of a unit is dependent upon the rinsewater flow rate and concentra-

tion; and (d) ED has advantages and disadvantages. ED requires very little energy and can recover 

highly concentrated solutions. On the other hand, similarly to other membrane processes, ED mem-

branes are susceptible to fouling and must be regularly replaced. 

Electrokinetic remediation: (a) It is a process relying on the application of low-intensity 

direct current between electrodes placed in the soil. Contaminants are mobilized in the form 

of charged species, particles, or ions. Electrokinetics has been used for dewatering of soils and 

sludges since the first recorded use in the field. Electrokinetic extraction has been used to concen-

trate metals and to explore for minerals in deep soils. Electrokinetic remediation, also referred to 

as electrokinetic soil processing, electromigration, electrochemical decontamination, or electro- 

reclamation, can be used to extract radionuclides, metals, and some types of organic wastes from 

saturated or unsaturated soils, slurries, and sediments. This in situ soil processing technology 

is primarily a separation and removal technique for extracting contaminants from soils; (b) the 

principle of electrokinetic remediation relies upon application of a low-intensity direct current 

through the soil between two or more electrodes. Most soils contain water in the pores between 

the soil particles and have an inherent electrical conductivity that results from salts present in 

the soil. The current mobilizes charged species, particles, and ions in the soil by the following 

processes: (a) Electromigration (transport of charged chemical species under an electric gradient), 

(b) electro-osmosis (transport of pore fluid under an electric gradient); (c) electrophoresis (move-

ment of charged particles under an electric gradient); and (d) electrolysis (chemical reactions 

associated with the electric field). 

Electrokinetics: Electrokinetics is based on the theory that a low-density current will mobilize 

contaminants in the form of charged species. A current passed between electrodes is intended to 

cause aqueous media, ions, and particulates to move through soil, waste, and water. Contaminants 

arriving at the electrodes can be removed by means of electroplating or electrodeposition, precipita-

tion or coprecipitation, adsorption, complexing with ion-exchange resins, or pumping of water (or 

other fluid) near the electrodes. 

Electroless nickel plating: It is a plating process involving plating nickel on a less noble metal 

without external electrical energy requirement. For example, the source of nickel can be nickel sul-

fate. The reducer can be an organic substance, such as formaldehyde. A chelating agent (tartrate or 

equivalent) is generally required. The nickel salt is ionized in water; there is then a redox reaction 

with the nickel and the formaldehyde, and then the base metal nickel now begins to plate out on an 

appropriate surface, such as a less noble metal. 
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Electroless plating: (a) It is a chemical process involving the deposition of a coating of metal 

in a bath by using chemical reduction instead of electric current; (b) it is a is a chemical reduction 

process that depends on the catalytic reduction of a metallic ion in an aqueous solution containing 

a reducing agent and the subsequent deposition of metal without the use of external electric energy. 

Electrolysis: It is a chemical process involving the decomposition reaction of water and inor-

ganic compounds in a water solution by means of an electric current. Charged electrodes are placed 

in the solution, and ions in solution are attracted to the oppositely charged electrode. For example, 

metals in solution can be recovered by deposition on a negatively charged electrode. 

Electrolytic decomposition technology: It is a process that can be applied to cyanide-contain-

ing wastes. The basis of this technology is electrolytic decomposition of the cyanide compounds at 

an elevated temperature (200°F) to yield nitrogen, CO , ammonia, and amines. 

2

Electrolytic dummying (spent plating solution management): It is an electrolytic process, 

called “dummying”, that uses electrical current to selectively remove the contaminant metals by 

plating them out from the plating bath solution. These contaminant metals enter the plating bath 

with the workpiece. A trickle current is run through the system, and the selected removal of the con-

taminant metal extends the bath life. The contaminant metals that are most commonly plated out 

are copper, zinc, iron, and lead. Treatment can be batch or continuous, with batch treatment usually 

performed in the process tank during downtime. 

Electrolytic recovery (ER), electroplating waste treatment: (a) ER is the oldest metal recov-

ery technique. Metal ions are plated-out of solution electrochemically by reduction at the cathode; 

there are essentially two types of cathodes used for this purpose: A conventional metal cathode and 

a high surface area cathode (HSAC). Both cathodes can effectively plate-out metals, such as gold, 

zinc, cadmium, copper, and nickel; (b) ER recovery systems work best on concentrated plating bath 

solutions. For optimal plating efficiency, recovery tanks should be agitated, ensuring that good mass 

transfer occurs at the electrodes. Another important factor to consider is the anode/cathode ratio. 

The cathode area (plating surface area) and mass transfer rate to the cathode greatly influence the 

efficiency of metal deposition; (c) ER can be used with most plating baths. The amount of metal to 

be plated per square meter of cathode determines the ER unit’s design capacity. Therefore, the vol-

ume and concentration of plating dragout greatly influences system design and size; (d) ER units can 

operate continuously, and the product is in a metallic form that is very suitable for reuse or resale. 

ER units are also mechanically reliable and self-operating. Very importantly, contaminants are not 

recovered and returned to the plating bath. Thus, electrolytically recovered metals are as pure as 

“virgin” plating raw material; (d) the major disadvantage to ER is high energy cost. 

Electron beam machining:  It is a thermoelectric process in which heat is generated by 

high-velocity electrons impinging the workpiece, converting the beam into thermal energy. At the 

point where the energy of the electrons is focused, the beam has sufficient thermal energy to vapor-

ize the material locally. The process is generally carried out in vacuum. The process results in x-ray 

emission, which requires that the work area be shielded to absorb radiation. At present, the process 

is used for drilling holes as small as 0.05 mm (0.002 in.) in any known material, cutting slots, shap-

ing small parts, and machining sapphire jewel bearings. 

Electropainting: It is the process of coating a workpiece by either making it anodic or cathodic 

in a bath that is generally an aqueous emulsion of the coating material. The electrodeposition bath 

contains stabilized resin, dispersed pigment, surfactants, and sometimes organic solvents in water. 

Electroplating: It is a chemical process involving the deposition of a thin layer or coating of 

metal on an object by passing an electrical current through a water solution containing ions of 

the metal to be deposited. Specifically, it is an chemical process of applying a metallic coating to 

an article by passing an electric current through an electrolyte in contact with the article, thereby 

forming a surface having properties or dimensions different from those of the article, generally for 

decorative use and/or for corrosion resistance. Briefly speaking, it is a chemical oxidation-reduction 

process that plates one metal on the surface of another metal (or modified nonmetal with metal 

characteristics), and typically, the part to be plated is the cathode, and the plating metal is the anode; 
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(b) it is an electrochemical oxidation-reduction process consisting of an anode (such as a nickel bar 

to be oxidized from zero valence to divalent Ni +2), an electrolyte solution (such as nickel plating 

bath, allowing Ni +2 to stay and move), an electric current (such as an energy source for ions move-

ment), and a cathode (such as an iron part serving as the cathode for nickel to be reduced from +2 

valence to zero valence and plated on the iron surface); (c) essentially any electrically conductive 

surface can be electroplated by special techniques, such as coating with metallic-loaded paints or 

silver-reduced spray to make nonconductive surfaces (such as plastic) electrically conductive for 

electroplating; (d) the metals and alloy substrates electroplated on a commercial scale are cadmium, 

chromium, cobalt, copper, gold, indium, iron, lead, nickel, platinum group metals, silver, tin, zinc, 

brass, bronze, many gold alloys, lead-tin, nickel-iron, nickel-cobalt, nickel-phosphorus, tin-nickel, 

tin-zinc, zinc-nickel, zinc-cobalt, and zinc-iron; (e) electroplating applies a surface coating (typi-

cally by electrodeposition) to provide corrosion protection, wear or erosion resistance, anti-fric-

tional characteristics or for decorative purposes. The electroplating of common metals includes 

the processes in which a ferrous or nonferrous basis material is electroplated with copper, nickel, 

chromium, zinc, tin, lead, cadmium, iron, aluminum or combinations thereof. Precious metals elec-

troplating includes the processes in which a ferrous or nonferrous basis material is plated with gold, 

silver, palladium, platinum, rhodium, or combinations thereof. 

Electroplating Effluent Guidelines, US: Under 40 CFR Part 413, USEPA divided the metal- 

finishing industry into seven subcategories. Box 3-D4 lists the subcategories and indicates which 

pan of the regulation applies to each. Within each subcategory, USEPA established separate dis-

charge limits for facilities discharging less than 10,000 gallons per day of regulated wastewater and 

facilities discharging 10,000 or more gallons per day. 

Electroplating emission sources and control: There are many emissions sources from elec-

troplating operations. As these gas bubbles rise to the surface, they escape into the air and may 

carry considerable liquid with them in the form of a fine mist. The rate of gassing is a function 

of the chemical or electrochemical activity in the tank and increases with the amount of work 

in the tank, the strength and temperature of the solution, and the current densities in the plating 

tanks. The emissions sources may include: (a) The emission of hydrogen and oxygen gases that 

are formed in the process tanks on the surface of the submerged part or on anodes or cathodes; 

(b) air sparging emissions from the bursting of air bubbles at the surface of the plating tank 

liquid; (c) the emissions in the form of alkaline and acid mists and solvent vapors from surface 

preparation steps, such as alkaline cleaning, acid dipping, and vapor degreasing; (d) emissions of 

chromic acid mist from the electrodeposition of chromium from chromic acid plating baths due 

to inefficiency of the hexavalent chromium plating process; (e) the add-on control devices and 

chemical fume suppressants can be used for emission control. Because of the corrosive properties 

of bath chemicals and mists, the plating tanks and control devices typically are made of polyvinyl 

chloride (PVC) or fiberglass. 

Electroplating process components: They include: (a) An electrode to be plated (the cathode 

or substrate), (b) a second electrode to complete the circuit (the anode) that can be either soluble 

or insoluble, with most electroplating baths using one or the other type; (c) an electrolyte contain-

ing the metal ions to be deposited, (d) a direct current power source that can be solid-state silicon 

rectifiers with a variety of modifications, such as stepless controls, constant current, and constant 

voltage; and (e) a plating tank that is either made of or lined with totally inert materials to protect 

the tank. The electrodes are immersed in the electrolyte with the anode connected to the positive 

leg of the power supply and the cathode to the negative leg. As the current is increased from zero, 

a point is reached where metal plating begins to occur on the cathode. Plate thickness is dependent 

on the cathode efficiency of a particular plating solution, the current density, and the amount of 

plating time. 

Electrostatic painting: It is the application of electrostatically charged paint particles to an 

oppositely charged workpiece followed by thermal fusing of the paint particles to form a cohesive 

paint film. Both waterborne and solvent-borne coatings can be sprayed electrostatically. 
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Emission control chemical fume suppressants (electroplating): (a) Chemical fume suppres-

sants are frequently added to decorative chromium plating and chromic acid anodizing baths to 

reduce chromic acid mist. Chemical fume suppressants are surface-active compounds that are 

added directly to chromium plating and chromic acid anodizing baths to reduce or control misting. 

Fume suppressants are classified as temporary or as permanent. Temporary fume suppressants are 

depleted mainly by the decomposition of the fume suppressant and dragout of the plating solution, 

and permanent fume suppressant are depleted mainly by dragout of the plating solution. Fume sup-

pressants include wetting agents that reduce misting by lowering the surface tension of the plating 

or anodizing bath, foam blankets that entrap chromic acid mist at the surface of the plating solution, 

or combinations of both a wetting agent and foam blanket. Polypropylene balls, which float on the 

surface of the plating baths, also are used as a fume suppressant in chromium plating tanks; and 

(b) although chemical agents alone are effective control techniques, many plants use them in con-

junction with an add-on control device. 

Emission control devices (electroplating): Due to the corrosive properties of chemicals and 

the mists, control devices typically are made of polyvinyl chloride (PVC) or fiberglass. There are 

two types of the add-on control devices that are most frequently used: (a) mist eliminators such 

as Chevron-blade and mesh-pad mist eliminators for controlling chromic acid droplets from gas 

streams; and (b) wet scrubbers that are operated at relatively low pressure drops for controlling 

emissions of chromic acid mist from chromium plating, and chromic acid anodizing operations. 

Emission: It is the release of pollutants into the air from a source. 

Emulsion breaking and oil separation: It is a chemical process: (a) Method: emulsion broken 

by mixing oily waste with alum and a chemical emulsion breaker, followed by gravity oil separation 

in a tank; (b) system component: Small mixing tank, two chemical feed tanks, a mixer, and a large 

tank equipped with an oil skimmer and a sludge pump. The mixing tank has a retention time of 

15 min and the oil skimming tank has a retention time of 2.5 h. 

EPA 40 CFR Part 433 (Metal Finishing) Effluent Guidelines: The Part 433 guidelines apply to 

indirect dischargers that maintain any of the following primary metal-finishing operations (and 

who are not already covered by the Part 413 guidelines): (a) Electroplating; (b) electroless plating; 

(c) anodizing; (d) coating; (chromating, phosphating, and coloring); (e) chemical etching and mill-

ing; and printed circuit board manufacturing

EPA ID Number, hazardous waste management: It is the ID number that USEPA assigns to a 

hazardous waste generator or a treatment, storage, or disposal facility. 

Estimating chemical releases from electroplating operations: (a)  Step One: determine if the 

facility processes or uses any of the chemicals subject to reporting under the government regula-

tions; (b)  Step Two: determine if your facility surpassed the threshold quantities established for 

reporting of listed chemicals last year; (c)  Step Three:   identify points of release for the chemical(s) subject to reporting; and (d)  Step Four: estimate releases of toxic chemicals by the following four 

types of release estimation techniques: (d1) direct measurement; (d2) mass balance: (d3) engineer-

ing calculations; and (d4) emission factors. 

Etching and chemical milling: The are chemical processes that are used to produce specific 

design configurations and tolerances on parts by controlled dissolution with chemical reagents or 

etchants. 

Evaporative recovery management: (a) A widely used metal salt recovery technique is evapora-

tion. With evaporation, plating chemicals are concentrated by evaporating water from the solution. 

Evaporators may use heat or natural evaporation to remove water. Additionally, evaporators may 

operate at atmospheric pressure (using atmospheric evaporators) or under vacuum (using vacuum 

evaporators); (b) a typical evaporative recovery system consists of an evaporator, a feed pump, and 

a heat exchanger. Plating solution or rinsewater containing dilute plating chemicals is circulated 

through the evaporator. The water evaporates and concentrates the plating chemicals for reuse. In 

open evaporator systems, the water evaporates and mixes with air and is released to the atmosphere. 

It may be necessary to vent the contaminated airstream to a ventilation/scrubber treatment system 
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prior to release. In enclosed evaporators the water is condensed from the air and can be reused in 

rinses, which further increases savings. Water reuse is preferred whenever possible; (c) the evapora-

tive recovery is a very energy-intensive process. Approximately 538chu (970Btu) are required to 

evaporate 1 lb of water at standard atmospheric pressure. Additional energy is required to raise the 

temperature of the solution to its boiling point; and (d) there are drawbacks to using an evaporator 

to recover plating chemicals. For instance, impurities are concentrated along with recovered plat-

ing chemicals. These impurities can alter desired deposited metal characteristics, including surface 

finish quality. Vacuum evaporation can be used to avoid degradation of plating solutions containing 

additives that are sensitive to heat. 

Ex situ cement-based solidification/stabilization (S/S) technology: It is performed on con-

taminated soil that has been excavated and classified to reject oversize. Cement-based S/S involves 

mixing contaminated materials with an appropriate ratio of cement or similar binder/stabilizer, and 

possibly water and other additives. A system is also necessary for delivering the treated wastes to 

molds, surface trenches, or subsurface injection. Off-gas treatment (if volatiles or dust are present) 

may be necessary. The fundamental materials used to perform this technology are Portland-type 

cements and pozzolanic materials. Portland cements are typically composed of calcium silicates, 

aluminates, aluminoferrites, and sulfates. Pozzolans are very small spheroidal particles that are 

formed in combustion of coal (fly ash) in lime and cement kilns, for example. Pozzolans of high 

silica content are found to have cement-like properties when mixed with water. Cement-based 

S/S treatment may involve using only Portland cement, only poz-zolanic materials, or blends of 

both. The composition of the cement and pozzolan, together with the amount of water, aggregate, 

and other additives, determines the set time, cure time, pour characteristics, and material proper-

ties (e.g., pore size and compressive strength) of the resulting treated waste. The composition of 

cements and pozzolans, including those commonly used in S/S applications, is classified according 

to American Society for Testing and Materials (ASTM) standards. S/S treatment usually results 

in an increase (>50% in some cases) in the treated waste volume. Ex situ treatment provides high 

throughput  (100–200 m3/d/mixer). 

Ex situ (out of ground) soil remediation technologies: Generally ex situ techniques require 

excavation followed by either direct disposal or treatment. Treated soils may be reused as fill or con-

struction material, or they may require disposal, but at a lower cost than untreated soil. Ex situ exca-

vation, may be followed by any of these procedures for treating soils contaminated with petroleum 

or volatile organic compounds (VOCs) (i.e., solvents): (a) Disposal at permitted facility; (b) onsite 

or offsite asphalt batching; (c) biological treatment in containers; (d) low- or high-temperature soil 

roasting; and (e) incineration. 

Ex situ vitrification (ESV) technologies: The technologies apply heat to a melter through a 

variety of sources such as combustion of fossil fuels (coal, natural gas, and oil) or input of electric 

energy by direct joule heat, arcs, plasma torches, and microwaves. Combustion or oxidation of the 

organic portion of the waste can contribute significant energy to the melting process, thus reduc-

ing energy costs. The particle size of the waste may need to be controlled for some of the melting 

technologies. For wastes containing refractory compounds that melt above the unit’s nominal pro-

cessing temperature, such as quartz or alumina, size reduction may be required to achieve accept-

able throughputs and a homogeneous melt. For high-temperature processes using arcing or plasma 

technologies, size reduction is not a major factor. For the intense melters using concurrent gas-phase 

melting or mechanical agitation, size reduction is needed for feeding the system and for achieving 

a homogeneous melt. 

Excavation: It is a mechanical process that digs up contaminated soil on the surface or subsur-

face to be transported for treatment or for disposal in a landfill. 

Federal Effluent Guidelines, USA (Metal Finishers): Using pretreatment data from the 

metal-finishing industry, USEPA established specific effluent limits for the “metal finishing” and 

“electroplating” industry categories. The “metal finishing” guidelines are referred to as the Part 433 

guidelines. The “electroplating” guidelines are referred to as the Part 413 guidelines. The Part 433 

Environmental Management

345

guidelines are considerably more stringent (i.e., lower limits) than the Part 413 guidelines. Most 

metal finishers are covered by Part 433 guidelines. If your facility was established before August 

8, 1981, the Part 413 guidelines may apply to you. Review Box 3-D2 to find out which guidelines 

apply to your facility. 

Filtration (spent plating solution management): It is a physical process for removal of insoluble 

total suspended solids (TSS) by various filter media. The accumulation of solids reduces the effi-

ciency of the process bath, and removal of these contaminants can extend the life of the bath. 

Various types of equipment are used to remove suspended solids from plating solutions, with the 

most common being cartridge filters and precoat (diatomaceous Earth) filters. Cartridge filters are 

available in either in-tank or external configurations. Most cartridges are disposable, but washable 

and reusable filters are now available. 

Final site remediation plan contents: At National Priorities List (NPL) sites, the various 

cleanup possibilities are evaluated based on their cost, technical feasibility, and effectiveness in 

achieving the Applicable or Relevant and Appropriate Requirements (ARARs). A final remediation 

plan is then agreed to be based on the following factors: (a) Ability to provide overall protection of 

human health and the environment; (b) long- and short-term effectiveness; (c) permanence of the 

solution; (d) ability to reduce the toxicity, mobility, or volume of contaminants; (e) implementability; 

(f) state agency acceptance; and (g) community acceptance. 

Flame spraying: It is the process of applying a metallic coating to a workpiece using finely pow-

dered fragments of wire and suitable fluxes, which are projected together through a cone of flame 

onto the workpiece. 

Fluidization: It is physicochemical process by which a finely divided solid is suspended in a 

moving liquid or gas, causing it to behave like a liquid. Uses of the fluidized bed process include 

petroleum refining, coal combustion, and application of organic coatings to metals. 

Fluorinated gases: Powerful synthetic greenhouse gases such as hydrofluorocarbons, perfluoro-

carbons, and sulfur hexafluoride that are emitted from a variety of industrial processes. Fluorinated 

gases are sometimes used as substitutes for stratospheric ozone-depleting substances (e.g., chlo-

rofluorocarbons, hydrochlorofluorocarbons, and halons) and are often used in coolants, foaming 

agents, fire extinguishers, solvents, pesticides, and aerosol propellants. These gases are emitted 

in small quantities compared to carbon dioxide (CO ), methane (CH ), or nitrous oxide (N O), but 
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because they are potent greenhouse gases, they are sometimes referred to as High Global Warming 

Potential gases (High GWP gases). 

Fluorocarbons: Carbon-fluorine compounds that often contain other elements such as hydro-

gen, chlorine, or bromine. Common fluorocarbons include chlorofluorocarbons (CFCs), hydrochlo-

rofluorocarbons (HCFCs), hydrofluorocarbons (HFCs), and perfluorocarbons (PFCs). 

Flushing: For flushing, a solution of water, surfactants, or cosolvents is applied to soil or injected 

into the subsurface to treat contaminated soil or groundwater. When soil is being treated, injection 

is often designed to raise the water table into the contaminated soil zone. Injected water and treat-

ment agents are recovered together with flushed contaminants. 

Forcing: Factors that affect the Earth’s climate. For example, natural factors such as volcanoes and 

human factors such as the emission of heat-trapping gases and particles through fossil fuel combustion. 

Fossil fuel: (a) A general term for a fuel that is formed in the Earth from plant or animal remains, including coal, oil, natural gas, oil shales, and tar sands. (b) A general term for organic materials 

formed from decayed plants and animals that have been converted to crude oil, coal, natural gas, or 

heavy oils by exposure to heat and pressure in the Earth’s crust over hundreds of millions of years. 

Global average temperature: An estimate of Earths mean surface air temperature averaged 

over the entire planet. 

Global change: Changes in the global environment that may alter the capacity of the Earth to 

sustain life. Global change encompasses climate change, but it also includes other critical drivers of 

environmental change that may interact with climate change, such as land use change, the alteration 

of the water cycle, changes in biogeochemical cycles, and biodiversity loss. 
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Global Climate Models (GCM): Mathematical models that simulate the physics, chemistry, and 

biology that influence the climate system. 

Global warming: (a) The recent and ongoing global average increase in temperature near the 

Earth’s surface. (b) The observed increase in average temperature near the Earth’s surface and in 

the lowest layer of the atmosphere. In common usage, “global warming” often refers to the warm-

ing that has occurred as a result of increased emissions of greenhouse gases from human activities. 

Global warming is a type of climate change; it can also lead to other changes in climate conditions, 

such as changes in precipitation patterns. 

Global warming potential (GWP): (a) A measure of the total energy that a gas absorbs over a 

particular period of time (usually 100 years), compared to carbon dioxide. (b) A number that refers 

to the amount of global warming caused by a substance. The GWP is the ratio of the warming 

caused by a substance to the warming caused by a similar mass of carbon dioxide (CO ). Thus, 
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the GWP of CO  is 1.0. Chlorofluorocarbon (CFC)-12 has a GWP of 8,500; CFC-11 has a GWP of 

2

5,000; hydrochlorofluorocarbons and hydrofluorocarbons have GWPs ranging from 93 to 12,100; 

and water has a GWP of 0. 

Gold electroplating: Gold and gold alloy plating are used in a wide variety of applications. Gold 

plating solutions can be classified in five general groups: alkaline gold cyanide, for gold and gold 

alloy plating; neutral cyanide gold, for high purity gold plating; acid gold cyanide, for bright hard 

gold and gold alloy plating; noncyanide (generally sulfite), for gold and gold plating; and miscel-

laneous. Alkaline gold cyanide plating baths contain 8–20 g/L (1.1–2.7 oz/gal) of potassium gold 

cyanide and 15–100 g/L (2.0–13.4 oz/gal) of potassium cyanide. Cathode efficiencies range from 

90% to 100%. Other types of baths used in gold plating include neutral gold cyanide plating baths 

and acid gold cyanide plating baths. 

Good engineering judgment: It involves making decisions consistent with generally accepted 

scientific and engineering principles and all relevant information. 

Good housekeeping practices: It is managerial method involving waste stream segregation, 

improved operation and maintenance of existing facilities, inventory controls, spill and leak pre-

vention, and other waste reduction practices, but not involving significant process or equipment 

changes. 

Granular activated carbon (spent plating solution management): It is a column-type physi-

cochemical (PC) treatment process reactor using granular activated carbon (GAC) as the adsorp-

tion-filtration media. It can be used to remove mainly organic contaminants either as a continuous 

GAC process unit, or a physicochemical sequencing batch reactor (PC-SBR). The GAC adsorbs 

organic impurities and is periodically changed and disposed of. The most common applications 

reported in one study were nickel electroplating (mostly Watts nickel and nickel sulfamate), fol-

lowed by copper electroplating (mostly copper cyanide and copper sulfate), zinc plating, and cad-

mium cyanide plating, respectively. 

Greenhouse effect: (a) The effect produced as greenhouse gases allow incoming solar radiation 

to pass through the Earth’s atmosphere, but prevent most of the outgoing infrared radiation from 

the surface and lower atmosphere from escaping into outer space. This process occurs naturally and 

has kept the Earth’s temperature about 60 degrees Fahrenheit warmer than it would otherwise be. 

Current life on Earth could not be sustained without the natural greenhouse effect. (b) Trapping and 

buildup of heat in the atmosphere (troposphere) near the Earth’s surface. Some of the heat flowing 

back toward space from the Earth’s surface is absorbed by water vapor, carbon dioxide, ozone, and 

several other gases in the atmosphere and then reradiated back toward the Earth’s surface. If the 

atmospheric concentrations of these greenhouse gases rise, the average temperature of the lower 

atmosphere will gradually increase. 

Greenhouse gas (GHG): (a) Any gas that absorbs infrared radiation in the atmosphere. 

Greenhouse gases include water vapor, carbon dioxide (CO ), methane (CH ), nitrous oxide (N O), 

2

4

2

halogenated fluorocarbons (HCFCs), ozone (O ), perfluorinated carbons (PFCs), and hydrofluoro-

3

carbons (HFCs), water vapor and sulfur hexafluoride. (b) Gases that absorb heat in the atmosphere 
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near the Earth’s surface, preventing it from escaping into space. If the atmospheric concentrations 

of these gases rise, the average temperature of the lower atmosphere will gradually increase, a phe-

nomenon known as the greenhouse effect. 

Grinding: It is a unit process of removing stock from a workpiece by the use of a tool consisting 

of abrasive grains held by a rigid or semirigid binder. The processes included in this unit operation 

are sanding (or cleaning to remove rough edges or excess material), surface finishing, and separat-

ing (as in cutoff or slicing operations). 

Groundwater remediation or decontamination (dissolved metals and inorganics removal): 

Metals and other inorganic contaminants can be treated by: (a) Ex situ    treatment that requires 

removal via pumping or another collection technique followed by any of the following: (a1) 

Chemical precipitation (including pH adjustment); (a2) Reverse osmosis (RO); (a3) Microfiltration 

(MF); Chemical reduction-oxidation; (a4) Other treatment techniques often used in metal working 

facilities to treat wastewater streams; (a5) Stabilization; and (a6) Soil washing; and (b) In situ  treat-

 ment that are limited to: (b1) Oxidation, which can effectively precipitate certain metals (e.g., iron 

and manganese) into the surrounding soils, but is generally ineffective for most other metals; (b2) 

In situ chemical treatment, which can immobilize a greater range of metals. Thus, treatment can 

be conducted only when the horizontal and vertical extent of contamination and the hydrogeologic 

environment are very well defined, so that chemical treatment can be effective without causing 

other unanticipated water quality concerns. 

Groundwater remediation or decontamination (dissolved VOC removal): A number of tech-

nologies exist for treating petroleum or volatile organic compounds (VOCs) dissolved in ground 

water. Depending on the type of petroleum product or VOC, cleanup of the ground water may 

include either: (a) Ex situ  removal via pumping or other collection techniques, followed by any of 

 the following: (a1) Direct sewer discharge (and treatment at the local sewage treatment plant); (a2) 

Air stripping; (a3) Carbon adsorption; (a4) Spray aeration; and (a5) Dechlorination; or (b) In situ  

 treatment utilizing any of the following: (b1) Air sparging (where air is injected at multiple points 

in the contaminant plume) coupled with vapor extraction (to recover the resulting contaminated air 

above the water table).; (b2) Oxidation (injecting hydrogen peroxide instead of air); (b3) Bioventing 

(which is similar to air sparging except air is injected at a slower rate to facilitate biological activity); 

and (b4) Biological degradation (through addition of nutrients and/or chemical-specific microbes). 

In situ treatment, if feasible based on hydrogeologic factors, is often more cost effective for dis-

solved petroleum and VOCs than ex situ treatment. The effectiveness of remedial techniques varies 

by contaminant type. 

Habitat: The place or environment where a plant or animal naturally or normally lives and 

grows. 

Halogen: It is one of the elements of Group VIIA of the Periodic Table (i.e., fluorine, chlorine, 

bromine, iodine, and astatine). 

Hard chromium electroplating: (a) It is one of chromium electroplating processes in which a 

relatively thick layer of chromium is deposited directly on the base metal (usually steel) to provide 

a surface with wear resistance, a low coefficient of friction, hardness, and corrosion resistance, or 

to build up surfaces that have been eroded by use. Hard chromium plating is used for items such as 

hydraulic cylinders and rods, industrial rolls, zinc die castings, plastic molds, engine components, 

and marine hardware; and (b) the process train consists of pretreatment, alkaline cleaning, acid 

dipping, chromic acid anodizing, and chromium electroplating. The pretreatment step may include 

polishing, grinding, and degreasing. Degreasing consists of either dipping the part in organic sol-

vents, such as trichloroethylene or perchloroethylene, or using the vapors from organic solvents to 

remove surface grease. Alkaline cleaning is used to dislodge surface soil with inorganic cleaning 

solutions, such as sodium carbonate, sodium phosphate, or sodium hydroxide. Acid dipping, which 

is optional, is used to remove tarnish or oxide films formed in the alkaline cleaning step and to neu-

tralize the alkaline film. Acid dip solutions typically contain 10% to 30% hydrochloric or sulfuric 

acid. Chromic acid anodic treatment, which also is optional, cleans the metal surface and enhances 
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the adhesion of chromium in the electroplating step. The final step in the process is the electroplat-

ing operation itself. 

Hazardous air pollutants (HAPs): They are the chemicals that cause serious health and envi-

ronmental effects. Hazardous air pollutants are released by sources such as chemical plants, dry 

cleaners, printing plants, and motor vehicles (cars, trucks, buses, etc.). 

Hazardous waste generator: It is any entity whose act or process produces hazardous waste. 

Hazardous waste number: It is the number or numbers assigned by to a solid waste on the basis 

of its hazardous characteristics or listing as a hazardous substance. Any waste to which you assign 

a hazardous waste number is hazardous waste. 

Hazardous waste: (a) It is a waste or combination of wastes, which because of its quantity, 

concentration, or physical, chemical or infectious characteristics may: (a1) cause, or significantly 

contribute to an increase in mortality or an increase in serious irreversible, or incapacitating revers-

ible illness; or (a2) pose a substantial present or potential hazard to human health or the environ-

ment when improperly treated, stored, transported, disposed, or otherwise managed; and (b) It is 

any solid waste that has at least one hazardous waste number assigned to it. In general, Hazardous 

Waste is solid waste that is harmful to human health or the environment. 

Health and safety issues of metal-finishing facility: The permissible exposure limits (PELs) of 

the Occupational Safety and Health Administration (OSHA) specify the concentrations of various 

chemical or physical agents that employees can be safely exposed to. The following actions should 

be taken by the owner of the metal-finishing facility: (a) Determining the applicability of health 

and safety training regulations, particularly those pertaining to hazard communication, personal 

protective equipment, confined-space entry, and lockout-tagout according to the OSHA procedures; 

(b) conducting a hazard assessment before starting decontamination or decommissioning to deter-

mine what level of personal protective equipment (PPE) is needed to adequately protect workers; 

(c) providing adequate training for employees in the hazards of the chemicals they are handling and 

the capabilities, limitations, and proper use of PPE; (d) maintaining good housekeeping to minimize 

the potential for slips, trips, and falls; (e) following lockout and tagout procedures to ensure that all 

electrical systems are deenergized and all chemical product lines are closed or blanked to prevent 

fluids or gases from entering the work space; (f) closing and securing all tank valves; (g) assessing 

fire prevention and protection needs; (h) installing and/or repairing eyewash and emergency shower 

stations; and (i) following confined-space entry rules when activities require cleaning of tank, sump, 

pipe interiors, etc. 

Heat treating: It is the thermal modification of the physical properties of a workpiece through 

the application of controlled heating and cooling cycles. Such operations as tempering, carburizing, 

cyaniding, nitriding, annealing, normalizing, austenizing, quenching, austempering, siliconizing, 

martempering, and malleabilizing are included in this definition. 

Heavy metals (toxic environmental heavy metals or trace elements): (a) US Federal regula-

tions have established standards for controlling the following 13 most common “toxic environ-

 mental heavy metals (or trace elements)”: are: antimony (Sb; sg. 6.68), beryllium (Be; sg. 1.85), 

arsenic (As; sg. 5.7 at 14°C), chromium (Cr; sg. 7.16), cadmium (Cd; sg. 8.69), copper (Cu; sg. 

8.96), lead (Pb; sg. 11.34), mercury (Hg; sg. 13.6 at 20°C), nickel (Ni; sg. 8.9), selenium (Se; sg. 

4.81), silver (Ag; sg. 10.5), zinc (Zn; sg. 7.14), thallium (Tl; sg. 11.86). It is noticed that arsenic 

(As; sg. 5.7 at 14°C) is a metalloid that has both properties of a metal and a nonmetal although 

it is referred by the USEPA to as a toxic heavy metal. Beryllium (Be; sg. 1.85) is a silver-gray 

metal of very low density, moderately high melting point (1,287°C), and excellent stability in the 

atmosphere. Although beryllium density is about 30% less than that of aluminum, it is referred by 

the USEPA to as one of the common 13 toxic heavy metals. Scientifically speaking beryllium is a 

toxic trace element, not a toxic “heavy metal”; (b) It is a metallic element with a specific gravity 

greater than or equal to 4.5 (sg. > = 4.5), such as cadmium (Cd), copper (Cu), lead (Pb), and zinc 

(Zn), etc.(c) It is a metallic element or metalloid that has an atomic density more prominent than 

4,500 kg/m3 (or 4.5 g/cm3). 
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Hexavalent chrome alternatives: It is a pollution prevention (P2) technology that trivalent 

chromium plating solutions are used for decorative plating to replace hexavalent chromium. The 

use of trivalent chromium eliminates the reduction step in the wastewater treatment process, and 

eliminates the problems associated with hexavalent chromium bath misting. In addition, trivalent 

chromium baths operate with a lower viscosity and lower concentration than do hexavalent baths, 

thus decreasing bath dragout. Chrome conversion coatings for paint pretreatments can sometimes 

be replaced by nonchrome conversion coatings or nonrinse chrome chemistries. 

Hexavalent chromium plating baths (hard chromium electroplating): Hexavalent chromium 

baths are composed of chromic acid, sulfuric acid, and water. The chromic acid is the source of 

the hexavalent chromium that reacts and deposits on the metal and is emitted to the atmosphere. 

The sulfuric acid in the bath catalyzes the chromium deposition reactions. When the hydrogen gas 

evolves, it causes misting at the surface of the plating bath, which results in the loss of chromic acid 

to the atmosphere. 

Hexavalent chromium reduction and chemical precipitation, electroplating waste treat-

ment: (a) Chemical treatment of chromium wastewater is usually conducted in two steps. In the 

first step hexavalent chromium Cr(VI) is reduced to trivalent chromium Cr(III) by the use of a 

chemical reducing agent. The trivalent chromium is precipitated during the second stage of treat-

ment; (b) hexavalent chromium reduction: sulfur dioxide (SO ), sodium bisulfite (NaHSO ), and 

2

3

sodium metabisulfite (Na S O ) are commonly used as reducing agents. All these compounds react 

2 2

5

to produce sulfurous acid (H SO ) when added to water. It is the sulfurous acid produced from these 

2

3

reactions that is responsible for the reduction of hexavalent chromium. The typical amber color of 

the hexavalent chromium solution will turn to a pale green once the chromium has been reduced 

to the trivalent state Cr(III). Redox control is usually employed. Sulfuric acid is generally added to 

reduce the pH of the wastewater to the desired level (pH 2–3) and to maintain it at that level through-

out treatment; and (c) chemical precipitation: after all Cr(VI) ions are reduced to Cr(III) ions, the 

trivalent Cr(III) ions can then be removed by chemical precipitation process (such as hydroxide 

precipitation process using lime; or sulfide precipitation process using sodium sulfide). 

Horizontal barrier, in situ: (a) It is one of the containment structures which can underlie a sec-

tor of contaminated materials on site without removing the hazardous waste or soil; (b) it is an estab-

lished technologies use grouting techniques to reduce the permeability of underlying soil layers. 

Hot dip coating: It is the process of coating a metallic workpiece with another metal by immer-

sion in a molten bath to provide a protective film. Galvanizing (hot dip zinc) is the most common 

hot dip coating. 

Hydrobromofluorocarbon (HBFC): It is an ozone-depleting substance consisting of hydrogen, 

bromine, fluorine, and carbon. 

Hydrocarbon (HC): It is a compound consisting of carbon and hydrogen. Hydrocarbons include 

methane, ethane, propane, cyclopropane, butane, and cyclopentane. Although they are flammable, 

hydrocarbons (HCs) may offer advantages as substitutes to ozone-depleting substances because 

they have zero ozone depletion potential, low toxicity, and with the exception of methane, have low 

global warming potentials. Fossil fuels are made up of hydrocarbons. 

Hydrochloric acid pickling: It is a chemical acid pickling process involving the use of hydro-

chloric acid as the main ingredient of a pickle liquor for removing impurities, stains, rust, or scale 

from a metal surface. If the metal surface is iron and the rust is iron oxide, ferrous chloride is 

formed from the reaction of iron oxides with hydrochloric acid. 

Hydrochlorofluorocarbon (HCFC): It is a compound consisting of hydrogen, chlorine, fluo-

rine, and carbon. Hydrochlorofluorocarbons (HCFCs) are one class of chemicals that was used to 

replace the chlorofluorocarbons (CFCs). They contain chlorine and thus deplete stratospheric ozone, 

but to a much lesser extent than CFCs. HCFCs have ozone depletion potentials (ODPs) ranging from 

0.01 to 0.1. In conclusion, although ozone-depleting substances, they are less potent at destroy-

ing stratospheric ozone than chlorofluorocarbons (CFCs). They have been introduced as temporary 

replacements for CFCs and are also greenhouse gases. Production of HCFCs is being phased out. 
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Hydrofluorocarbon (HFC): It is a compound consisting of hydrogen, fluorine, and carbon. 

Hydrofluorocarbons (HFCs) are a class of replacements for chlorofluorocarbons. Because they do 

not contain chlorine or bromine, they do not deplete the ozone layer. All HFCs have an ozone 

depletion potential of 0. Some HFCs have high global warming potentials. In conclusion, they were 

introduced as alternatives to ozone-depleting substances in serving many industrial, commercial, 

and personal needs. HFCs are emitted as by-products of industrial processes and are also used in 

manufacturing. They do not significantly deplete the stratospheric ozone layer, but they are pow-

erful greenhouse gases with global warming potentials ranging from 140 (HFC-152a) to 11,700 

(HFC-23). 

Hydrofluoroolefin (HFO): It is a compound consisting of hydrogen, fluorine, and carbon. 

Hydrofluoroolefins (HFOs) are alternatives to ozone-depleting substances that typically have very 

low global warming potentials. 

Hydroxide precipitation and pH adjustment, metal-finishing waste treatment: (a) pH adjust-

ment: Wastewater pH is adjusted by addition of an acid or an alkali, depending on the purpose of 

the adjustment, to the optimum pH value for the subsequent process; (b) hydroxide precipitation: 

Alkaline substance such as lime or sodium hydroxide is added to the wastewater to increase the 

pH to the optimum range of minimum solubility at which the metal precipitates as a hydroxide; In 

the presence of hydroxide ion (OH-), divalent metal M(II)2+) ions will be precipitated as insoluble 

M(II)(OH)  at optimum pH  and trivalent metal M(III)3+ ions will be precipitated as insoluble M(III)

2

, 

(OH)  at optimum pH. For example, Ni2+ will be precipitated as insoluble Ni(OH)  at its optimum 

3

2

pH, and Cr3+ will be precipitated as insoluble Cr(OH)  at its optimum pH. Reduction and Flotation 

3

Combination

Impact deformation: It is the physical process of applying an impact force to a workpiece such 

that the workpiece is permanently deformed or shaped. Impact deformation operations include shot 

peening, forging, high energy forming, heading, and stamping. 

In situ cement-based solidification/stabilization (S/S) technology: In situ, cement-based S/S 

has only two steps: (a) mixing and (b) off-gas treatment. The processing rate for in situ S/S is typi-

cally much lower than that for ex situ processing. In situ S/S is demonstrated to depths of 10 m and 

may be able to extend to 50 m. The most significant challenge in applying S/S in situ for contami-

nated soils is achieving complete and uniform mixing of the binder with the contaminated matrix. 

Three basic approaches are used for in situ mixing of the binder with the matrix: (a) Vertical auger 

mixing; (b) In-place mixing of binder reagents with waste by conventional earthmoving equipment, 

such as draglines, backhoes, or clamshell buckets; and (c) Injection grouting, which involves forc-

ing a binder containing dissolved or suspended treatment agents into the subsurface, allowing it to 

permeate the soil. Grout injection can be applied to contaminated formations lying well below the 

ground surface. The injected grout cures in-place to produce an in situ treated mass. 

In situ (in place) soil remediation technologies: These technologies either reduce the volume 

and/or toxicity of contaminants or stabilize the contamination in place; In situ remediation may be 

followed by any of these method for treating soils contaminated with petroleum or volatile organic 

compounds (VOCs) (i.e., solvents): (a) capping with a low-permeability covering; (b) soil vapor 

extraction (vapors could then be directly discharged, incinerated, catalytically oxidized, or treated 

via carbon adsorption); (c) biological enhancement; and (d) bioventing. 

In situ vitrification (ISV) technology: The technology is based on electric melter technology, 

and the principle of operation is joule heating, which occurs when an electrical current is passed 

through a region that behaves as a resistive heating element. Electrical current is passed through 

the soil by means of an array of electrodes inserted vertically into the surface of the contaminated 

soil zone. Because dry soil is not conductive, a starter path of flaked graphite and glass frit is placed 

in a small trench between the electrodes to act as the initial flow path for electricity. Resistance 

heating in the starter path transfers heat to the soil that then begins to melt. Once molten, the soil 

becomes conductive. The melt grows outward and downward as power is gradually increased to the 

full constant operating power level. A single melt can treat a region of up to 1,000 T. The maximum 
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treatment depth has been demonstrated to be about 6 m. Large contaminated areas are treated in 

multiple settings that fuse the blocks together to form one large monolith. 

Incompatible waste, hazardous waste management: It is any hazardous waste that is unsuit-

able for mixing with another waste because the mixture might produce heat or pressure, fire or 

explosion, violent reaction, or flammable or toxic dusts or gases. 

Indirect discharger: If a facility discharges its process wastewater to a sewer that flows to a 

publicly owned treatment works (POTW), it is an indirect discharger. Indirect dischargers must 

meet pretreatment standards. (Nonprocess wastewaters from metal finishing [e.g., boiler blowdown, 

noncontact cooling water, and air compressor condensate] discharged to sewers are not regulated 

under the CWA. However, if discharged directly to a POTW, nonprocess wastewaters are subject 

to the local POTW’s permitting or sewer use ordinance requirements and to state requirements.)

Indirect emissions: Indirect emissions from a building, home or business are those emissions of 

greenhouse gases that occur as a result of the generation of electricity used in that building. These 

emissions are called “indirect” because the actual emissions occur at the power plant which gener-

ates the electricity, not at the building using the electricity. 

Indium cyanide plating baths: They are used in applications that require very high throwing 

power and adhesion. Indium cyanide plating baths typically contain 33 g/L (4.0 oz/gal) of indium 

metal and 96 g/L (12.8 oz/gal) of total cyanide. Cathode efficiencies range from 50% to 75%. 

Indium electroplating: In general, indium is electroplated using three types of plating baths: 

cyanide, sulfamate, and fluoborate. Indium is the only trivalent metal that can be electrodepos-

ited readily from a cyanide solution. Cyanide baths are used in applications that require very high 

throwing power and adhesion. Indium cyanide plating baths typically contain 33 g/L (4.0 oz/gal) of 

indium metal and 96 g/L (12.8 oz/gal) of total cyanide. Cathode efficiencies range from 50% to 75%. 

Indium fluoborate plating baths: They typically contain 236 g/L (31.5 oz/gal) of indium fluob-

orate and 22–30 g/L (2.9–4.0 oz/gal) of boric acid. Cathode efficiencies range from 40% to 75%. 

Indium sulfamate plating baths: They are very stable, relatively easy to control, and charac-

terized by a high cathode efficiency that remains relatively high (90%). The plating baths typically 

contain 105 g/L (14 oz/gal) of indium sulfamate and 26 g/L (3.5 oz/gal) of sulfamic acid. 

Industrial water treatment or purification (spent plating solution management): It is defined as 

water treatment or water purification conducted by an industrial facility for its specific industrial 

applications. The influent water can be any good quality natural water, but frequently it is the tap 

water. Natural contaminants found in tap water, such as calcium, iron, magnesium, manganese, 

chlorine, carbonates, and phosphates have a deleterious effect on plating operations. These sub-

stances reduce rinse water efficiency and decrease the potential for dragout recovery. In process 

baths, these contaminants decrease bath life and thereby increase the frequency of process bath 

dumping. Accordingly industrial water treatment (post-treatment of tap water) by deionization, dis-


tillation, or reverse osmosis may produce high-quality “purified water” for process bath makeup and 

rinsing. In addition, purified water may permit reuse options that are not possible with tap water. 

Input substitution: It is a pollution prevention (P2) method involving the replacement of a toxic 

substance used in a process with a nontoxic or less toxic substance. 

International Organization for Standardization (ISO): It is an international non-governmen-

tal body made up of representatives from 169 nations, with a headquartered in Geneva, Switzerland. 

ISO’s a purpose is to develop and propose business practices and standards that are beneficial to 

business in all nations, particularly given the increasing globalization of economic activity. The 

organization’s interests include quality management, environmental impact management, health 

and safety, energy management, food safety, and information technology security. 

Ion exchange (IX), electroplating waste treatment: (a) IX is a reversible chemical reaction 

between a solid (typically a synthetic ion-exchange resin) and a liquid (typically a water solution) 

that selectively replaces certain ions (e.g., dissolved metals) in the liquid with other metal ions or the 

hydrogen ion. Some applications include water softening, removal of chromate from plating solu-

tions, and recovery of valuable metals from waste water. IX is also a chemical engineering process 
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where metal ions in solution are removed by a chemical substitution reaction with an ion-exchange 

resin. IX can be used with most plating baths. Metal cations exchange sites with sodium or hydro-

gen ions and anions (such as chromate) with hydroxyl ions. The exchange resin can generally be 

regenerated with an acid or alkaline solution and reused. When a cation exchange resin is regener-

ated, it produces a metal salt. For example, copper is removed from an IX resin by passing sulfuric 

acid over the resin, producing copper sulfate. This salt can be added directly into the plating bath; 

(b) The required size of an IX unit is dependent upon the composition and volume of plating dra-

gout. Each IX resin has a maximum capacity for recovery of specific ions. The IX’s size (volume 

of resin) is determined by the amount of metal to be removed from the recovered solutions; (c) IX 

has its drawbacks. Most commercially available resins are nonselective and, therefore, similarly 

charged ions can be exchanged by a given resin whether desired in the process or not. The metal 

salt solution produced after regeneration is often a dilute solution that can only be put back into the 

process bath. In addition, IX is not a continuous process and system sizing must take into account 

resin regeneration time. 

ISO 14000: It is an environmental management system of the International Organization for 

Standardization (ISO). It contains requirements for achieving and maintaining environmentally 

sound standards of doing business. The entire business process is considered, from product manu-

facturing to product performance and, ultimately, product disposal. ISO 14001, often used inter-

changeably with ISO 14000, is the core component of ISO 14000.12. The ISO 14000 is expected to 

have a significant impact both in the United States and worldwide. ISO 14001 will likely become 

the primary environmental management systems standard within and outside the United States. 

Other countries have already adopted or are planning to adopt ISO 14001 as their national standard. 

Though ISO 14000 is a voluntary standard, conformance with ISO 14001 is likely to become a de 

facto requirement for doing business in many international markets. 

ISO 14001 requirements: The International Organization for Standardization’s ISO 14000 con-

sists of a series of standards covering six topics: environmental management system, environmen-

tal auditing, environmental performance evaluation, environmental labeling, lifecycle assessment, 

and environmental aspects in product standards. The first standard in the series (ISO 14001) is 

the specifications standard for environmental management systems. ISO 14001 provides volun-

tary specifications for an environmental management system. All the other standards in the ISO 

14000 series provide general guidance on implementing an environmental management system 

or analyzing product characteristics. The following is an overview of some key specifications and 

requirements: (a) An Environmental Policy: It does not have to be long or complicated, but it does 

have to address the “significant environmental aspects of an industrial facility’s activities, products, 

and services,” and it must include a commitment to preventing pollution and to complying with 

legal requirements; (b) An Environmental Plan: The industrial facility’s plan shall set objectives 

and targets for improvement related to your significant environmental aspects; (c) A Management 

Program: The industrial facility’s management program shall assign responsibility, resources, and 

schedules for meeting the industrial facility’s objectives and targets. Responsibility for meeting 

environmental objectives and targets can be assigned to any appropriate level or function in the 

industrial facility; (d) A Training Program: Ultimately, all staff whose work may have a “significant 

environmental impact” shall receive training. Start with those whose jobs may have the greatest 

effort; (e) A System To Monitor Progress and Make Corrections: Develop a simple way to track 

whether the industrial facility is making progress toward its environmental objectives and to make 

mid-course corrections if necessary; (f) Documentation: To receive certification, the industrial 

facility also need documentation both to demonstrate that it has procedures in place and to commu-

nicate effectively and consistently to its managers and employees; (g) Recordkeeping: Record the 

results of the industrial facility’s Environmental Management Standards (EMS): employee training, 

monitoring reports, environmental performance measurements, audit outcomes; and (h) Auditing: 

Internal audits check the “functioning” of the EMS. External audits (for certification) evaluate the 

conformity of the industrial facility’s EMS with the ISO 14001 standard. 
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Laminating: It is the process of adhesive bonding of layers of metal, plastic, or wood to form a 

part. 

Laser beam machining: It is the process of using a highly focused, monochromatic collimated 

beam of light to remove material at the point of impingement on a workpiece. Laser beam machining 

is a thermoelectric process, and material removal is largely accomplished by evaporation, although 

some material is removed in the liquid state at high velocity. Since the metal removal rate is very 

small, this process is used for such jobs as drilling microscopic holes in carbides or diamond wire 

drawing dies and for removing metal in the balancing of high-speed rotating machinery. 

Lead electroplating: Lead fluoborate plating baths typically contain 340–410 g/L (45–55 oz/gal) 

of lead fluoborate, 195–240 g/L (26–32 oz/gal) of lead, 15–30 g/L (2.0–4.0 oz/gal) of fluoboric acid, 

and 23–38 g/L (3.0–5.0 oz/gal) of boric acid. Current densities typically range from 215 to 750 A/m2 

(20–70 A-ft2). 

Lead and asbestos abatement: It is a technology by which the lead and asbestos contaminated 

sites are inspected, and the hazardous lead and asbestos are removed by licensed contractors with 

specialized equipment

Lead: It is a bluish-white, silvery, or gray metal that is highly lustrous when freshly cut but tar-

nishes when exposed to air. It is very soft and malleable, has a high density (11.35 g/cm3) and low 

melting point (327.4°C), and can be cast, rolled, and extruded. The most important Pb ore is galena, 

PbS. Recovery of Pb from the ore typically involves grinding, flotation, roasting, and smelting. Less 

common forms of the mineral are cerussite, PbCO , anglesite, PbSO , and crocoite, PbCrO . 
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Leak detection system: It is a system capable of detecting the failure of a containment structure 

or the presence of the accumulation of liquid outside the containment structure. 

Light non-aqueous phase liquid (LNAPL) and its removal from groundwater: LNAPL can 

form a floating layer in groundwater, and it almost always requires removal. Available removal 

techniques include  passive removal, using hydrophilic wicks or membranes, and  active removal, 

via pumping. 

Lime precipitation and sedimentation: It is a physicochemical process: (a) method: chemical 

precipitation of dissolved and complexed metals by reaction with lime and subsequent removal 

of the precipitated solids by gravity settling in a clarifier. alum and polyelectrolyte are added for 

coagulation and flocculation; and (b) system component: the continuous treatment system includes 

reagent storage and feed equipment, a mix tank for reagent feed addition, sensors and controls, and 

clarification basin with associated sludge rakes and pumps. lime is fed as 30% lime slurry prepared 

by using hydrated lime. the mix tank is sized for a retention time of 45 min and the clarifier is 

sized for hydraulic loading of 1,360 L/m2 and a retention time of 4 h. batch treatment includes dual 

reaction-settling tanks sized for 8 h retention time and sludge pumps. 

Machining: It is a general process of removing stock from a workpiece by forcing a cutting tool 

through the workpiece, removing a chip of basis material. Machining operations such as turning, 

milling, drilling, boring, tapping, planing, broaching, sawing and cutoff, shaving, threading, ream-

ing, shaping, slotting, hobbing, filing, and chamfering are included in this definition. 

Macroencapsulation solidification: Solidification of a large block or container of waste is 

referred to as macroencapsulation. 

Major modification: It is any physical change or method of operation change at an existing 

major stationary source that results in a significant net emissions increase, as defined in the regula-

tions, of a regulated pollutant. 

Major stationary source: It is a term used to determine the applicability of Prevention of 

Significant Deterioration (PSD) and new source regulations. In a nonattainment area, a major source 

is one that has the potential to emit more than 100 tons per year. In PSD areas, the cutoff level may 

be either 100 or 250 tons, depending on the type of source. 

Manifest: It is the shipping document (USEPA form 8700-22) that accompanies a hazardous 

waste shipment from the time it leaves the generating facility to the time it reaches its designated 

facility. 
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Material substitution, electroplating industry: In summary: (a) Use process chemistries 

that are treatable or recyclable on site; (b) use deionized water instead of tap water in process 

baths or rinsing operations to reduce chemical reactions with impurities in the tap water, which 

would increase sludge production; (c) use nonchelated process chemistries rather than chelated 

chemistries to reduce sludge volume; (d) replace cyanide process baths with noncyanide process 

baths to simplify the treatment required; (e) use alkaline cleaners instead of solvents for degreas-

ing operations; they can be treated on site and usually discharged to the sewer with permit 

authorization. 

Maximum achievable control technology (MACT): These emissions limitations are based 

on the best demonstrated control technology or practices in similar sources to be applied to major 

sources emitting one or more of a listed toxic pollutant. 

MCLs: Under the Safe Drinking Water Act, USEPA has established maximum contaminant 

levels (MCLs) for public drinking water that, if exceeded, may adversely affect public health. MCLs 

are based on the scientific/technological ability to detect, measure, and cost-effectively remove or 

treat a specific existing, or potential, public water supply contaminant. 

Mercury: It is a silvery, liquid metal. The primary source of Hg is cinnabar (HgS), a sulfide ore. 

In a few cases, Hg occurs as the principal ore product; it is more commonly obtained as the byprod-

uct of processing complex ores that contain mixed sulfides, oxides, and chloride minerals (these are 

usually associated with base and precious metals, particularly gold). Native or metallic Hg is found 

in very small quantities in some ore sites. The current demand for Hg is met by secondary produc-

tion (i.e., recycling and recovery). 

Mesosphere: Earth’s atmosphere is divided into five main layers: the exosphere, the thermo-

sphere, the mesosphere, the stratosphere and the troposphere. Stratosphere is the region of the atmo-

sphere above the troposphere. Mesosphere is the region of the atmosphere above the stratosphere, 

but below thermosphere. 

Metal emissions (exhaust fumes): They are derived from oxidation of fossil fuels and the aging 

processes of engines and catalysts. Combustion of leaded gasoline was the major source of Pb until 

about a decade ago. The use of lead (Pb) as an antiknocking additive in gasoline was phased out in 

many countries due to its toxicity. However, there are still some emissions of Cd, Cr, Cu, Ni, Pb, 

and V from fossil fuels. 

Metal finisher: Under the federal Clean Water Act regulations, a “metal finisher” is any facil-

ity that performs any of the following operations: (a) Electroplating; (b) Anodizing; (c) Chemical 

etching and milling; (d) Electroless plating; (e) Coating (chromating, phosphating, and coloring); 

(f) Printed circuit board manufacturing

Methane (CH4): (a) Colorless, odorless, flammable hydrocarbon (CH ) that is a product of 

4

decomposition of organic matter and of the carbonization of coal. Methane is one of the greenhouse 

gas chemical compounds. (b) A hydrocarbon that is a greenhouse gas with a global warming poten-

tial most recently estimated at 25 times that of carbon dioxide (CO ). Methane is produced through 

2

anaerobic (without oxygen) decomposition of waste in landfills, animal digestion, decomposition 

of animal wastes, production and distribution of natural gas and petroleum, coal production, and 

incomplete fossil fuel combustion. 

Microencapsulation solidification: Solidification of fine waste particles is referred to as 

microencapsulation. 

Mist eliminators: Chevron-blade and mesh-pad mist eliminators are the types of mist elimina-

tors most frequently used to control chromic acid mist. The most important mechanism by which 

mist eliminators remove chromic acid droplets from gas streams is the inertial impaction of droplets 

onto a stationary set of blades or a mesh pad. Mist eliminators typically are operated as dry units 

that are periodically washed down with water to clean the impaction media. 

Monitoring, air pollution control (monitor): It is the measurement of air pollution is referred 

to as monitoring. USEPA, state, and local agencies measure the types and amounts of pollutants in 

community air. 
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Monitoring, plating: It is managerial method that continuously or frequently monitors the plat-

ing bath parameters (such as, pH, temperature, carbonate, contaminant metals, alkalinity, acidity, 

electrical current, plating quality, etc.), in turn, determines the need for chemical addition or con-

taminant removal. More frequent bath maintenance can prolong bath life. 

Multimedia filter: it is a mechanical process: (a) method: polishing treatment after chemi-

cal precipitation and sedimentation by filtration through a bed of particles of several distinct size 

ranges; (b) system component: filter beds, media, backwash mechanism, pumps, and controls. filter 

beds sized for hydraulic loading of 81 L/min/m2 (2 gpm/ft2). 

National Ambient Air Quality Standards (NAAQS): They are the standards established by 

USEPA that apply for outside air throughout the country. 

National Emission Standards (chromium electroplating): The US Environmental Protection 

Agency (USEPA) has established National Emission Standards to regulate chromium emissions 

from new and existing hard and decorative chromium electroplating and chromium anodizing tanks 

at major and area sources were promulgated on January 25, 1995 (60 FR 4948). The regulation 

requires limits on the concentration of chromium emitted to the atmosphere (or alternative limits 

on the surface tension of the bath for decorative chromium electroplating and anodizing tanks) 

and specifies work practice standards, initial performance testing, ongoing compliance monitoring, 

recordkeeping, and reporting requirements. 

National Emissions Standards for Hazardous Air Pollutants (NESHAP): They are the emissions 

standards set by USEPA for an air pollutant not covered by National Ambient Air Quality Standards 

(NAAQS) that may cause an increase in deaths or is serious, irreversible, or incapacitating illness. 

National Priorities List (NPL), Superfund: NPL is the list of sites of national priority among 

the known releases or threatened releases of hazardous substances, pollutants, or contaminants 

throughout the United States and its territories. The NPL is intended primarily to guide the USEPA 

in determining which sites warrant further investigation. 

Natural gas: Underground deposits of gases consisting of 50%–90% methane (CH ) and small 

4

amounts of heavier gaseous hydrocarbon compounds such as propane (C H ) and butane (C H ). 

3

8

4

10

Natural variability: Variations in the mean state and other statistics (such as standard devia-

tions or statistics of extremes) of the climate on all time and space scales beyond that of individual 

weather events. Natural variations in climate over time are caused by internal processes of the 

climate system, such as El Niño, as well as changes in external influences, such as volcanic activity 

and variations in the output of the Sun. 

Net emissions increase: For an existing facility, the amount of any new emissions minus reduc-

tions in emissions caused by modifications to the facility

Neutral gold cyanide plating baths: They are used in gold and gold alloy plating, and contain 

8–30 g/L (1.1–4.0 oz/gal) of potassium gold cyanide. Cathode efficiencies range from 90% to 98%. 

Other types of baths used in gold plating include alkaline gold cyanide plating baths and acid gold 

cyanide plating baths. 

Neutralization, electroplating waste treatment: (a) This is a simple stoichiometric chemical 

reaction. Excess acidity and alkalinity may be eliminated by simple neutralization by a base or an 

acid, respectively; (b) A slight excess of base may be titrated in the previous reactions to shift the 

pH to a slight basic condition. This is important for the precipitation of certain metal salts (such as 

nickel, iron, and trivalent chromium) as hydroxides; (c) It is a chemical process that neutralizes the 

acid wastes or the alkaline waste to pH 6–8, and eliminates the requirements of manifesting and/

or further treatment. 

New Source Performance Standards (NSPS), air emission: National USEPA air emission 

standards that limit the amount of pollution allowed from new sources or from modified existing 

sources. 

New Source Performance Standards (NSPS), water pollution: New facilities must achieve 

effluent levels for toxic and conventional pollutants equivalent to those achievable by the best avail-

able demonstrated technology. 
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Nickel-chromium plating: It is popular plating technology that utilizes nickel electrodeposits 

and chromium electrodeposits in sequence to form a multiple-layered finish on a substrate in two 

plating steps: (a) Nickel plating is applied first for the purpose of corrosion resistance; The parts 

are submerged in nickel chloride, boric acid or nickel sulfamate, fluoborate or sulfatein, a hot and 

high-current density bath for a nickel coating; and (b) Chromium plating is applied later for the 

decorative part of the plating process. Chromium coating is obtained from a chromate solution 

(chromic acid or chromium sulfate) bath; it increases the reflectivity of the nickel coating on a sub-

strate. The automobile, motorcycle and building construction industries use this process technology 

to achieve a shiny and glossy appearance on their parts. It forms a hard outer layer that improves the 

corrosion and wear resistance of the substrate. Apart from metal plating, it is also used on plastic 

material for decorative purposes. 

Nickel electroplating (engineering applications): It uses solutions that deposit pure nickel. In 

nickel plating baths, the total nickel content ranges from 60 to 84 g/L (8–11.2 oz/gal), and boric acid 

concentrations range from 30 to 37.5 g/L (4–5 oz/gal). Cathode efficiencies range from 93% to 97%. 

Nickel electroplating (decorative): Nickel plating is used for decorative purposes. Decorative 

nickel plating differs from other types of nickel plating in that the solutions contain organic agents, 

such as benzene disulfonic acids, benzene trisulfonic acid, naphthalene trisulfonic acid, benzene 

sulfonamide, formaldehyde, coumarin, ethylene cyanohydrin, and butynediol. 

Nickel plating (electroless): Nickel plating can also be accomplished by an electroless plating 

technique involving deposition of a metallic coating by a controlled chemical reduction that is 

catalyzed by the metal or alloy being deposited. A special feature of electroless plating is that no 

external electrical energy is required. The following are the basic ingredients in electroless plating 

solutions: (a) A source of metal, usually a salt; (b) a reducer to reduce the metal to its base state; 

(c) a chelating agent to hold the metal in solution so the metal will not plate out indiscriminately; 

and (d) various buffers and other chemicals designed to maintain stability and increase bath life. 

Nickel plating (electrolytic): It is one of the electroplating processes that nickel is plated on iron 

parts and the iron parts form the cathodes, and the anode is a nickel bar. On the application of an 

electric current, the nickel bar anode (Ni zero valence) oxidizes, dissolving in the electrolyte (diva-

lent Ni); and the resulting divalent nickel ions are reduced to zero valence Ni at the cathode (the iron 

part) to form a nickel plate:

Nickel, environmental impact: (a) Nickel is toxic to aquatic organisms at levels typically 

observed in publicly owned treatment works (POTW) effluents: (a1) 50% reproductive impair-

ment of Daphnia magna at 0.095  mg/L;(a2) Morphological abnormalities in developing eggs of 

 Lymnaea palustris at 0.230 mg/L; and (a3) 50% growth inhibition of aquatic bacteria at 0.020 mg/L; 

(b) Because surface water is often used as a drinking water source, nickel passed through a POTW 

becomes a possible drinking water contaminant; and (c) A U.S. Environmental Protection Agency 

(U.S. EPA) study of 165 sludges showed nickel concentrations ranging from 2 to 3,520 mg/kg (dry 

basis). Nickel toxicity may develop in plants from application of municipal wastewater biosolids on 

acid soils. Nickel reduces yields for a variety of crops including oats, mustard, turnips, and cabbage. 

Nickel-chromium plating process application: It is one of the chemical conversion coating 

technologies. Nickel plating is processed first using either electrolytic or electroless technology) 

to deposit nickel on a targeted metal, such as iron. Chrome coatings are then applied to previously 

deposited nickel for increased corrosion protection and to improve surface appearance. 

Nickel-chromium plating process wastes: (a) a conceptual arrangement of the nickel-chromium 

plating process can be broken down into three general steps:(a1) surface preparation involving the 

conditioning of the base material for plating; (a2) actual application of the plate by electroplating; 

and (a3) the post-treatment steps; and (b) the major waste sources during normal nickel-chromium 

plating operations are alkaline cleaners, acid cleaners, plating baths, post-treatment baths, and aux-

iliary operation unit, and the waste streams generated by the plating process can be subdivided and 

classified into eight categories: (b1) concentrated acid wastes; (b2) concentrated phosphate cleaner 

wastes; (b3) acid rinsewater; (b4) alkaline rinsewater; (b5) chromium rinsewater; (b6)  nickel 
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rinsewater; (b7) concentrated nickel wastes; and (b8) concentrated chromium wastes; (c) in the 

above categories, there are seven major types of aqueous pollutants that must be pretreated and 

removed or controlled are: acidity, alkalinity, nickel, chromium, iron, organics (COD, BOD), and 

total suspended solids (TSS); and (c) The environmental impact of the two most toxic pollutants are, 

nickel and chromium. 

Nitrogen cycle: The natural circulation of nitrogen among the atmosphere, plants, animals, and 

microorganisms that live in soil and water. Nitrogen takes on a variety of chemical forms through-

out the nitrogen cycle, including nitrous oxide (N O) and nitrogen oxides (NOx). 

2

Nitrogen oxides (NOx): (a) Gases consisting of one molecule of nitrogen and varying numbers 

of oxygen molecules. Nitrogen oxides are produced in the emissions of vehicle exhausts and from 

power stations. In the atmosphere, nitrogen oxides can contribute to formation of photochemical 

ozone (smog), can impair visibility, and have health consequences; they are thus considered pol-

lutants; (b) It is a criteria air pollutant. Nitrogen oxides are produced from burning fuels, including 

gasoline and coal. Nitrogen oxides are smog-formers; they react with volatile organic compounds to 

form smog. Nitrogen oxides are also major components of acid rain. 

Nitrous oxide (N2O): A powerful greenhouse gas with a global warming potential of 298 times 

that of carbon dioxide (CO ). Major sources of nitrous oxide include soil cultivation practices, espe-

2

cially the use of commercial and organic fertilizers, fossil fuel combustion, nitric acid production, 

and biomass burning. The GWP is from the IPCC’s Fourth Assessment Report (AR4). Natural 

emissions of N O are mainly from bacteria breaking down nitrogen in soils and the oceans. Nitrous 

2

oxide is mainly removed from the atmosphere through destruction in the stratosphere by ultraviolet 

radiation and associated chemical reactions, but it can also be consumed by certain types of bacteria 

in soils. 

Nonattainment area: It is a geographic area in which the level of a criteria air pollutant is higher 

than the level allowed by the federal standards. A single geographic area may have acceptable levels 

of one criteria air pollutant but unacceptable levels of one or more other criteria air pollutants; thus, 

an area can be both attainment and nonattainment at the same time. It has been estimated that 60% 

of Americans live in nonattainment areas. 

Nonvolatile particulate matter (nvPM): It means emitted particles that exist at a gas turbine 

engine exhaust nozzle exit plane that do not volatilize when heated to a temperature of 350°C. 

Offset, air emission: It is a method used in the 1990 Clean Air Act to give companies that 

own or operate large (major) sources in nonattainment areas flexibility in meeting overall pollution 

reduction requirements when changing production processes. If the owner or operator of the source 

wishes to increase release of a criteria air pollutant, an offset (reduction of a somewhat greater 

amount of the same pollutant) must be obtained either at the same plant or by purchasing offsets 

from another company. 

On site or ‘in situ’ chemical treatment: It is a chemical process that injects chemicals in the 

soil to make the contaminants less hazardous. 

Operating permit, air emission: It is a permit covering the air pollution requirements for exist-

ing facilities. These permits are typically more comprehensive than construction permits; air pol-

lution sources typically have only one operating permit for their entire facility. Operating permits 

have an expiration date and must be renewed periodically (typically every 5 years). Operating per-

mits are revised when a source becomes subject to new air pollution requirements or makes changes 

to the facility that require the permit to be updated. 

Ozonation for cyanide oxidation: It is a chemical process that can be used to oxidize cyanide, 

thereby reducing the concentration of cyanide in wastewater. Ozone, with an electrode potential of 

+1.24 V in alkaline solutions, is one of the most powerful oxidizing agents known. Cyanide oxida-

tion with ozone is a two-step reaction similar to alkaline chlorination. In the first sept, cyanide (CN) 

is oxidized by ozone (O ) to cyanate (CNO−), with ozone reduced to oxygen (O ); In the second step, 

3

2

cyanate (CNO−) is hydrolyzed in the presence of water, and oxidized in the presence of excess ozone 

(O ) to bicarbonate (HCO

). The reaction time for complete cyanide oxidation 

3

3−) and nitrogen (N2
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is rapid in a reactor system with 10–30 min retention time being typical. The second-stage reaction 

is much slower than the first-stage reaction. The reaction is typically carried out in the pH range 

10–12, where the reaction rate is relatively constant. Temperature does not influence the reaction 

rate significantly. 

Ozone: It is a gas which is a variety of oxygen. The oxygen gay found in the air consists of two 

oxygen, atoms stuck together; this is molecular oxygen. Ozone consists of three oxygen atoms stuck 

together into an ozone molecule. Ozone occurs in nature; it produces the sharp smell you notice 

near a lightning strike. High concentrations of ozone gas are found in a layer of the atmosphere 

(the stratosphere) high above the Earth. Stratospheric ozone shields the Earth against harmful rays 

from the Sun, particularly ultraviolet B. Smog’s main component is ozone; this ground-level ozone 

is a product of reactions among chemicals produced by burning coal, gasoline, and other fuels, and 

chemicals found in products including solvents, paints, hairsprays, etc. 

Paint stripping: It is the process of removing an organic coating from a workpiece. The strip-

ping of such coatings is usually performed with caustic, acid, solvent, or molten salt. 

Painting: It is the process of applying an organic coating to a workpiece. This process includes 

the application of coatings such as paint, varnish, lacquer, shellac, and plastics by methods such as 

spraying, dipping, brushing, roll coating, lithographing, and wiping. Other processes included under 

this unit operation are printing, silk screening, and stenciling. 

Palladium and palladium-nickel electroplating: Palladium plating solutions are categorized 

as ammoniacal (chelated), or acid. Ammoniacal palladium plating baths contain 10–15 g/L (1.3–2.0 

oz/gal) of palladium ammonium nitrate or palladium ammonium chloride. Palladium acid plating 

baths contain 50 g/L (6.7 oz/gal) of palladium chloride. Palladium alloys readily with other metals, 

the most important of which is nickel. Palladium-nickel electroplating baths contain 3 g/L (6.7 oz/

gal) of palladium metal and 3 g/L (6.7 oz/gal) of nickel metal. 

Palladium-nickel electroplating baths: They contain 3 g/L (6.7 oz/gal) of palladium metal and 

3 g/L (6.7 oz/gal) of nickel metal. 

Particulate filter: It is a filter that is designed for airborne particulates removal. The exhaust 

emissions from vehicle engines are the most difficult to control, within which most of the heavy met-

als from fuels could be bound and emitted with particulates. Consequently, removal of the airborne 

particles by particulate filter before they are exhausted into the atmospheric environment is another 

important control method for heavy metals originating from vehicles. The use of the particulate fil-

ter on diesel-engine vehicles represents a new exhaust post-treatment technology that removes solid 

particles from the exhaust gases. Particulate filters have been in use on on-road machines since the 

1980s and in automobiles since 1996 in the USA. 

Particulates; particulate matter (PM-10): It is a criteria air pollutant. Particulate matter 

includes dust, soot and other tiny bits of solid materials that are released into and move around in 

the air. Particulates are produced by many sources, including burning of diesel fuels by trucks and 

buses, incineration of garbage, mixing and application of fertilizers and pesticides, road construc-

tion, industrial processes such as steelmaking, mining operations, agricultural burning (field and 

slash burning), and operation of fireplaces and woodstoves. Particulate pollution can cause eye, nose 

and throat irritation and other health problems. 

PCB spill cleanup requirements: Under the Toxic Substances Control Act (TSCA), which 

banned the manufacture of PCBs (polychlorinated biphenyls), any release of PCBs in concentra-

tions greater than 50 ppm (parts per million) warrants corrective action. The 1987 rule categorizes 

releases by weight and type of release area. 

Permeable reactive barriers: Permeable reactive barriers, also known as passive treatment 

walls, are installed across the flow path of a contaminated groundwater plume, allowing the water 

portion of the plume to flow through the wall. These barriers allow passage of water while prohibit-

ing movement of contaminants by means of treatment agents within the wall such as zero-valent 

metals (usually zero-valent iron), chelators, sorbents, compost, and microbes. The contaminants are 
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either degraded or retained in a concentrated form by the barrier material, which may need to be 

replaced periodically. 

Permit, air emission: It is a document that resembles a license, required by the Clean Air Act 

(CAA) for big (major) sources of air pollution, such as power plants, chemical factories and, in some 

cases, smaller polluters. Usually permits will be given out by states, but if USEPA has disapproved 

part or all of a state permit program, USEPA will give out the permits in that state. The 1990 CAA 

specifies requirements for permit applications, including provisions for members of the public to 

participate in state and USEPA reviews of permit applications. Permits will have, in one place, 

information on all the regulated pollutants at a source. Permits include information on which pol-

lutants are being released, how much the source is allowed to release, and the program that will be 

used to meet pollutant release requirements. Permits are required both for the operation of plants 

(operating permits) and for the construction of new plants. The 1990 CAA introduced a nationwide 

permit system for air pollution control. 

pH adjustment: It is chemical process step for adjusting the pH of a water or wastewater by 

addition of an acid or an alkali, depending on the purpose of the adjustment. The most common 

purposes of wastewater pH adjustment are the following: (a) Chemical precipitation of dissolved 

heavy metals, or other ionic pollutants; (b) Pretreatment of metal-bearing wastewater before sul-

fide precipitation so that the formation of hazardous gaseous hydrogen sulfide does not occur; or 

(c) neutralization of a water or wastewater in order to meet the treatment requirements before efflu-

ent discharge. 

Photosynthesis: The process by which plants take CO  from the air (or bicarbonate in water) to 

2

build carbohydrates, releasing O  in the process. There are several pathways of photosynthesis with 

2

different responses to atmospheric CO  concentrations. 

2

Physical separation: Physical separation processes use physical properties to separate contami-

nated and uncontaminated media or to separate different types of media. For example, different-sized 

sieves and screens can be used to separate contaminated soil from relatively uncontaminated debris. 

Another application of physical separation is dewatering of sediments or sludge . 

Phytoextraction: (a) It is one of phytoremediation technologies relying on the uptake of con-

taminants from the soil and their translocation into aboveground plant tissue, which is harvested 

and treated. Although hyperaccumulating trees, shrubs, herbs, grasses, and crops have potential, 

crops seem to be most promising because of their greater biomass production. Nickel and zinc 

appear to be the most easily absorbed, although tests with copper and cadmium are encouraging. 

Significant uptake of lead, a commonly occurring contaminant, has not been demonstrated on a 

large scale. However, some researchers are experimenting with soil amendments that would facili-

tate the uptake of lead by plants. (b) Phytoextraction technologies use hyperaccumulating plants to 

transport metals from the soil and concentrate them in the roots and aboveground shoots that can 

be harvested. A plant containing more than 0.1% of Ni, Co, Cu, Cr, or 1% Zn and Mn in its leaves 

on a dry weight basis is called a hyperaccumulator, regardless of the concentration of metals in 

the soil; (c) Ni hyperaccumulators are found in New Caledonia, the Philippines, Brazil, and Cuba. 

Ni and Zn hyperaccumulators are found in southern and central Europe and Asia Minor; (d) dried 

or composted plant residues or plant ashes that are highly enriched with metals can be isolated as 

hazardous waste or recycled as metal ore. The goal of phytoextraction is to recycle as “bio-ores” 

metals reclaimed from plant ash in the feed stream of smelting processes. Even if the plant ashes do 

not have enough concentration of metal to be useful in smelting processes, phytoextraction remains 

beneficial because it reduces the amount of hazardous waste to be landfilled by as much as 95%. 

Several research efforts in the use of trees, grasses, and crop plants are being pursued to develop 

phytoremediation as a cleanup technology. 

Phytoplankton: Microscopic plants that live in salt and fresh water environments. 

Phytoremediation: (a) This technology is for treatment of soils contaminated with metals, and 

may provide a low-cost option under specific circumstances. This process is best suited for sites 

with widely dispersed contamination at low concentrations where only treatment of soils at the 
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surface (in other words, within depth of the root zone) is required; (b) Phytoremediation involves the 

use of plants to remove, contain, or render harmless environmental contaminants. This definition 

applies to all biological, chemical, and physical processes that are influenced by plants and that aid 

in the cleanup of contaminated substances. Plants can be used in site remediation, both to mineral-

ize and immobilize toxic organic compounds at the root zone and to accumulate and concentrate 

metals and other inorganic compounds from soil into aboveground shoots; (c) Two basic approaches 

for metal remediation include phytoextraction and phytostabilization; (d) Phytoremediation is a 

process in which plants are used to remove, transfer, stabilize, or destroy contaminants in soil, sedi-

ment, or groundwater. The mechanisms of phytoremediation include enhanced rhizosphere biodeg-

radation (which takes place in soil or groundwater immediately around plant roots), phytoextraction 

(also known as phytoaccumulation, the uptake of contaminants by plant roots and the translocation 

and accumulation of contaminants into plant shoots and leaves), phytodegradation (metabolism of 

contaminants within plant tissues), and phytostabilization (production of chemical compounds by 

plants to immobilize contaminants at the interface of roots and soil). The term phytoremediation 

applies to all biological, chemical, and physical processes that are influenced by plants (including 

the rhizosphere) and that aid in the cleanup of contaminated substances. Phytoremediation may be 

applied in situ or ex situ to soils, sludges, sediments, other solids, or groundwater. 

Phytostabilization: It is one of phytoremediation technologies using plants to limit the mobility 

and bioavailability of metals in soils. Ideally, phytostabilizing plants should be able to tolerate high 

levels of metals and to immobilize them in the soil by sorption, precipitation, complexation, or the 

reduction of metal valences. Phytostabilizing plants should also exhibit low levels of accumulation 

of metals in shoots to eliminate the possibility that residues in harvested shoots might become haz-

ardous wastes. In addition to stabilizing metals present in the soil, phytostabilizing plants can also 

stabilize the soil matrix to minimize erosion and migration of sediment. 

Pickle liquor, or pickling solution (metal work): (a) It is usually an acid solution, such as sul-

furic acid, hydrochloric acid, or nitric acid, etc. which is used in a metal surface treatment process 

(known as pickling process) for removal of superficial impurities, such as rust or scale, from metal; 

(b) Sometimes an alkaline solution can also be used as a pickle liquor for cleaning the metal surface; 

(c) Pickle liquor may contain additives such as wetting agents and corrosion inhibitors; (d) Pickling 

is sometimes called acid cleaning if descaling is not needed; (e) Pickling solutions are spent when 

acid concentration in pickling solutions decreases by 75–85%, and/or its metal content increases up 

to 150–250 g per cubic dm. 

Pickling process (metal work): Pickling is a chemical metal surface treatment process that 

removes superficial impurities (such as rust, scale, corrosion products) from metal (such as, iron, 

copper, precious metals, aluminum alloys) using usually a strong acidic solution such as sulfuric 

acid, hydrochloric acid, or nitric acid, etc. although an alkaline solution can also be used for clean-

ing the metal surface. 

Pickling sludge: Pickling sludge is a solid waste product from the pickling process, and includes 

dust, undissolved rust or scale, or the waste sludge generated from a waste pickle liquor (WPL) 

treatment process, such as lime precipitation, neutralization, or filtration. 

Plasma arc machining: It is the process of material removal or shaping of a workpiece by a 

high-velocity jet of high-temperature ionized gas. A gas (nitrogen, argon, or hydrogen) is passed 

through an electric arc causing it to become ionized and raising its temperatures in excess of 

16,000°C (30,000°F). The relatively narrow plasma jet melts and displaces the workpiece material 

in its path. 

Plating bath life extension: This may be achieved with the following procedures: (a) Treatment 

of process baths can extend their useful life; (b) bath replenishment extends the useful life of the 

bath; and (c) monitoring (using pH meters or conductivity meters) the process baths can determine 

the need for bath replenishment. 

Plating tanks: The tanks for electroplating typically are equipped with some type of heat 

exchanger. Mechanical agitators or compressed air supplied through pipes on the tank bottom 
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provide uniformity of bath temperature and composition. For instance, chromium electroplating 

requires constant control of the plating bath temperature, current density, plating time, and bath 

composition. 

Platinum electroplating: The platinum plating baths used for platinum plating contain 5.0 to 

20 g/L (0.68 oz/gal) of either dinitroplatinate sulfate or chloroplatinic acid. 

Polishing: It is an abrading operation used to remove or smooth out surface defects (scratches, 

pits, tool marks, etc.) that adversely affect the appearance or function of a part. The operation usu-

ally referred to as buffing is included in the polishing operation. 

Pollutants (pollution), air emission: They are unwanted chemicals or other materials found 

in the air. Pollutants can harm health, the environment and property. Many air pollutants occur as 

gases or vapors, but some are very tiny solid particles: dust, smoke, or soot. 

Polymer microencapsulation solidification/stabilization (S/S) technology: This type of S/S 

can include application of thermoplastic or thermosetting resins. Thermoplastic materials are the 

most commonly used organic-based S/S treatment materials. Potential candidate resins for ther-

moplastic encapsulation include bitumen, polyethylene and other polyolefins, paraffins, waxes, and 

sulfur cement. Of these candidate thermoplastic resins, bitumen (asphalt) is the least expensive 

and by far the most commonly used. The process of thermoplastic encapsulation involves heating 

and mixing the waste material and the resin at elevated temperature, typically 130–230°C in an 

extrusion machine. Any water or volatile organics in the waste boil off during extrusion and are 

collected for treatment or disposal. Because the final product is a stiff, yet plastic resin, the treated 

material is typically discharged from the extruder into a drum or other container. 

Polypropylene balls and foam blankets: (a) It is simple technology that places many small 

polypropylene balls or foam blankets on the bath solution surface for preventing mist from reaching 

the ventilation system, in turn, reducing bath losses and ventilator waste generation. Ventilation and 

exhaust systems can generate waste and increase bath losses. (b) Process baths that generate mist 

should also be in tanks with more freeboard in order to reduce the amount of mist that reaches the 

ventilation system. 

Precession: The wobble over thousands of years of the tilt of the Earth’s axis with respect to the 

plane of the solar system. 

Precious metals: The major constituents are silver and gold, which are much more commonly 

used in metal-finishing industry operations than palladium and rhodium. Because of their high cost, 

precious metals are of special interest to metal finishers. 

Precipitation, spent plating solution management: Some metal contaminants that enter the 

plating bath as impurities in anodes can be removed from certain plating baths by chemical precipi-

tation. The precipitate can then be removed by bath filtration. Precipitation is an alternative method 

to carbonate freezing for cyanide baths and is especially applicable to potassium cyanide baths. 

Chemicals used for this purpose include barium cyanide, barium hydroxide, calcium hydroxide, 

calcium sulfate, or calcium cyanide. 

Precipitation, weather: Rain, hail, mist, sleet, snow or any other moisture that falls to the Earth. 

Pressure deformation: It is the physical process of applying force (at a slower rate than an 

impact force) to permanently deform or shape a workpiece. Pressure deformation includes opera-

tions such as roiling, drawing, bending, embossing, coining, swaging, sizing, extruding, squeezing, 

spinning, seaming, staking, piercing, necking, reducing, forming, crimping, coiling, twisting, wind-

ing, flaring, or weaving. 

Pretreatment (chromium electroplating): (a) The pretreatment step may include polishing, 

grinding, and degreasing; (b) the pretreatment steps used for a particular aluminum substrate 

depend upon the amount of smut and the composition of the aluminum. The aluminum substrate is 

rinsed between pretreatment steps to remove cleaners. 

Pretreatment standards or control authority permit: they are the wastewater discharge 

requirements for indirect dischargers. as an indirect discharger, its wastewater must meet specific 

pretreatment standards that control its quality. standards for indirect discharges are established by 
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the “control authority” for its area and the standards re usually specified in a document issued by 

the control authority. this document may be referred to by a number of names, including “permit”, 

“agreement,” or “control authority permit.” 

Prevention of significant deterioration (PSD): It is a USEPA program in which state and/or 

federal permits are required to restrict emissions from new or modified sources in places where air 

quality already meets primary and secondary ambient air quality standards. 

Primary standard, air emission: It is a pollution limit based on health effects. Primary stan-

dards are set for criteria air pollutants. 

Product reformulation: It is a pollution prevention (P2) method involving the substitution of an 

end-product with one requiring nontoxic or less toxic production process inputs. 

Pump and treat: Pump and treat involves extraction of groundwater from an aquifer and 

treatment of the water above the ground. The extraction step is usually conducted by pumping 

groundwater from a well or trench. The treatment step can involve a variety of technologies such 

as adsorption, air stripping, bioremediation, chemical treatment, filtration, ion exchange, metal pre-

cipitation, and membrane filtration. 

Purer anodes and bags: (a) Expensive pure anodes may be used to decrease the source of bath 

contamination because the inexpensive non-pure anodes will release contaminates to a process 

bath; (b) the anodes can be immersed in cloth bags to prevent insoluble impurities from entering the 

bath, but the bags must be compatible with the process solution and must be regularly maintained. 

Pyrometallurgy: (a) It is a broad term encompassing elevated temperature techniques for the 

extraction and processing of metals for use or disposal. High-temperature processing increases 

the rate of reaction and often makes the reaction equilibrium more favorable, lowering the 

required reactor volume per unit output. Some processes that clearly involve both metal extraction 

and recovery include roasting, retorting, or smelting. While these processes typically produce a 

metal-bearing waste slag, metal is also recovered for reuse. A second class of pyrometallurgical 

technologies included here is a combination of high-temperature extraction and immobilization. 

These processes use thermal means to cause volatile metals to separate from the soil and report 

to the fly ash, but the metal in the fly ash is then immobilized, instead of recovered, and no metal 

is recovered for reuse. A third class of technologies are those that are primarily incinerators for 

mixed organic-inorganic wastes, but that have the capability of processing wastes containing the 

metals of interest by either capturing volatile metals in the exhaust gases or immobilizing the 

nonvolatile metals in the bottom ash or slag. Since some of these systems may have applicability 

to some cases where metal contamination is the primary concern, a few technologies of this type 

are noted that are in the SITE program. Vitrification is not considered pyrometallurgical treat-

ment, since there is typically neither a metal extraction nor a metal recovery component in the 

process; (b) pyrometallurgical processing is usually preceded by physical treatment to produce 

a uniform feed material and upgrade the metal content. Solids treatment in a high-temperature 

furnace requires efficient heat transfer between the gas and solid phases while minimizing par-

ticulate in the off-gas. The particle-size range that meets these objectives is limited and is specific 

to the design of the process. The presence of large clumps or debris slows heat transfer; hence 

pretreatment to either remove or pulverize oversized material is normally required. Fine particles 

are also undesirable because they become entrained in the gas flow, increasing the volume of dust 

to be removed from the flue gas. The feed material is sometimes pelletized to give uniform size. 

In many cases, a reducing agent and flux may be mixed in prior to pelletization to ensure good 

contact between the treatment agents and the contaminated material and to improve the gas flow 

in the reactor. 

Radiation: Energy transfer in the form of electromagnetic waves or particles that release energy 

when absorbed by an object. 

Radiative forcing: (a) A change in the balance between incoming solar radiation and outgoing 

infrared radiation. (b) A measure of the influence of a particular factor (e.g., greenhouse gas (GHG), 

aerosol, or land use change) on the net change in the Earth’s energy balance. 
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Rated output (RO): It means the maximum power or thrust available for takeoff at standard 

day conditions as approved for the engine by Federal Aviation Administration (FAA) of the US 

Department of Transportation (USDOT), including reheat contribution where applicable, but exclud-

ing any contribution due to water injection. Rated output is expressed in kilowatts for turboprop 

engines and in kilonewtons for turbojet and turbofan engines to at least three significant figures. 

Rated pressure ratio (rPR): It means the ratio between the combustor inlet pressure and the 

engine inlet pressure achieved by an engine operating at rated output, expressed to at least three 

significant figures. 

RCRA corrective action levels: As proposed in 1990, this rule establishes processes to develop 

site-specific levels for contaminants in soil and ground water. Remedial action is required when 

contamination exceeds these levels. MCLs serve as the action levels for substances with MCLs. For 

other hazardous substances, the action level is based on increased cancer risks (with one standard 

for known and probable carcinogens and a second standard for possible carcinogens). The result-

ing standards are generally as stringent as the site-specific levels often agreed to for a Super and 

cleanup. 

Red mud or bauxite residue: It is a waste generated from alumina refinery which is highly 

alkaline in nature with a pH of 10.5–12.5. Red mud may become alkali seepage in ground water or 

alkaline dust in air posing serious environmental problems. Neutralization with acid or an acidic 

waste may make red mud less hazardous. 

Replenishment (spent plating solution management): It is a process operation in metal-finishing 

industry for spent plating solution management that periodically discharges a portion of the plat-

ing solution and replaces it with fresh water containing fresh chemicals. This practice can help to 

extend bath life, and there are various automated bath monitoring and replenishing systems cur-

rently available for this purpose. Alternatively, baths can be adjusted manually by the operator after 

monitoring key bath characteristics, such as pH or metal concentration. The effectiveness of a bath 

can be maintained by this replenishment operation (i.e., disposing of only a portion of the bath and 

replenishing the remainder with fresh chemicals and water). 

Resource Conservation and Recovery Act (RCRA): It is the law from which federal hazardous 

waste management regulations derive their authority. 

Reuse, recycling, and recovery (RRR): It is a pollution prevention (P2) method including both 

onsite and offsite activities, including: direct use or reuse of the waste material in a process; recla-

mation by recovering secondary materials for a separate end-use; and removing impurities from a 

waste to obtain a relatively pure, reusable substance. 

Reverse osmosis (RO): It is a physicochemical process of forcing a solution through a membrane 

to separate out dissolved substances. Reverse osmosis is typically used as a method of desalinating 

sea water, recovering waste water from paper mill operations, industrial water treatment, chemical 

separations, and food processing. 

Reverse osmosis (RO), electroplating waste treatment: (a) Most RO systems consist of a housing 

that contains a membrane and feed pump. There are four basic membrane designs: plate-and-frame, 

spiral-wound, tubular, and hollow-fiber. The most common types of membrane materials are cel-

lulose acetate, polyether/amide, and polysulfones; (b) RO recovers plating chemicals from plating 

rinsewater by removing water molecules with a semipermeable membrane. The membrane allows 

water molecules to pass through, but blocks metallic salts and additives; (c) Diluted or concen-

trated rinsewaters are circulated through the membrane at pressures greater than aqueous osmotic 

pressure. This action results in the separation of water from the plating chemicals. The recovered 

chemicals can be returned to the plating bath for reuse, and the permeate, which is similar to the 

condensate from an evaporator, can be used as makeup water. RO units work best on dilute solu-

tions; (d) RO design is dependent upon the type of chemicals in the plating solution and the dragout 

solution rate. Certain chemicals require specific membranes. For instance, polyamide membranes 

work best on zinc chloride and nickel baths, and polyether/amide membranes are suggested for 

chromic acid and acid copper solutions. The flow rate across the membrane is very important. 
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It should be set at a rate to obtain maximum product recovery. RO systems have a 95% recovery rate 

with some materials and with optimum membrane selection; and (e) RO energy usage is much lower 

than for other recovery systems and plating chemicals can be recovered from temperature-sensitive 

solutions. RO membrane is susceptible to fouling and can concentrate impurities along with plating 

chemicals, which degrade plating quality. 

Rhizofiltration: uses plant roots to absorb, concentrate, and precipitate metals from wastewater, 

which may include leachate from soil. Rhizofiltration uses terrestrial plants instead of aquatic plants 

because the terrestrial plants develop much longer, fibrous root systems covered with root hairs that 

have extremely large surface areas. This variation of phytoremediation uses plants that remove met-

als by sorption, which does not involve biological processes. The use of plants to translocate metals 

to shoots is a slower process than phytoextraction. Rhizofiltration involves the construction of wet-

lands or reed beds for the treatment of contaminated wastewater or leachate. The technology is cost 

effective for the treatment of large volumes of wastewater that have low concentrations of metals. 

Rhodium electroplating: (a) Rhodium plating traditionally has been used as decorative plating 

in jewelry and silverware and for electronics and other industrial applications; (b) for decorative 

plating, rhodium baths contain 1.3–2.0 g/L (0.17–0.27 oz/gal) of rhodium phosphate or rhodium 

sulfate concentrate and 25–80 ml/L (3.0–11 oz/gal) of phosphoric or sulfuric acid; and (c) for indus-

trial and electronic applications, rhodium plating baths contain approximately 5.0 g/L (0.67 oz/gal) 

of rhodium metal as sulfate concentrate and 25–50 ml/L (3.0–7.0 oz/gal) of sulfuric acid. Cathode 

efficiency ranges from 70% to 90% with agitation or 50 to 60% without agitation. 

Rinse water management, electroplating: The following steps should be applied: (a) Reuse 

the acid rinse effluent as influent for the alkaline rinse tank, thus allowing the fresh water feed to 

the alkaline rinse tank to be turned off (reactive rinsing). This can also be applied to process tank 

rinses; (b) treat rinsewater effluent to recover process bath chemicals. This allows the reuse of the 

effluent for rinsing or neutralization prior to discharge; (c) reuse the spent reagents from the process 

baths in the wastewater treatment process; (d) recycle spent solvents on site or offsite; (e) Use treat-

ment technologies to recycle rinsewaters in a closed loop or open loop system; (f) some recycling 

and most treatment processes require a permit. Be sure to contact the local Department of Health 

Services regional office to determine if there is a need for a permit to treat or recycle the wastes; 

(g) pretreat process water to reduce the natural contaminants that contribute to the sludge volume; 

(h) use treatment chemicals that reduce sludge generation (e.g., caustic soda instead of lime); (i) use 

sludge dewatering equipment to reduce sludge volume; (j) use treatment technologies (such as ion 

exchange, evaporation, and electrolytic metal recovery) that do not use standard precipitation/clari-

fication methods that generate heavy metal sludge. 

Ruthenium electroplating: Electroplated ruthenium is a very good electrical conductor and 

produces a very hard deposit. Typical ruthenium plating baths contain 5.3 g/L (0.71 oz/gal) of ruthe-

nium as sulfamate or nitrosyl sulfamate and 8.0 g/L (1.1 oz/gal) of sulfamic acid. Cathode efficiency 

is typically about 20%. 

Salt bath descaling: It is the process of removing surface oxides or scale from a workpiece by 

immersion of the workpiece in a molten salt bath or a hot salt solution. The work is immersed in the 

molten salt (temperatures range from 400°C to 540°C [750–1,000°F]), quenched with water, and 

then dipped in acid. Oxidizing, reducing, and electrolytic baths are available, and the particular type 

needed depends on the oxide to be removed. 

Sand blasting: It is the process of removing stock, including surface films, from a workpiece by 

the use of abrasive grains pneumatically impinged against the workpiece. The abrasive grains used 

include sand, metal shot, slag, silica, pumice, or natural materials such as walnut shells. 

Secondary standard, air emission: It is a pollution limit based on environmental effects such 

as damage to property, plants, visibility, etc. Secondary standards are set for criteria air pollutants. 

Sequencing batch reactor, physicochemical (PC-SBR): It is a batch physicochemical (PC) 

sequencing batch reactor (SBR) that all process steps are accomplished in one single tank, and 

operated in the sequence of chemical feeding/mixing, coagulation-precipitation, flocculation (slow 
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mixing), and clarification (sedimentation or flotation), and the sequence of operation repeats as 

operational cycles. 

Shearing: It is the process of severing or cutting a workpiece by forcing a sharp edge or opposed 

sharp edges into the workpiece, stressing the material to the point of shear failure and separation. 

Silver electroplating: Typical silver plating baths contain 5.0–40 g/L (0.67–5.3 oz/gal) of silver 

as potassium silver cyanide and 12–120 g/L (1.6–16 oz/gal) of potassium cyanide. 

Sintering: It is the process of forming a mechanical part from a powdered metal by fusing the 

particles together under pressure and heat. The temperature is maintained below the melting point 

of the basis metal. 

Site investigation of contamination: When a property may be contaminated, the first major step 

is to investigate the contamination. This investigation seeks to determine: (a) Is there contamina-

tion? (b) What caused the contamination? (c) How far has the contamination spread? What envi-

ronmental media (soil, sediments, ground water, and surface water) have become contaminated? 

(d) What pollutants are present in contaminated areas and in what concentrations? (e) What are the 

reportable levels of contamination? And (f) Has a reportable release occurred? 

Site remediation cleanup criteria, cleanup to precontamination (i.e., background) levels: 

This criteria requires removing or treating the contaminant until the area contaminated by the 

release has the same characteristics as an area unaffected by a release. The definition of background 

levels is usually subject to much debate and is typically agreed to on a case-by-case basis. 

Site remediation cleanup criteria, levels based on health-based criteria: This approach 

requires cleanup to levels that protect human health and the environment. Sufficient cleanup is 

conducted to ensure that exposure to any remaining contaminants is at levels deemed “safe” or 

“acceptable” by regulatory agencies. 

Site remediation cleanup criteria, levels specified by existing standards and guidelines: This 

approach sets cleanup levels based on standards that have been established specifically for cleanups 

or for other purposes, such as Safe Drinking Water Standards, CERCLA Soil. Screening Levels, or 

RCRA Corrective Action Rules. 

Site remediation cleanup criteria, limits of analytical detection or lower: This criteria 

requires cleanup to a concentration that is at or below the concentration that can be detected with 

current analytical technology. 

Site remediation cleanup criteria, precedent levels: This criteria requires cleanup to levels 

achievable by or specified in remedial action plans for other, similar sites. 

Site remediation cleanup criteria, technology-based levels: This criteria requires cleanup to 

the extent that it is technologically possible using proven remediation technologies. USEPA tracks 

and reviews remediation and treatment technologies to establish or revise specific performance 

standards. 

Site remediation cleanup level: In the past, the appropriate cleanup level for most remedial 

actions usually was decided on a case-by-case basis. In making this determination, the US Federal 

or state agency involved typically considered some or all of the following factors: (a) Site-specific 

considerations; (b) Cost; (c) Technical feasibility and efficiency; and (d) Relevant standards and 

cleanup criteria

Site remediation, Federal Standards and Guidelines: The cleanup criteria for sites listed on the 

National Priorities List (NPL) are based on Applicable or Relevant and Appropriate Requirements 

(ARARs). ARARs are the relevant federal environmental laws, and any more stringent state laws, 

that address conditions at the site. Box 13-2 summarizes some of the important federal standards 

that may address conditions at a site. ARARs may be modified based on local public or state input 

and site-specific considerations, provided protection of public health and the environment is still 

ensured. 

Sludge drying beds: it is a thermal process: (a) method: sludge dewatered by means of gravity 

drainage and natural evaporation; (b) system component: beds of highly permeable gravel and sand 

underlain by drain pipes. 
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Small Business Liability Relief and Brownfields Revitalization Act (SBLRBRA): It is 

the amendment to Comprehensive Environmental Response, Compensation, and Liability Act 

(CERCLA), that describes a brownfield as “real property, the expansion, redevelopment or reuse of 

which may be complicated by the presence of a hazardous substance, pollutant, or contaminant,” 

and assists conversion of contaminated brownfield to useful real properties. 

Smog: It is a criteria air pollutant. A mixture of pollutants, principally ground-level ozone, 

produced by chemical reactions in the air involving smog-forming chemicals. A major portion of 

smog-formers comes from burning petroleum-based fuels such as gasoline. Other smog-formers, 

volatile organic compounds, are found in products such as paints and solvents. Smog can harm 

health, damage the environment, and cause poor visibility. Major smog occurrences are often linked 

to heavy motor vehicle traffic, sunshine, high temperatures, and calm winds or temperature inver-

sion (weather condition in which warm air is trapped close to the ground instead of rising). Smog 

is often worse away from the source of the smog-forming chemicals, since the chemical reactions 

that result in smog occur in the sky while the reacting chemicals are being blown away from their 

sources by winds. 

Smoke number: It means a dimensionless value quantifying smoke emissions as calculated 

according to International Civil Aviation Organization (ICAO) Annex 16. 

Sodium/potassium stannate plating baths (tin electroplating): They include 90–180 g/L (12–

24 oz/gal) of sodium stannate or 100–200 g/L (13–27 oz/gal) of potassium stannate and 40–80 g/L 

(5.3–11 oz/gal) of tin metal. 

Soil: Complex mixture of inorganic minerals (i.e., mostly clay, silt, and sand), decaying organic 

matter, water, air and living organisms. 

Soil carbon: A major component of the terrestrial biosphere pool in the carbon cycle. The 

amount of carbon in the soil is a function of the historical vegetative cover and productivity, which 

in turn is dependent in part upon climatic variables. The amount of carbon in the soil is a function 

of the historical vegetative cover and productivity which in turn is dependent in part upon climatic 

variables. 

Soil flushing: (a) It is the in situ extraction of contaminants from the soil via an appropriate 

washing solution. Water or an aqueous solution is injected into or sprayed onto the area of con-

tamination, and the contaminated elutriate is collected and pumped to the surface for removal, 

recirculation, or onsite treatment and reinjection. The technology is applicable to both organic and 

inorganic contaminants, and metals in particular. For the purpose of heavy metals remediation, 

soil flushing has been operated at full scale, but for a small number of sites; (b) Soil flushing uses 

water, a solution of chemicals in water, or an organic extractant to recover contaminants from the 

in situ material. The contaminants are mobilized by solubilization, formation of emulsions, or a 

chemical reaction with the flushing solutions. After passing through the contamination zone, the 

contaminant-bearing fluid is collected by strategically placed wells or trenches and brought to 

the surface for disposal, recirculation, or onsite treatment and reinjection. During elutriation, the 

flushing solution mobilizes the sorbed contaminants by dissolution or emulsification; (c) One key 

to efficient operation of a soil flushing system is the ability to reuse the flushing solution, which is 

recovered along with groundwater. Various water treatment techniques can be applied to remove 

the recovered metals and render the extraction fluid suitable for reuse. Recovered flushing fluids 

may need treatment to meet appropriate discharge standards prior to their release to a POTW or 

receiving waters. The separation of surfactants from recovered flushing fluid, for reuse in the pro-

cess, is a major factor in the cost of soil flushing. Treatment of the flushing fluid results in process 

sludges and residual solids, such as spent carbon and spent ion-exchange resin, which must be 

appropriately treated before disposal. Air emissions of volatile contaminants from recovered flush-

ing fluids should be collected and treated, as appropriate, to meet applicable regulatory standards. 

Residual flushing additives in the soil may be a concern and should be evaluated on a site-specific 

basis. Subsurface containment barriers can be used in conjunction with soil flushing technology to 

help control the flow of flushing fluids. 
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Soil remediation technologies: soil cleanup techniques can be divided into two categories for 

treating soils contaminated with petroleum or volatile organic compounds (VOCs) (i.e., solvents): 

(a) ex situ  (out of ground) soil remediation technologies: Generally, ex situ techniques require exca-

vation followed by either direct disposal or treatment. Treated soils may be reused as fill or con-

struction material, or they may require disposal, but at a lower cost than untreated soil. Ex situ 

excavation, may be followed by any of these procedures: (a1) disposal at permitted facility; (a2) 

onsite or offsite asphalt batching; (a3) biological treatment in containers; (a4) low- or high-temper-

ature soil roasting; and (a5) incineration; and (b) in situ  (in place) soil remediation technologies: 

These technologies either reduce the volume and/or toxicity of contaminants or stabilize the con-

tamination in place; In situ remediation may be followed by any of these method: (b1) capping with 

a low-permeability covering; (b2) soil vapor extraction (vapors could then be directly discharged, 

incinerated, catalytically oxidized, or treated via carbon adsorption); (b3) biological enhancement; 

and (b4) bioventing. 

Soil washing: It is an ex situ oil remediation technology that uses a combination of physical 

separation and aqueous-based separation unit operations to reduce contaminant concentrations to 

site-specific remedial goals. Although soil washing is sometimes used as a stand-alone treatment 

technology, more often it is combined with other technologies to complete site remediation. Soil 

washing technologies have successfully remediated sites contaminated with organic, inorganic, and 

radioactive contaminants. The technology does not detoxify or significantly alter the contaminant 

but transfers the contaminant from the soil into the washing fluid or mechanically concentrates the 

contaminants into a much smaller soil mass for subsequent treatment. Soil washing systems are quite 

flexible in terms of the number, type, and order of processes involved. Soil washing is performed 

on excavated soil and may involve some or all of the following, depending on the contaminant-soil 

matrix characteristics, cleanup goals, and the specific process employed: (a) Mechanical screening 

to remove various oversized materials; (b) crushing to reduce applicable oversize to suitable dimen-

sions for treatment; (c) physical processes (e.g., soaking, spraying, tumbling, and attrition scrubbing) 

to liberate weakly bound agglomerates (e.g., silts and clays bound to sand and gravel) followed by 

size classification to generate coarse-grained and fine-grained soil fraction(s) for further treatment; 

(d) treatment of the coarse-grained soil fraction(s); (e) treatment of the fine-grained fraction(s); and 

(f) management of the generated residuals. 

Solar energy: Also called solar radiation. Energy from the Sun. Also referred to as short-wave 

radiation. Of importance to the climate system, solar radiation includes ultraviolet radiation, visible 

radiation, and infrared radiation. It also includes indirect forms of energy such as wind falling or 

flowing water’s hydropower, ocean thermal gradients, and biomass, which are produced when direct 

solar energy interact with the Earth. 

Solar radiation: Radiation emitted by the Sun. It is also referred to as short-wave radiation. 

Solar radiation has a distinctive range of wavelengths (spectrum) determined by the temperature of 

the Sun. Of importance to the climate system, solar radiation includes ultraviolet radiation, visible 

radiation, and infrared radiation. 

Soldering: It is the process of joining metals by flowing a thin, capillary thickness layer of non-

ferrous filler metal into the space between them. Bonding results from the intimate contact produced 

by the dissolution of a small amount of base metal in the molten filler metal, without fusion of the 

base metal. The term “soldering” is used where the temperature range falls below 425°C (800°F). 

Solid Waste: In general, it is any solid, liquid, semi-solid, or contained gaseous material that is 

discarded. 

Solidification/Stabilization (S/S) Functions: S/S technology is usually applied by mixing con-

taminated soils or treatment residuals with a physical binding agent to form a crystalline, glassy, 

or polymeric framework surrounding the waste particles. In addition to the microencapsulation, 

some chemical fixation mechanisms may improve the waste’s leach resistance. Other forms of 

S/S treatment rely on macroencapsulation, where the waste is unaltered but macroscopic par-

ticles are encased in a relatively impermeable coating, or on specific chemical fixation, where the 
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contaminant is converted to a solid compound resistant to leaching. S/S treatment can be accom-

plished primarily through the use of either inorganic binders (e.g., cement, fly ash, and/or blast 

furnace slag) or organic binders such as bitumen. Additives may be used, for example, to convert 

the metal to a less mobile form or to counteract adverse S/S aims to accomplish one or more of 

the following objectives: (a) Improve the physical characteristics of the waste by producing a solid 

from liquid or semiliquid wastes; (b) reduce the contaminant solubility by formation of sorbed 

species or insoluble precipitates (e.g., hydroxides, carbonates, silicates, phosphates, sulfates, or 

sulfides); (c) decrease the exposed surface area across which mass transfer loss of contaminants 

may occur by the formation of a crystalline, glassy, or polymeric framework that surrounds the 

waste particle; and (d) limit the contact between transport fluids and contaminants by reducing the 

material’s permeability. 

Solidification: It is a process that encapsulates a waste to form a solid material and to restrict 

contaminant migration by decreasing the surface area exposed to leaching and/or by coating the 

waste with low-permeability materials. Solidification can be accomplished by a chemical reaction 

between a waste and binding (solidifying) reagents or by mechanical processes. Solidification of 

fine waste particles is referred to as microencapsulation, whereas solidification of a large block or 

container of waste is referred to as macroencapsulation. 

Solvent degreasing: It is a process for removing oils and grease from the surfaces of a work-

piece by the use of organic solvents, such as aliphatic petroleum, aromatics, oxygenated hydrocar-

bons, halogenated hydrocarbons, and combinations of these classes of solvents. However, ultrasonic 

vibration is sometimes used with liquid solvent to decrease the required immersion time with com-

plex shapes. Solvent cleaning is often used as a precleaning operation such as prior to the alkaline 

cleaning that precedes plating, as a final cleaning of precision parts, or as a surface preparation for 

some painting operations. 

Solvent extraction: Solvent extraction involves use of an organic solvent as an extractant to 

separate contaminants from soil. The organic solvent is mixed with contaminated soil in an extrac-

tion unit. The extracted solution is then passed through a separator, where the contaminants and 

extractant are separated from the soil. 

Source reduction: It is an in-plant practice that reduces, avoids, or eliminates the generation of 

waste containing toxic materials. Source reduction includes input substitution, technology modifi-

cation, good housekeeping practices, and product reformulation. 

Source: (a) It is any process or activity that releases a greenhouse gas, an aerosol, or a precur-

sor of greenhouse gas into the atmosphere; (b) It is any place or object from which pollutants are 

released. A source can be a power plant, factory, dry cleaning business, gas station, or farm. Cars, 

trucks, and other motor vehicles are sources, and consumer products and machines used in industry 

can be sources too. 

Sputtering: It is the process of covering a metallic or nonmetallic workpiece with thin films of 

metal. The surface to be coated is bombarded with positive ions in a gas discharge tube, which is 

evacuated to a low pressure. 

Stabilization: It refers to processes that involve chemical reactions that reduce the leachability 

of a waste. Stabilization chemically immobilizes hazardous materials (such as heavy metals) or 

reduces their solubility through a chemical reaction. The physical nature of the waste may or may 

not be changed by this process. 

Standard day conditions: It means the following ambient conditions: Temperature = 15°C, spe-

cific humidity = 0.00634 kg H O/kg dry air, and pressure = 101.325 kPa. 

2

Stannous fluoborate plating baths (tin electroplating): They include 75–110 g/L (10–15 oz/

gal) of stannous fluoborate, 30–45 g/L (4.0–6.0 oz/gal) of tin, 190–260 g/L (25–35 oz/gal) of fluo-

boric acid, and 23–38 g/L (3.0–5.0 oz/gal) of boric acid. Cathode efficiencies are greater than 95%. 

Stannous sulfate plating baths (tin electroplating): They include 15–45 g/L (2.0–6.0 oz/gal) 

of stannous sulfate, 7.5–22.5 g/L (1.0–3.0 oz/gal) of stannous tin, and 135–210 g/L (18–28 oz/gal) of sulfuric acid; Cathode efficiencies are greater than 95%. 
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State implementation plan (SIP): It is a detailed description of the programs a state will use to 

carry out its responsibilities under the Clean Air Act (CAA). State implementation plans are col-

lections of the regulations used by a state to reduce air pollution. The Clean Air Act requires that 

USEPA approve each state implementation plan. Members of the public are given opportunities to 

participate in review and approval of state implementation plans. 

Stationary source, air emission: It is a place or object from which pollutants are released 

that does not move around. Stationary sources include power plants, gas stations, incinerators, 

houses, etc. 

Storage: It is the holding of hazardous waste for a temporary period, at the end of which the 

hazardous waste is treated, disposed of, or stored elsewhere. 

Stratosphere: (a) The region of the atmosphere above the troposphere, and between the tro-

posphere and mesosphere. The stratosphere extends from about 8–50 km (6–31 miles) in altitude. 

Specifically it has a lower boundary of approximately 8 km at the poles to 15 km at the equator and 

an upper boundary of approximately 50 km. Depending upon latitude and season, the temperature in 

the lower stratosphere can increase, be isothermal, or even decrease with altitude, but the tempera-

ture in the upper stratosphere generally increases with height due to absorption of solar radiation by 

ozone. So the stratosphere gets warmer at higher altitudes. In fact, this warming is caused by ozone 

absorbing ultraviolet radiation. Warm air remains in the upper stratosphere, and cool air remains 

lower, so there is much less vertical mixing in this region than in the troposphere. Commercial air-

lines fly in the lower stratosphere; (b) it is a part of the atmosphere of gases that encircle the Earth. 

The stratosphere is a layer of the atmosphere 9–31 miles above the Earth. Ozone in the stratosphere 

filters out harmful sun rays, including a type of sunlight called ultraviolet B, which has been linked 

to health and environmental damage. 

Sulfide precipitation and clarification, metal-finishing waste treatment: (a) Sulfide pre-

cipitation: It is chemical process involving the use of ferrous sulfide as both a reducing agent 

and a precipitating agent for direct reduction/precipitation and then removal of hexavalent chro-

mium from a metal-finishing waste stream. Ferrous sulfide acts as a reducing agent at pH 8–9 for 

reduction of hexavalent chromium [reducing Cr(VI) to Cr(III)] and then precipitates the trivalent 

chromium Cr(III) as an insoluble chromium sulfide in one chemical steps; (b) clarification: The 

insoluble chromium sulfide produced from the sulfide precipitation step can then be separated by 

clarification (sedimentation or dissolved gas flotation). By applying ferrous sulfide as a reducing 

agent/ precipitating agent to a plating waste with an initial hexavalent chromium concentration of 

130 mg/L and total chromium concentration of 155 mg/L [Cr(VI) + Cr(III)], an effluent quality of 

less than 0.05 mg/L of either chromium species can be achieved when a sulfide precipitation and 

clarification process system was used. The new process is applicable for removal of all heavy metals 

from the metal-finishing waste stream (including electroplating waste stream). 

Sulfur dioxide: It is a criteria air pollutant. Sulfur dioxide is a gas produced by burning coal, 

most notably in power plants. Some industrial processes, such as production of paper and smelting 

of metals, produce sulfur dioxide. Sulfur dioxide is closely related to sulfuric acid, a strong acid. 

Sulfur dioxide plays an important role in the production of acid rain. 

Sulfuric acid pickling: It is a chemical acid pickling process involving the use of sulfuric acid 

as the main ingredient of a pickle liquor for removing impurities, stains, rust, or scale from a metal 

surface. If the metal surface is iron and the rust is iron oxide, ferrous sulfate is formed from the 

reaction of iron oxides with sulfuric acid. 

Superfund Amendments and Reauthorization Act (SARA): The Superfund Amendments and 

Reauthorization Act (SARA) of 1986 reauthorized CERCLA to continue cleanup activities around 

the country. Several site-specific amendments, definitions clarifications, and technical requirements 

were added to the legislation, including additional enforcement authorities. Also, Title III of SARA 

authorized the Emergency Planning and Community Right-to-Know Act (EPCRA). 

Superfund Innovative Technology Evaluation (SITE) program: It is a USEPA program 

which evaluates many emerging and demonstrated technologies to promote the development and 
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use of innovative technologies to clean up Superfund sites across the country. The major focus of 

SITE is the Demonstration Program, which is designed to provide engineering and cost data for 

selected technologies. 

Superfund Sites: (a) USEPA cleans up orphan sites when potentially responsible parties cannot 

be identified or located, or when they fail to act. Through various enforcement tools, USEPA obtains 

private party cleanup through orders, consent decrees, and other small party settlements. USEPA 

also recovers costs from financially viable individuals and companies once a response action has 

been completed; (b) USEPA is authorized to implement the Act in all 50 states and U.S. territories. 

Superfund site identification, monitoring, and response activities in states are coordinated through 

the state environmental protection or waste management agencies. 

Superfund soil screening levels (SSLs): In 1993, USEPA proposed specific soil concentrations 

for 30 contaminants. These concentrations are used as a screening tool to determine which sites will 

likely require further remedial investigation. Contamination levels below those listed in the SSLs 

usually do not require cleanup. However, some states have established more stringent screening 

and/or cleanup levels. In April 1996, USEPA expanded the original list of 30 contaminants to 110 

contaminants. The current SSLs are available through the National Technical Information Service 

(NTIS) (Document Numbers: PB96-963505, PB96-963502)

Surface water: Surface water is different from ground water. Surface water includes rivers, 

lakes, streams, ponds, estuaries, and other natural bodies of water above the ground surface. Ground 

water refers to underground reservoirs or aquifers, many of which are used as sources for drinking 

water. Ground water is protected by the Safe Drinking Water Act and other laws. 

Surfactant: It is any compound that reduces surface tension when dissolved in a solution, or 

which reduces the tension at the interface of two liquids or a liquid and a solid. There are three 

basic classes of surfactants: (a) detergents, wetting agents, and emulsifiers; or (b) cationic, anionic 

and non-ionic

Tank: It is a stationary device, designed to contain an accumulation of hazardous waste. Typically 

constructed out of wood, concrete, steel, or plastic. 

Technology modification: It is a pollution prevention (P2) method including control improve-

ment, energy and water conservation, process redesign, process modification, equipment changes, 

and other technology changes that reduce waste generation. 

Testing: It is the application of thermal, electrical, or mechanical energy to determine the suit-

ability or functionality of a component or complete assembly. 

Thermal cutting: It is the thermal process of cutting, slotting, or piercing a workpiece using an 

oxyacetylene oxygen lance or electric arc cutting tool. 

Thermal infusion: It is the process of applying fused zinc, cadmium, or other metal coating 

to a ferrous workpiece by imbuing the surface of the workpiece with metal powder or dust in the 

presence of heat. 

Thermal oxidation: It is a thermal process that is useful for destroying cyanide. Thermal destruc-

tion of cyanide can be accomplished through either high-temperature hydrolysis or combustion. At 

temperatures between 140°C and 200°C and a pH of 8, cyanide hydrolyzes quite rapidly to produce 

formate (HCOO-) and ammonia (NH . Pressures up to 100 bar are required, but the process can 

3)

effectively treat waste streams over a wide concentration range and is applicable to both rinsewater 

and concentrated solutions. In the presence of nitrates, formate and ammonia can be destroyed in 

another reactor at 150°C, to form carbon dioxide and water

Tin electroplating: Tin plating generally is performed using one of three types of plating solu-

tions: (a) Stannous fluoborate plating baths include 75–110 g/L (10–15 oz/gal) of stannous fluobo-

rate, 30–45 g/L (4.0–6.0 oz/gal) of tin, 190–260 g/L (25–35 oz/gal) of fluoboric acid, and 23–38 g/L 

(3.0–5.0 oz/gal) of boric acid. Cathode efficiencies are greater than 95%; (b) Stannous sulfate plating 

baths include 15–45 g/L (2.0–6.0 oz/gal) of stannous sulfate, 7.5–22.5 g/L (1.0–3.0 oz/gal) of stan-

nous tin, and 135–210 g/L (18–28 oz/gal) of sulfuric acid; Cathode efficiencies are greater than 95%; 
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and (c) Sodium/potassium stannate plating baths include 90–180 g/L (12–24 oz/gal) of sodium stan-

nate or 100–200 g/L (13–27 oz/gal) of potassium stannate and 40–80 g/L (5.3–11 oz/gal) of tin metal. 

Tin-lead electroplating: Tin-lead plating baths typically contain 52–60 g/L (7.0–8.0 oz/gal) of stannous tin, 23–30 g/L (3.0–4.0 oz/gal) of lead, 98–150 g/L (13–20 oz/gal) of fluoboric acid, and 

23–38 g/L (3.0–5.0 oz/gal) of boric acid. 

Tin-nickel electroplating: Tin-nickel alloy plating is used in light engineering and electronic 

applications and is used as an alternative to decorative chromium plating.; (a) Tin-nickel fluoride 

plating baths contain 49 g/L (6.5 oz/gal) of stannous chloride anhydrous, 300 g/L (40 oz/gal) of 

nickel chloride, and 56 g/L (7.5 oz/gal) of ammonium bifluoride; and (b) Tin-nickel pyrophosphate 

plating baths contain 28 g/L (3.2 oz/gal) of stannous chloride, 31 g/L (4.2 oz/gal) of nickel chloride, 

and 190 g/L (26 oz/gal) of potassium pyrophosphate. 

Tin-nickel fluoride plating baths (tin-nickel electroplating): The baths contain 49 g/L (6.5 oz/

gal) of stannous chloride anhydrous, 300 g/L (40 oz/gal) of nickel chloride, and 56 g/L (7.5 oz/gal) 

of ammonium bifluoride. 

Tin-nickel pyrophosphate plating baths (tin-nickel electroplating): The baths contain 28 g/L 

(3.2 oz/gal) of stannous chloride, 31 g/L (4.2 oz/gal) of nickel chloride, and 190 g/L (26 oz/gal) of 

potassium pyrophosphate. 

Total metal discharge (TMD): which is defined as the sum of the individual concentrations of 

copper, nickel, chromium and zinc. 

Total toxic organics (TTO): TTO is the summation of all quantifiable values greater than 

0.01 mg/L for the toxic organics specified by the US Environmental Protection Agency (U.S. EPA).:

Toxicity characteristic leachate procedure (TCLP): It is a laboratory procedure by which you 

can evaluate whether or not a solid waste possesses the hazardous characteristic of toxicity. 

Transporter, hazardous waste management: It is a person engaged in the offsite transporta-

tion of hazardous waste by air, rail highway, or water. 

Treatment: (a) It means any method, technique, or process, including neutralization, design to 

change the physical, chemical, or biological character or composition of any hazardous waste so as 

to neutralize such waste, or so as to recover energy or material resources from the waste, or so as to 

render such waste nonhazardous, or less hazardous; safer to transport, store, or dispose of; or ame-

nable for recovery, amenable for storage, or reduced in volume; (b) it is any method, technique, or 

process designed to change the nature of hazardous waste in such a way is to render it nonhazardous 

or less hazardous. 

Trivalent chromium plating: (a) Trivalent chromium baths have been developed primarily 

to replace decorative hexavalent chromium plating baths, and they currently on the market are 

proprietary. The advantages of the trivalent chromium processes over the hexavalent chromium 

process are fewer environmental concerns due to the lower toxicity of trivalent chromium, higher 

productivity, and lower operating costs; (b) there are two types of trivalent chromium processes on 

the market: (b1) single-cell trivalent chromium process: the single-cell process solution contains 

a high concentration of chlorides and the single-cell process utilizes carbon or graphite anodes 

that are placed in direct contact with the plating solution and (b2) double-cell trivalent chromium 

process: the double-cell process solution contains minimal-to-no chlorides; In addition, the dou-

ble-cell process utilizes lead anodes that are placed in anode boxes that contain a dilute sulfuric 

acid solution and are lined with a permeable membrane; (c) the disadvantages of the trivalent 

chromium process are that (c1) the process is more sensitive to chemical contamination than the 

hexavalent chromium process, and (c2) the trivalent chromium process can only plate the thick-

nesses ranging up to 0.13–25 pm (0.005–1.0 mils) and, therefore, cannot be used for most hard 

chromium plating applications. The hexavalent chromium process can plate thicknesses up to 762 

pm (30 mils). 

Troposphere: (a) The region of the atmosphere closest to the Earth. The troposphere extends 

from the surface up to about 10 km (6 miles) in altitude, although this height varies with latitude. 
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Almost all weather takes place in the troposphere. Mt. Everest, the highest mountain on Earth, 

is only 8.8 km (5.5 miles) high. Temperatures decrease with altitude in the troposphere. As warm 

air rises, it cools, falling back to Earth. This process, known as convection, means there are 

huge air movements that mix the troposphere very efficiently. (b) The lowest part of the atmo-

sphere from the surface to about 10 km in altitude in mid-latitudes (ranging from 9 km in high 

latitudes to 16 km in the tropics on average) where clouds and “weather” phenomena occur. In 

the troposphere temperatures generally decrease with height. All weather processes take place 

in the troposphere. Ozone that is formed in the troposphere plays a significant role in both the 

greenhouse gas effect and urban smog. The troposphere contains about 95% of the mass of air 

in the Earth’s atmosphere. 

Ultrafiltration: it is a physicochemical process: (a) method: process used for oily waste stream 

after emulsion breaking-gravity oil separation; (b) system component: filter modules sized on the 

basis of hydraulic loading of 1 L/min/m2. 

Ultrasonic machining: It is a mechanical process designed to remove material by the use of 

abrasive grains, which are carried in a liquid between the tool and the work and which bombard 

the work surface at high velocity. This action gradually chips away minute particles of material in a 

pattern controlled by the tool shape and contour. Operations that can be performed include drilling, 

tapping, coining, and the making of openings in all types of dies. 

Underground storage tank (UST) removal: It is mechanical process that digs up soil that is 

contaminated by gasoline or other fuels to expose underground gasoline storage tanks and piping 

systems. 

Underground storage tanks (USTs): USTs are typically constructed of steel or fiberglass, and 

usually contain gasoline or heating oils, although underground solvent storage used to be a com-

mon practice. Recently installed USTs generally must contain leak detection systems and are of 

double-wall construction. Older USTs are generally of single-wall construction, frequently riveted 

with seams, and do not contain leak detection systems. The older the UST, the greater the likeli-

hood that leakage has occurred. Although not officially USTs, concrete underground tanks, which 

are not used for petroleum product storage, are used by industry. Concrete USTs are often used for 

wastewater treatment, and frequently used for temporary storage prior to offsite effluent disposal or 

as emergency storage for treated effluent. 

Vacuum evaporators: They are also used to recover plating chemicals. They are closed systems 

that use steam heat to evaporate water under a vacuum. This results in lower boiling temperature, 

with a reduction in thermal degradation of the solution. Like atmospheric evaporators, they require 

low maintenance and are self-operating. A climbing file evaporator is an example of a vacuum 

evaporator. 

Vacuum metallizing: It is the process of coating a workpiece with metal by flash heating metal 

vapor in a high-vacuum chamber containing the workpiece. The vapor condenses on all exposed 

surfaces. 

Vapor plating: It is the process of decomposition of a metal or compound upon a heated surface 

by reduction or decomposition of a volatile compound at a temperature below the melting point of 

either the deposit or the basis material. 

Vertical barrier: It is one of the containment structures which minimizes the movement of con-

taminated groundwater offsite or limits the flow of uncontaminated groundwater on site. Common 

vertical barriers include slurry walls in excavated trenches; grout curtains formed by injecting grout 

into soil borings; vertically injected, cement bentonite grout-filled borings or holes formed by with-

drawing beams driven into the ground; and sheet-pile walls formed of driven steel. 

Vitrification: (a) The process applies high-temperature treatment aimed primarily at reducing 

the mobility of metals by incorporation into a chemically durable, leach-resistant, vitreous mass. 

Vitrification can be carried out on excavated soils as well as in situ; (b) during the vitrification 

process, organic wastes are pyrolyzed (in situ) or oxidized (ex situ) by the melt front, whereas 
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inorganics, including metals, are incorporated into the vitreous mass. Off-gases released during 

the melting process, containing volatile components and products of combustion and pyrolysis, 

must be collected and treated. Vitrification converts contaminated soils to a stable glass and crys-

talline monolith. With the addition of low-cost materials such as sand, clay, and/or native soil, 

the process can be adjusted to produce products with specific characteristics, such as chemical 

durability. Waste vitrification may be able to transform the waste into useful, recyclable products 

such as clean fill, aggregate, or higher valued materials such as erosion-control blocks, paving 

blocks, and road dividers; (c) vitrification involves use of an electric current to melt contaminated 

soil at elevated temperatures (1,600°C–2,000°C or 2900–3650°F). Upon cooling, the vitrification 

product is a chemically stable, leach-resistant, glass and crystalline material similar to obsidian or 

basalt rock. The high-temperature component of the process destroys or removes organic materi-

als. Radionuclides and heavy metals are retained within the vitrified product. Vitrification may be 

conducted in situ or ex situ. 

Volatile organic compounds (VOCs) and petroleum products: They all can dissolve in ground 

water, and can be divided into two types: (a)  Light non-aqueous phase liquid (LNAPL) that is lighter 

than water, such as toluene; If sufficient quantities are present, they can form a separate laver that 

“floats” on the ground water; and (b)  Dense non-aqueous phase liquid (DNAPL) that is heavier than 

water, such as, perchloroethylene; They can “sink” through the ground water until they encounter a 

confining layer, such as bedrock. Then they can move laterally. 

Volatile organic compounds (VOCs): Organic chemicals all contain the element carbon (C); 

organic chemicals are the basic chemicals found in living things and in products derived from liv-

ing things, such as coal, petroleum and refined petroleum products. Many of the organic chemicals 

we use do not occur in nature, but were synthesized by chemists in laboratories. Volatile chemicals 

produce vapors readily; at room temperature and normal atmospheric pressure, vapors escape eas-

ily from volatile liquid chemicals. Volatile organic chemicals include gasoline, industrial chemicals 

such as benzene, solvents such as toluene and xylene, and tetrachloroethylene (perchloroethylene, 

the principal dry cleaning solvent). Many volatile organic chemicals are also hazardous air pollut-

ants; for example, benzene causes cancer. 

Waste exchange: An organization that assists in the transfer of wastes from a generating com-

pany to another company for use as a feedstock. There are primarily two types of waste exchanges: 

active and passive. An active exchange intervenes between the generator and the potential user (e.g., 

by taking possession of the waste or locating wastes for “clients”). A passive exchange involves the 

exchange of information only. Frequently a passive exchange will maintain a catalog or newsletter 

identifying generators who can provide wastes, and consumers who can use wastes as feedstock. 

Generally the type, quantity, and description of the waste available/desired is provided. Interested 

parties are then responsible for contacting each other directly and the waste exchange plays no 

additional role. 

Waste minimization: It is a pollution prevention (P2) method: (a) involving reduction, to the 

extent feasible, of hazardous waste that is generated or subsequently, treated, stored, or disposed of; 

and (b) including any source reduction or recycling activity undertaken by a generator that results 

in either (b1) the reduction of total volume or quantity of hazardous waste, or (b2) the reduction of 

toxicity of hazardous waste, or both, so long as the reduction is consistent with the goal of minimiz-

ing present and future threats to human health and the environment. 

Waste minimization requirements, metal-finishing industry: (a) Both state (Health and 

Safety Code) and federal (40 CFR, Part 262, Subpart D) regulations require that generators of 

hazardous waste file a biennial generator’s report. Among other things, this report must include a 

description of the efforts undertaken and achievements accomplished during the reporting period 

to reduce the volume and toxicity of waste generated. The Uniform Hazardous Waste Manifest 

requires that large generators certify that they have a program in place to reduce the volume 

and toxicity of waste generated that is determined to be economically practicable. Small-quantity 
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generators must certify that they have made a good faith effort to minimize waste generation and 

have selected the best affordable waste management method available; (b) As waste reduction 

methods reduce the amount of waste generated, and also the amount subject to regulation, these 

practices can help a shop comply with the requirements while also saving money. The shop’s 

owner or manager must be committed to waste reduction and pass that commitment on to the 

employees, establish training for employees in waste reduction, hazardous material handling and 

emergency response, and establish incentive programs to encourage employees to design and use 

new waste reduction ideas. The following is a list of some common waste reduction methods for 

metal-finishing electroplating shops. 

Waste pickle liquor (WPL) or spent pickle liquor (SPL): It is a wastewater product from the 

pickling process. In steel industries, pickling process removes superficial impurities from metal 

surface using an acid solution (pickle liquor) and then generates WPL (or SPL) as a waste product 

when the pickle liquor is exhausted and unwanted. The composition of WPL varies depending on 

the types of metal treated, and the type of acid solution used (For instance, if hydrochloric acid is 

used to treat the iron surface, WPL will contain iron chlorides). WPL contains dissolved metals, 

residual free acid, and some additives, such as wetting agents and corrosion inhibitors, and is con-

sidered a hazardous waste by the USEPA. 

Waste reduction: It is a pollution prevention (P2) method emphasizing reduction in the volume 

and toxicity of waste, and including all source reduction and recycling practices performed on gas-

eous, aqueous, or solid hazardous or toxic wastes. Treating or emitting, discharging, or disposing of 

wastes after they have been generated is not waste reduction. Reducing RCRA-regulated hazardous 

wastes by proportionally increasing water discharges of toxic substances is also not an acceptable 

form of waste reduction. 

Weather: Weather is the specific condition of the atmosphere at a particular place and time. It 

is measured in terms of such things as wind, temperature, humidity, atmospheric pressure, cloudi-

ness, and precipitation. In most places, weather can change from hour-to-hour, day-to-day, and 

season-to-season. Climate in a narrow sense is usually defined as the “average weather”, or more 

rigorously, as the statistical description in terms of the mean and variability of relevant quantities 

over a period of time ranging from months to thousands or millions of years. The classical period is 

30 years, as defined by the World Meteorological Organization (WMO). These quantities are most 

often surface variables such as temperature, precipitation, and wind. Climate in a wider sense is the 

state, including a statistical description, of the climate system. A simple way of remembering the 

difference is that climate is what you expect (e.g., cold winters) and ‘weather’ is what you get (e.g., 

a blizzard). 

Welding: It is the process of joining two or more pieces of material by applying heat, pressure, or 

both, with or without filler material, to produce a localized union through fusion or recrystallization 

across the interface. Included in this process are gas welding, resistance welding, arc welding, cold 

welding, electron beam welding, and laser beam welding. 

Wet scrubbers: The wet scrubbers typically used to control emissions of chromic acid mist 

from chromium plating, and chromic acid anodizing operations are single and double packed-bed 

scrubbers. Other scrubber types used less frequently include fan-separator packed-bed and centrif-

ugal-flow scrubbers. Scrubbers remove chromic acid droplets from the gas stream by humidifying 

the gas stream to increase the mass of the droplet particles, which are then removed by impingement 

on a packed bed. Once-through water or recirculated water typically is used as the scrubbing liquid 

because chromic acid is highly soluble in water. 

Wetting agents: Wetting agents are the chemicals that lower the surface tension of process 

baths. Lowering the surface tension reduces the drainage time and also minimizes the edge effect 

(the bead of liquid adhering to the part edge); thus there is less dragout. Plating baths such as nickel 

and heavy copper cyanide also use wetting agents to maintain grain quality and provide improved 

coverage. 
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Zinc electroplating: The most widely used zinc plating solutions are categorized as: (a) acid 

chloride plating baths that contain 15–38 g/L (2.0–5.0 oz/gal) of acid chloride zinc; (b) alkaline 

noncyanide plating baths that contain 6.0–23 g/L (0.80–3.0 oz/gal) of alkaline noncyanide zinc; and 

(c) cyanide plating baths that contain 7.5–34 g/L (1.0–4.5 oz/gal) of cyanide zinc. 

Zinc-cobalt electroplating: It is one of the most widely used zinc alloy electroplating processes 

using (a) acid zinc-cobalt plating baths containing 30 g/L (4.0 oz/gal) of zinc metal and 1.9–3.8 g/L 

(0.25–0.51 oz/gal) of cobalt metal; or (b) alkaline zinc-cobalt plating baths contain 6.0–9.0 g/L 

(0.80–1.2 oz/gal) of zinc metal and 0.030–0.050 g/L (0.0040–0.0067 oz/gal) of cobalt metal. 

Zinc-iron electroplating: It is one of the most widely used zinc alloy electroplating processes 

using (a) acid zinc-iron plating baths contain 200–300 g/L (27–40 oz/gal) of ferric sulfate and 200–

300 g/L (27–40 oz/gal) of zinc sulfate; or (b) alkaline zinc-iron plating baths contain 20–25 g/L 

(2.7–3.3 oz/gal) of zinc metal and 0.25–0.50 g/L (0.033–0.067 oz/gal) of iron metal. 

Zinc-nickel electroplating: It is one of the most widely used zinc alloy electroplating processes 

using (a) acid zinc-nickel plating baths containing 120–130 g/L (16–17 oz/gal) of zinc chloride and 

110–130 g/L (15–17 oz/gal) of nickel chloride; or (b) alkaline zinc-nickel plating baths containing 

8.0 g/L (1.1 oz/gal) of zinc metal and 1.6 g/L (0.21 oz/gal) of nickel metal. 
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14.1  INTRODUCTION AND SUMMARY

14.1.1  aPPliCation of PoWdered aCtivated CarBons

Powdered activated carbons (PACs) are widely used in the treatment of water and wastewater. In 

drinking water treatment, PAC is dosed mainly for seasonal taste and odor control, and occasional 

volatile organic compounds (VOC) removal. PAC is also used in industrial physicochemical effluent 

treatment, or municipal biological wastewater treatment [1–5]. 

In wastewater treatment, the PAC is added to the aeration tank where it is mixed with the bio-

logical solids. The mixed liquor-suspended solids (MLSS) are normally settled and separated from 

the treated effluent. In a gravity clarifier, polyelectrolytes will normally be added before the clari-

fication step to enhance solid-liquid separation. If phosphorus removal is necessary, alum is often 

added at this point also. Even with polyelectrolyte addition, tertiary filtration is normally required 

to reduce the level of effluent-suspended solids. The clarifier underflow solids are continuously 

returned to the aeration tank. A portion of the carbon-biomass mixture is wasted periodically to 

maintain the desired solids inventory in the system [3,4]. 

There are six types of combined biological and physicochemical PAC process systems: (a) 

Continuous combined biological and physicochemical PAC process systems involving the use of 

sedimentation clarifiers; (b) Combined biological and physicochemical PAC sequencing batch reac-

tor systems involving the use of sedimentation clarifiers; (c) Continuous combined biological and 

physicochemical PAC process systems involving the use of dissolved air flotation (DAF) clarifiers; 

(d) Combined biological and physicochemical PAC sequencing batch reactor systems involving the 

use of DAF clarifiers; (e) Continuous combined biological and physicochemical PAC process sys-

tems involving the use of membrane filters (MF); and (f) Combined biological and physicochemical 

PAC sequencing batch reactor involving the use of membrane filters (MF) [4]. 

When PAC is dosed into an activated sludge process for combined adsorption and biochemical 

reactions, the combined process is also called the powdered activated carbon activated sludge pro-

cess (PACT) process, in which PAC still stands for powdered activated carbon, while ACT stands 

for activated sludge [4]. The conventional PACT process involves the use of a sedimentation clari-

fier for the separation of PAC-biomass from aeration effluent, while the innovative PACT process 

adapts dissolved air flotation (DAF) clarifier for separating the PAC-biomass from aeration effluent. 

Detailed technical information regarding DAF and sequencing batch reactor (SBR) can be found in 

the literature [6–12]. 

14.1.2  aPPliCations of adsorPtive BuBBle seParation ProCesses

The adsorptive bubble separation (ABS) process may be defined as the mass transfer process of a 

solid from the body of a liquid to the liquid surface by means of bubble attachment [6,9]. Common 

dissolved air flotation (DAF) is one of the ABS processes [9]. The solids to be removed by ABS or 

DAF can be in various forms, such as suspended solids (wood fiber, cotton fiber, activated sludge, 

plastic fiber, etc.), colloidal solids (algae, bacteria, titanium dioxide, turbidity, etc.), soluble organ-

ics (lignin, tannin, humic acid, protein, soluble oil, biochemical oxygen demand (BOD), chemical 

oxygen demand (COD), color, etc.), soluble inorganics (heavy metals, phosphate, sulfate, iron, man-

ganese, hardness, etc.), surface-active substances (soap, detergent, industrial surfactants, dye, etc.), 

and volatile solids (xylene, toluene, ethylbenzene, trihalomethanes, trichloroethylene, etc.) [9–17]. 

Surface-active substances (soap, detergents, etc.) are soluble, but they can attach themselves to 

the surface of gas bubbles by the chemical mechanism of surface adsorption. So, they can be sepa-

rated from water by the ABS process with or without a coagulant. Many surfactants themselves are 

used as the collector for enhancement of the ABS process [1,9]. 

In general, the extremely lightweight suspended solids (with a specific gravity less than 1), such as 

fibers, free oil, chemical flocs, fats, fine plastics, etc., can be readily separated by the non-bubble pro-

cess (plain gravity flotation) due to gravity difference between the suspended solids and the water [7]. 
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The specific gravities of PAC fine particles and activated sludge are only slightly greater than 

one. Given sufficient time without disturbance, both PAC and activated sludge will settle to the 

water bottom. With a coagulant and/or surface-active collector, insoluble PAC and activated sludge 

may attach themselves to the gas bubble surface, forming agglomerates. When the final specific 

gravity of the combined bubble-PAC-coagulant/collector agglomerates, for instance, is less than 

one (meaning lighter than water), the entire agglomerate complex will float to the water surface by 

the ABS process. In this research, both coagulant and collector are used for the separation of PAC 

by the ABS (or DAF) process. 

The colloidal solids (such as lignin, tannin, bacteria, algae, humic acids, etc.) and most soluble 

organics (soluble BOD, soluble COD, etc.) and inorganics (arsenic, iron, manganese, lead, phos-

phate, etc.) can be separated from the bulk liquid by the adsorptive bubble separation process after 

they are converted from colloidal or soluble form into insoluble form of flocs (i.e., suspended solids) 

which can then be floated to the water surface by fine gas bubbles. To facilitate the conversion, the 

coagulants and/or precipitating agents are needed [11]. This research attempts to remove humic 

acids, color colloids, turbidity colloids, odor-causing substances, arsenic, lead, coliform bacteria, 

iron, and manganese from water by ABS or DAF process. 

Volatile organic compounds (VOC), such as 1,2-dibromoethane (EDB), are volatile solids that 

can be removed by the gas-stripping effect of the ABS process. This research will determine the 

efficiency of the ABS or DAF process for EDB removal. 

The ABS processes have been named by engineers based on the physical techniques used for 

bubble generation as follows: (a) dissolved air flotation (DAF); (b) induced air flotation (IAF, or 

dispersed air flotation); vacuum flotation; (c) electroflotation (or electrolytic flotation); (d) biological 

flotation; and (e) deep-shaft flotation [9]. 

The same ABS processes have also been named by scientists based on chemical techniques used 

for solids separation: (a) foam fractionation; (b) froth flotation; (b1) precipitate flotation; (b2) ion 

flotation; (b3) molecular flotation; (b4) microflotation and colloid flotation; (b5) macroflotation and 

ore flotation; (b6) adsorption flotation; and (c) non-foaming adsorptive bubble separation (or bubble 

fractionation). The readers are referred to the literature [9] for the descriptions and definitions of the 

earlier ABS processes. 

This research investigates an ABS process which is physically named dissolved air flotation 

(DAF) process due to the use of supersaturated dissolved air for the generation of extremely fine air 

bubbles, and chemically named adsorption flotation due to the use of powdered activated carbons 

for removing pollutants from water. The following are the authors’ definitions of DAF and adsorp-

tion flotation from engineers’ view and scientists’ view, respectively:

14.1.2.1  Dissolved Air Flotation (DAF)

DAF is a process involving pressurization of air at 25–95 psig for dissolving air into water, and 

subsequent release of pressure (to one atm) under laminar flow conditions for generating extremely 

fine air bubbles (normally 20–80 μm) which become attached to the impurities to be removed. The 

airflow rate is about 1% of the influent liquid flow rate. The attachment of air bubbles to the impu-

rities can be a result of physical entrapment, electrochemical attraction, surface adsorption, and/

or gas stripping. The specific gravity of bubble-impurity agglomerate is less than one, resulting in 

buoyancy or non-selective flotation (i.e., a save-all process). In the past 40 years, DAF has been used 

mainly for sludge thickening and fiber recovery. Now, dissolved air flotation has become a high 

technology for potable water purification and wastewater treatment [13–21]. 

14.1.2.2  Adsorption Flotation

Adsorption flotation involves (a) the generation of fine gas bubbles disusing solved gas or dispersed 

gas; (b) the removal of dissolved pollutants by powdered activated carbon (PAC) in a bubble reac-

tor; (c) the use of collector’s surface adsorption for attaching PAC and other TSS to gas bubbles; 

(d) separation of the PAC-TSS-collector-bubble agglomerates (i.e., fine flocs) from water forming 
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black scum on the water surface; and (e) discharge of purified water (i.e., subnatant) near bubble 


reactor as the treated effluent. The collector can be a surfactant alone or a surfactant-coagulant 

combination. This process was found efficient for removing both dissolved organics and suspended 

solids from an industrial effluent, and for removing the emulsified oil from water [1,9]. 

14.1.3  summary

This publication introduces (a) an excellent PAC for groundwater decontamination, and (b) an inno-

vative process system consisting of PAC adsorption, chemical flocculation, dissolved air flotation 

(DAF), and sand filtration. 

In operation, PACs initially are dosed as adsorbents for removal of color, odor, EDB, total tri-

halomethanes (TTHM), and other toxic substances from a purposely contaminated groundwater. 

Subsequently, the spent PACs are flocculated by coagulants and floated to the water surface by DAF. 

Finally, the flotation clarified water is polished by automatic backwash filtration (ABF). 

In this research, a bench-scale study was initially conducted to determine the PAC dosage, 

adsorption detention time, mixing energy, flotation aid types and dosages, flocculation time, clari-

fication rate, filtration rate, DAF recycle flow, DAF air-dissolving requirements, etc. The results of 

the bench-scale study were applied to a final demonstration study using a continuous DAF-filtration 

pilot plant. 

The entire continuous PAC-DAF-filtration system was operated at 40 L/min for 6 h using 1.5 mg/L 

of anionic polymer and 2.5 mg/L of CDBAC as the flotation aid and collector, respectively. The 

plant influent, plant effluent, and floated sludge were sampled for water quality analyses after the 

system was operated for 6 h at steady conditions. The processing system reduced 100% color (from 

25 color unit (CU)), 96% turbidity (from 4.5 NTU), 100% iron (from 35 ppb), 100% of manganese 

(from 1 ppb), 98% humic acid (from 3200 ppb), 100% EDB (from 1.2 ppb), 98% TTHM (from 1265 

ppb), 99.6% odor (from 500 TON), 100% mercaptans (from 730 ppb S), 100% lead (from 6 ppb), 

and 100% arsenic (from 1000 ppb). Nearly, 100% of spent PAC (from 250 mg/L) and 100% of total 

coliform (from 3 colonies per 100 mL) were also removed by DAF and filtration. The consistency 

of the black float (scum) was analyzed to be 7.2%. DAF was controlled at 30% recycled water flow 

and 0.5 cubic foot per hour (0.014 m3/h) airflow. The sand filter was packed with 27.94 cm (11 inches) 

of quartz sand (E = 0.36 mm,  U = 1.65) and operated at 2.5 gpm per square foot (101.75 Lpm/m2). 

It is concluded that the new process system consisting of PAC adsorption, DAF clarification, and 

sand filtration is feasible for groundwater decontamination, industrial water supply, or potable water 

treatment. 

This a basic research. The research data can be applied to any manufacturer’s PAC, DAF clari-

fiers, or filters. 

14.2  INNOVATIVE PAC PROCESS TECHNOLOGIES

Powdered activated carbon (PAC) is composed of fine carbon particles with many micro-channels 

and micro-pores which provide a large surface area for adsorption of water or air pollutants. PAC is 

typically added as a slurry on an intermittent or continuous basis to remove odor- and taste-causing 

substances, heavy metals or volatile organic compounds, etc. [1–5,18]. The feasibility of using PAC 

to adsorb selected pollutants, such as odor- and taste-causing substances, humic acid, metals, vola-

tile organic compounds (VOC), and total trihalomethanes (TTHM) from aqueous phase is explored 

in this research. 

In a continuous PAC process system, the application of PAC involves five steps: (a) PAC feed-

ing; (b) rapid mixing for PAC dispersion; (c) gentle mixing for desired adsorption contact time; 

(d) chemical clarification for separation of PAC; and (e) filtration for residual PAC removal. 

In general, PAC such as Hydrodarco series is available in 35-lb. bags, 5-lb. and 25-lb. drums 

(1 lb = 454 grams), and carloads, and weighs 8–28 lbs. per cubic foot (128–448 kg/m3). Dry PAC 
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can be handled with iron or steel equipment. Wet PAC as a slurry of 1 lb. per gallon (119.947 g/L) 

maximum is handled with equipment made of stainless steel, rubber, Duriron, or bronze. 

PAC feeding can be done in the dry state using volumetric or gravimetric feeders. Alternatively, 

it can be fed in slurry form to a clarifier for the removal of impurities from aqueous phase. 

After mixing/adsorption, the PAC containing impurities can be fed to either a sedimentation 

clarifier (i.e., a conventional process system) or a dissolved air flotation system (i.e., an innovative 

process system). Filtration is a tertiary treatment process step for final polishing. 

Figure 14.1 shows a newly developed PAC process system consisting of mainly mixing/adsorp-

tion, flotation clarification, and filtration. After thorough mixing and adsorption, organic as well as 

many inorganic impurities in the aqueous phase are adsorbed onto PAC in the mixing/adsorption 

tank before entering the flotation clarifier. 

To separate the spent PAC from the aqueous phase in the flotation clarifier, some sort of floccu-

lating agent, such as polymer, surfactant, alum, ferric chloride, or ferric sulfate is usually required. 

Alkalinity supplements, such as sodium aluminate, sodium hydroxide, or lime, can be used for pH 

adjustment. 

After flotation clarification and spent PAC separation, this new PAC process system requires 

post-filtration to capture any residual powdered carbon particles. The recommended filtration pro-

cess unit is an automatic backwash filter (ABF), high-rate diatomaceous earth filter, or multi-media 

gravity filter. The processing system shown in Figure 14.1 adapts ABF, although any other filtration will be equally effective for the intended solid-water separation. 

The spent PAC separated from the flotation clarifier is discharged as sludge and can be either dis-

carded or regenerated for reuse. Regeneration can be accomplished in a furnace or wet air oxidation 

system, if/when it is economically feasible. PAC losses of 15%–60% are typical across the fluidized 

bed furnace regeneration system. 

14.3  EXPERIMENTAL MATERIALS

The two most important experimental materials for this research are the selected powdered acti-

vated carbon (see Table 14.1) and the synthetic contaminated groundwater (see the Plant Influent column of Table 14.2). 

14.3.1  synthetiC Contaminated groundWater

A natural groundwater was spiked with humic acid (supplied by Aldrich Chemical, Milwaukee, 

WI), lead nitrate (supplied by EM Science, Cherry Hill, NJ, USA), ethylene dibromide, trihalo-

methanes, (supplied by Supelco, Bellefonte, PA, USA), arsenic compound, and natural odorous 

substances for preparation of the synthetic contaminated groundwater for this research.  Table 14.2 

documents the characteristics of the synthetic contaminated groundwater. 

Arsenic trioxide (supplied by Curtin Metheson Scientific, Wayne, NJ, USA) was used to prepare 

a soluble arsenic compound for spiking. 1.320  grains of arsenic trioxide (As O ) was dissolved 

2

3

in 10 mL distilled water containing 4 grams of sodium hydroxide (supplied by Fisher Scientific, 

Lexington, MA, USA). Subsequently, the mixture was diluted to 1,000 mL with distilled water. The 

concentration of the stock arsenic solution was then 1,000 mg/L as As. 

14.3.2  PoWdered aCtivated CarBon

The major chemical used in this research was the powdered activated carbon (PAC), Hydrodarco B, 

which was supplied by American Norit Company, Inc., Jacksonville, FL, USA. This PAC con-

forms to American Water Works Association (AWWA) B-600–78 standards for potable water treat-

ment. According to the manufacturer, this adsorbent is finely ground to obtain a high degree of 

suspendability in water and to have a high capacity for the adsorption of humic acids, tannins, 

[image: Image 59]
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FIGURE 14.1  Block flow diagram of the continuous pilot plant system. 

polychlorinated biphenyls (PCBs), and other volatile organic compounds (VOCs). Table 14.1 pres-

ents the technical data of Hydrodarco B. 

One of the research objectives is to determine the technical feasibility of using Hydrodarco B 

for the removal of color, VOC, total trihalomethanes (TTHM), odor, arsenic, lead, mercaptans, and 

humic acid from contaminated groundwater. 
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TABLE 14.1

Characteristics of Powdered Activated Carbon, Hydrodarco-B

Characteristics of Hydrodarco-B

Parameters

Typical Values

AWWA Specificationsa

Iodine no. 

550

500 (minutes)

Modified phenol value

28 MPV (3.2 g/L)

30 max MPV (3.5 g/L)

Tannin valueb

200

Tannin not more than 10% greater than  

reference sample

Odor adsorption capacity

Reference sample

Taste and odor reduction not less than  

70% of reference sample

Moisture, % as packed

4%

8% max

Apparent density, g/mL

0.5 g/mL

0.2–0.75 g/mL

Particle Size Distribution %

% thru 100 mesh

99

99 minutes

% thru 200 mesh

95

95 minutes

%  thru 325 mesh

90

90 minutes

a  Hydrodarco B conforms to AWWA-B-600-78 standards for potable water treatment. 

b  ppm carbon required to reduce 20 ppm tannin to 2 ppm. 

TABLE 14.2

Characteristics of Synthetic Contaminated  

Groundwater

Parameters

Characteristics 

Temperature, °C

26

pH, Unit

7.8

Color, CU

25

Humic acid, μg/L

3,200

EDB, μg/L

1.2

TTHM, μg/L

1,265

Odor, Ton

500 

Mercaptans, μg/L

730

Arsenic, μg/L

1,000

Lead, μg/L 

6

Coliform,  #/100 mL

3

Turbidity, NTU

4.5

Aluminum, μg/L

50

Alkalinity, CaCo  mg/L

48

3

Acidity, mg/L

18

Hardness, CaCo , mg/L

80

3

Iron, μg/L

35

Manganese, μg/L

1

Suspended Solids, mg/L

0

14.3.3  ChemiCal Coagulants and ColleCtor

Anionic polymer (Magnifloc 1849A) was supplied by American Cyanamid Co., Wayne, NJ., USA. 

Cetyldimethylbenzyl ammonium chloride (CDBAC) was a cationic surfactant/flocculant that 

was approved by the U.S. Food and Drug Administration for human consumption. 
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Alum and sodium aluminate were supplied by Astro Chemicals, Springfield, MA, USA. All 

other chemical coagulants were supplied by Fisher Scientific, Lexington, MA, USA. 

14.4  ANALYTICAL PROCEDURES

Iron, manganese, pH, color, turbidity, alkalinity, lead, odor, arsenic, total coliforms, aluminum, acid-

ity, temperature, total hardness, total suspended solids (TSSs), and total trihalomethanes (TTHMs) 

were analyzed according to APHA, AWWA, WPCF “Standard Methods for the Examination of 

Water and Wastewater” [22]. 

Total mercaptans [23], humic acid [24], and cationic surfactants [25] were measured by the new Lenox Institute of Water Technology (LIWT) spectrophotometric procedures. Polyelectrolyte con-

centrations were measured by Wang’s method [18]. 

14.5  EXPERIMENTAL APPARATUS AND PROCEDURES

14.5.1  BenCh-sCale mixing and adsorPtion

14.5.1.1 Purposes

The purposes of bench-scale mixing and adsorption were the determination of (a) the optimum 

powdered activated carbon (PAC) dosage, and adsorption contact time; (b) the optimum coagulant 

dosage(s) and flocculation time for floc formation. 

14.5.1.2 Experimentation

Bench-scale PAC mixing and adsorption experiments were conducted with a Lab-Line 6-Place 

Multi-Magnestir, supplied by Fisher Scientific, Pittsburgh, PA, USA. The Multi-Magnestir stirs 

up to six 1,000-mL beakers simultaneously at speeds up to 1,200 rpm (8). Permanent drive mag-

nets quickly couple with stir bars. Its solid-state speed control accurately adjusts and maintains 

stirring speed. 

Further bench-scale chemical coagulation experiments for the selection of the optimum chemi-

cal combinations and dosages were also conducted in the same Multi-Magnestir [26]. 

The bench-scale PAC mixing and adsorption experiments involved the use of six PAC dosages 

(0, 50, 100, 250, 500, and 1,000 mg/L) for removal of the target impurities from six 1,000-mL syn-

thetic waters at various contact times (0, 5, 15, 30, 60, and 120 min) but at same 100-rpm mixing 

speed. The PAC-treated samples were taken at the end of each contact time during mixing. Each 

sample was immediately filtrated with pre-washed Millipore filter paper (0.4 μm pore size) for PAC 

removal. Each filtrate was analyzed for its residual impurities (color, humic acid, EDB, total THM, 

odor, mercaptans, arsenic, and lead). It was determined that 250 mg/L of PAC (Hydrodraco B) and 

15 min of contact would be sufficient for PAC adsorption. 

The chemicals tried in chemical coagulation experiments included ferric chloride, alum, sur-

factant (cetyldimethylbenzyl ammonium chloride, known as CDBAC, or CETOL), anionic poly-

electrolyte, and sodium aluminate. The testing samples were six 1,000-mL synthetic waters each 

containing 250 mg/L of PAC after 15 min of mixing at 100 rpm. 

14.5.1.3  Experimental Results

From preliminary chemical coagulation experiments conducted at 15 rpm speed and 3 min coagula-

tion time, it was determined that either of the following two chemical combinations would satis-

factorily coagulate the 250 mg/L of spent PAC: (a) 1.5 mg/L of anionic polymer and 2.5 mg/L of 

CDBAC; (b) 1.5 mg/L of anionic polyelectrolyte, 20.3 mg/L of alum, and 4.45 mg/L of sodium 

aluminate. 

Medium-size flocs were formed in the optimized chemical coagulation experiments when either 

chemical combination was used. 

[image: Image 60]
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14.5.2  BenCh-sCale dissolved air flotation ClarifiCation

14.5.2.1 Purposes

The purposes of this bench-scale dissolved air flotation (DAF) clarification experiments were to 

determine: (a) the flow pressurization mode of DAF; (b) the percentage of recycle flow if the recycle 

flow pressurization mode was chosen; (c) the expected float (scum) production; (d) the expected 

DAF effluent quality; and (e) other DAF operational parameters, such as the floc rising velocity, 

DAF clarification rate, minimum DAF depth, detention time, etc. 

14.5.2.2 Experimentation

Twenty liters of the synthetic water were placed in a 10-gallon (37.85-L) tank for PAC mixing and 

adsorption with 250 mg/L of Hydrodarco B. The water-PAC mixture was mixed at rapid speed (over 

100 rpm) with a mechanical mixer for 15 min. Immediately after that 1.5 mg/L of anionic polymer 

and 2.5 mg/L of CDBAC were dosed to the same mixture during mixing. After 15 s, the mixing 

speed was reduced to 15–20 rpm for an additional 3 min. 

At the end of the slow flocculation period, the mechanical mixer was turned off, and 700 mL 

(representing 30% flow recycle) of the liquid sample containing spent PACs and coagulants were 

then immediately transferred to a bench-scale dissolved air flotation (DAF) column which was a 

1,000-mL transparent graduated cylinder fitted with a sampling valve at the bottom. In addition to 

the 1,000-mL flotation column, a compressed air tank (Figure 14.2) was used for the bench-scale 

flotation experiment [26]. 

FIGURE 14.2  Laboratory dissolved air flotation (DAF) apparatus. 
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The dissolved air flotation (DAF) unit can be operated under the following three conditions: 

(a) full flow pressurization, (b) partial flow pressurization, and (c) recycle flow pressurization [26]. 

To start a DAF recycle flow pressurization experiment, the 1,000-mL graduated cylinder 

(Figure 14.2) is initially filled with the desired volume (VI) of the raw or pretreated liquid sample (i.e., influent) which is adjusted to the process temperature. The value of VI is decided based on the 

desired percentage of recycle flow as follows:

Percentage of

Influent

Recycle Water

Recycle Flow

Volume (VI)

Volume (VC)

10%

900 mL

100 mL

20%

800 mL

200 mL

30%

700 mL

300 mL

40%

600 mL

400 mL

50%

500 mL

500 mL

The compressed air tank (Figure  14.2) is then filled approximately half full with recycled water (e.g., clarified water or any source of clean water) and adjusted to the process temperature. 

The compressed air tank is subsequently pumped to a desired pressure (such as 60 psig) and 

shaken for 2 min to allow air to dissolve in the clean water. The first portion of pressurized water 

(approximately 100 mL) is released into the sink to allow any bound air to escape and clear the 

outlet. The remaining pressurized clean water (VC) is then released into the 1,000-mL gradu-

ated cylinder (which is initially filled with VI mL of the influent) by putting the outlet shaft all 

the way to the cylinder bottom and moving the shaft upward with the upward flow of the sample 

(VI + VC). Figure 14.2 is further explained by the following notes:

1. Shut-Off Valve

2. Pump Lock

3. Oil Resistant Hose (Neoprene Core)

4. Compressed Air Tank

5. Curved Extension for Easy Pressurized Fluid Distribution

6. Unobstructed Outlet



7. Rustproof Seamless Brass Pump

8. Compressed Air Adaptor and Pressure Release Valve

9. Pressure Gauge

10. Modified 1,000-Ml Graduate Cylinder with Inch Marks

11. Subnatant Draw-Off Point

12. Light Source

14.5.2.3   Recording and Sampling for Subsequent  

Water/Sludge Analyses

The rising velocity (in/min) or (cm/min) of the floating sludges or flocs is timed with a stopwatch 

by observation. After 3 min or longer, important physical characteristics of floating sludge, settled 

sludge, and subnatant were recorded. 

At least 200 mL of subnatant (i.e., DAF effluent) was drawn off from the 1,000-mL cylinder bot-

tom for testing various water quality parameters. The volume (mL/L) of floated sludge is measured 

and the consistency (mg/L) of floated sludge is determined. 

Only the recycle flow pressurization mode (30% recycle flow) was used throughout the entire 

bench-scale DAF experimental program. Therefore, VI = 700 mL,  VC = 300 mL. 
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14.5.3  BenCh-sCale sand filtration simulation

14.5.3.1 Purposes

The purposes of this bench-scale sand filtration simulation tests are: (a) deciding whether or not a 

filtration step after DAF clarification is needed; (b) sampling of filtrates for subsequent water qual-

ity analyses. 

14.5.3.2 Experimentation

The effluent from dissolved air flotation experiments was further treated by a bench-scale sand filter 

by simulated gravity filtration [26]. 

14.5.3.3  Recording and Filtrate Sampling

The filtrate, which represents the final effluent, was then collected for various water quality analyses. 

14.6  CONTINUOUS PILOT PLANT SYSTEM

14.6.1  introduCtion

The purpose of this section is to describe the continuous pilot plant which is to be used for a final 

demonstration experiment. All experimental results from Section 14.5 were used to support this final process demonstration. 

14.6.2  Continuous ProCess system desCriPtion

A process flow schematic for the newly developed PAC-DAF-filtration system is presented in 

Figure 14.1. There are three major components in the pilot plant system: (a) powdered activated car-

bon (PAC) mixing and adsorption reactor; (b) dissolved air flotation (DAF) clarifier; (c) automatic 

backwash filter (ABF) with a built-in clear well

DAF is mainly used to remove suspended impurities by flotation (rising) by decreasing their 

apparent density. The DAF cell saturates a portion of recycled effluent with air at a pressure of 

25–70 psig. The pressurized water is held at this pressure in an air-dissolving tube (ADT) for 10 s 

to 2 min and then released, resulting in the release of microscopic air bubbles that attach them-

selves to suspended particles in the water of the flotation chamber. This results in agglomerations 

which, due to the entrained air, have greatly increased vertical rise rates of about 0.5–2.0 ft/min 

(1 ft. = 30.48 cm). The floated materials rise to the surface to form a scum layer. A specially designed 

sludge collector continuously removes the floating scum. The retention time in the DAF chamber is 

usually about 3–20 min. 

The effectiveness of DAF depends upon the attachment of air bubbles to the suspended impuri-

ties which are to be removed from the influent stream. The attraction between the air bubbles and 

particles is primarily a result of the particle surface charges and bubble-size distribution. The more 

uniform the distribution of water and micro-bubbles, the shallower the DAF cell can be. The effec-

tive depth of the newly improved DAF cell is between 3 and 5 feet (i.e., 1 ft. = 0.3048 m). The surface 

scum layer can, in certain cases, attain a thickness of over one inch (2.54 cm) and can be relatively 

stable for a short period. The layer thickens with time, but undue delays in removal will cause a 

release of particulates back into the water. 

The circular automatic backwash filter (ABF) is divided into 13 equal sections in pie-shape. 

Each filter section consists of about 12 inches (0.3048 m) of high-grade silica sands (Effective 

size = 0.36 mm; uniformity coefficient = 1.65). A traveling backwash hood which is of the same size 

and in the same pie-shape, travels counterclockwise and is about one inch above the sand filter. The 

filter backwash operation starts automatically with either a timer control or a filter head loss control. 

[image: Image 61]
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FIGURE 14.3  Continuous pilot plant system consisting of chemical feeding (including PAC), dissolved air flotation (DAF), and automatic backwash filtration (ABF).  Source: Lenox Institute of Water Technology. 

During backwash, the ABF backwash hood goes down mechanically and seals one filter section 

at a time for backwashing with a backwash suction pump. After one filter section is thoroughly 

cleaned, the hood goes up by one inch (2.54 cm), and then travels counterclockwise to another filter 

section for backwashing when necessary. The filter backwash operation stops automatically after 

all filter sections are cleaned. 

More detailed information regarding the tested continuous DAF-filtration process system can be 

found in the literature [13]. Figure 14.3 shows a continuous pilot system used in this research. The 

pilot plant includes PAC feeders, DAF clarification, and ABF final polishing (Table 14.3). 

14.7  GROUNDWATER TREATMENT RESULTS AND DISCUSSION

14.7.1  environmental engineering signifiCanCe

The present development relates to a powdered activated carbon (PAC) and flotation process system 

for treating contaminated groundwater to remove toxic organic and inorganic compounds. The pro-

cessing system of this development represents a low-cost and highly efficient alternative to present 

groundwater treatment technology. 

About 70% of potable water in the United States is supplied by groundwater. Groundwater con-

tamination, which is a national major concern, is about 71% caused by industrial accidents (chemi-

cal spills, tank leaks, etc.), 16% caused by railroad or trucks’ chemical accidents, and 13% caused by leachates from lagoons or dumpsites. 

The primary reasons for treating groundwater are potable use (39%), clean-up of aquifers to 

prevent the spread of contamination (48%), and industrial and commercial use (13%). In any case, 

the potentially hazardous contaminants must be removed. Timely clean-up of aquifers to prevent 

the spread of contamination is extremely important because the damage can be beyond repair if the 

spread of contamination is too wide. 

The present technologies for groundwater treatment include air stripping without air emission 

control, granular activated carbon, and chemical oxidation. Air stripping without air emission 
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TABLE 14.3

Performance of New PAC-DAF-ABF Process System

Plant

Plant

Floated

Parameters#

Influent

Effluent

Sludge

Temperature, oC

26

26

NA

pH, Unit

7.8

7.0

NA

Color, CU

25

0

NA

Humic acid, μg/L

3,200

60

NA

EDB, μg/L

1.2

0

NA

TTHM, μg/L

1,265

25

NA

Odor, Ton

500

2

NA

Mercaptans, μg/L

730

0

NA

Arsenic, μg/L

1,000

0

NA

Lead, μg/L

6

0

NA

Coliform,  #/100 mL

3

0

NA

Turbidity, NTU

4.5

0.2

NA

Aluminum, μg/L

50

20

NA

Alkalinity, CaCo , mg/L

48

51

NA

3

Acidity, mg/L

18

17

NA

Hardness, CaCo , mg/L

80

79

NA

3

Iron, μg/L

35

0

NA

Manganese, μg/L

1

0

NA

Suspended solids, mg/L

0

0

7,250

control is not acceptable in many states. A granular activated carbon contactor is technically fea-

sible for water purification but may be economically unfeasible when it is used alone. Chemical 

oxidation is not cost-effective and may give undesirable residuals. 

The newly developed PAC-flotation-filtration process system considers affordability, perfor-

mance, governmental acceptance, secondary pollution elimination, and simplicity in operation. 

The target contaminants in this research were humic acids, color, ethylene dibromide (EDB), 

total trihalomethanes (TTHM), odor, turbidity, arsenic, lead, and coliforms. The research goal was 

to treat the contaminated groundwater and to meet the U.S. Drinking Water Standards. 

When decaying organic matter (such as leaves or algae) collects in natural waters, humic and 

fulvic acids are produced. When chlorine is added to water containing these acids, a chemical 

reaction occurs between the acids and the chlorine. In this chemical reaction, several organic 

chemical compounds are called trihalomethanes (THM). The four types of THMs most com-

monly found in water are (a) chloroform; (b) bromodichloromethane; (c) dibromochloromethane; 

and (d) bromoform. 

The total amount of THM in water is termed TTHM. Laboratory tests have shown that TTHMs 

are potential carcinogens (possible cancer-causing agents). Due to the possible dangers associated 

with THMs, the USEPA added a Maximum Contaminant Level (MCL) for TTHM to the Safe 

Drinking Water Act (SDWA) in 1979. The MCL covers only the four most common types of THMs 

mentioned earlier. The MCL for these TTHM in potable water has been set at 100 ppb. Humic acid, 

which is the precursor of TTHM and a color-causing substance, should also be removed from water 

whenever possible [15]. 

Arsenic and lead are toxic substances and their MCLs set by the USEPA are 100 ppb and 50 ppb, 

respectively. 

EDB is also named 1,2-dibromoethane, which is a common toxic contaminant in groundwater 

and must be totally removed. 
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Threshold odor number (TON) is an important odor control parameter. The odor-causing sub-

stances spiked into the synthetic water for experimentation were mercaptans. 

A groundwater source contaminated by one or more of the aforementioned toxic or undesirable 

substances must be decontaminated. 

14.7.2  results and disCussion

Experimental results for groundwater decontamination by the newly developed process system 

(shown in Figure 14.1) are very promising. Originally, the synthetic water (i.e., contaminated ground-

water) was non-potable and toxic. After treatment, the plant effluent met the U.S. Drinking Water 

Standards. The experimental approach and results are presented and discussed in the following. 

Many bench-scale PAC experiments, chemical coagulation experiments, DAF tests, and filtra-

tion simulation tests were conducted. It was concluded in the bench-scale experiments and tests that 

the process system consisting of powdered activated carbon (PAC) adsorption, dissolved air flota-

tion (DAF), and automatic backwash filtration (ABF) is indeed feasible for groundwater decontami-

nation. Color, humic acid, EDB, TTHM, odor, mercaptans, arsenic, and lead in the synthetic water 

(i.e., plant influent in Table 14.1) were successfully removed by 250 mg/L of PAC (Hydrodarco B) supplied by American Norit Company, Inc., Jacksonville, Florida. Total coliforms, turbidity, and 

spent PAC were significantly removed by the bench-scale DAF and filtration tests when either 

organic polymer and CDBAC combination, or polymer, alum, and sodium aluminate combination 

was applied as a flotation aid. 

Based on the promising bench-scale testing results, a continuous pilot plant system consisting of 

PAC adsorption, DAF, and ABF was installed for demonstration using the process design criteria 

and one of the chemical dosages determined in the bench-scale experiments:

1. 

 PAC adsorption: 250 mg/L of Hydrodarco B; 15 min adsorption contact time; rapid mixing. 

2. 

 DAF clarification: 1.5 mg/L of anionic polymer and 2.5 mg/L of CDBAC; minimum 3 min 

of flotation time; 2.5 gpm per square foot (101.75 L/min/m2) for DAF clarification; 30% 

recycle flow pressurization mode; airflow = 0.5 cubic foot per hour (0.01416 m3/h). 

3. 

 Sand filtration: Automatic backwash filtration (ABF) at 2.5 gpm per square foot (101.75 

L/min/m2); sand effective size = 0.36 mm; sand uniformity coefficient = 1.65; sand bed 

depth = 11 inches (28 cm). 

The entire continuous pilot plant system (Figure 14.3) was operated at 40 L/Min for 6 h using 1.5 mg/L of anionic polymer and 2.5 mg/L of CDBAC as the flotation aid and collector, respec-

tively. The plant influent, plant effluent, and floated sludge were sampled for various analyses 

when the entire system reached the steady state condition. The pilot plant performance results 

are documented in Table  14.3. It can be seen that the pilot plant system performed very well. 

Specifically, the processing system reduced 100% color (from 25 CU), 96% turbidity (from 4.5 

NTU), 100% iron (from 35 ppb), 100% of manganese (from 1 ppb), 98% humic acid (from 3,200 

ppb), 100% EDB (from 1.2 ppb), 98% TTHM (from 1,265 ppb), 99.6% odor (from 500 TON), 

100% mercaptans (from 730 ppb S), 100% lead (from 6 ppb), and 100% arsenic (from 1000 ppb). 

Nearly 100% of spent PAC (from 250 mg/L) and 100% of total coliform (from 3 colonies per 

100 mL) were also removed by DAF and filtration. The consistency of the black float (scum) was 

analyzed to be 7.2%. 

It is concluded that the new PAC-DAF-ABF process system consisting of PAC adsorption, DAF 

clarification, and sand filtration is feasible for groundwater decontamination, industrial water sup-

ply, or potable water treatment. Hydrodarco B is an excellent adsorbent for the removal of color, 

humic acid, volatile organic compounds (VOCs), odor, mercaptans, arsenic, and lead from the aque-

ous phase. The plant effluent will meet the U.S. Drinking Water Standards if the raw water charac-

teristics are similar to the synthetic water characteristics indicated in Table 14.1. 
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It should be noted that CDBAC (a cationic surfactant collector) is approved by the FDA for human 

consumption, but it has not been approved by the USEPA as a water treatment chemical. For potable 

water treatment using the same PAC-DAF-ABF process system, the plant manager must use another 

group of tested chemicals reported in Section 5.1 (1.5 mg/L of anionic polymer, 20.3 mg/L of alum, and 4.45 mg/L of sodium aluminate), or equivalent USEPA approved chemicals. 

GLOSSARY [6–11,20]

Adsorption flotation: It involves (a) the generation of fine gas bubbles disusing solved gas or dis-

persed gas; (b) the removal of dissolved pollutants by powdered activated carbon (PAC) 

in a bubble reactor; and (c) the use of collector’s surface adsorption for attaching PAC and 

other TSS to gas bubbles, (d) separation of the PAC-TSS-collector-bubble agglomerates 

(i.e., fine flocs) from the water forming black scum on the water surface, and (e) discharge 

of purified water (i.e., supernatant) near bubble reactor as the treated effluent. The collector 

can be a surfactant alone or a surfactant-coagulant combination. This process was found 

efficient for removing both dissolved organics and suspended solids from an industrial 

effluent, and for removing the emulsified oil from water. 

Adsorptive bubble separation (ABS) process: The ABS process may be defined as the mass trans-

fer process of a solid from the body of a liquid to the liquid surface by means of bubble 

attachment. The solid can be in dissolved, suspended, and/or colloidal form. The three 

basic mechanisms involved are physical bubble generation, bubble attachment by surface 

adsorption, and water-solids separation. Although many gases, such as carbon dioxide, 

nitrogen, hydrogen, oxygen, ozone, etc., are suitable, air is the cheapest and most readily 

available for bubble generation. The ABS processes have been named by engineers based 

on the physical techniques used for bubble generation as follows: (a) dissolved air flotation; 

(b) induced air flotation (or dispersed air flotation); vacuum flotation; (c) electroflotation 

(or electrolytic flotation); (d) biological flotation; and (e) deep-shaft flotation. The same 

ABS processes have also been named by scientists based on chemical techniques used for 

solids separation: (a) foam fractionation; (b) froth flotation; (b1) precipitate flotation; (b2) 

ion flotation; (b3) molecular flotation; (b4) microflotaton and colloid flotation; (b5) macro-

flotation and ore flotation; (b6) adsorption flotation; and (c) non-foaming adsorptive bubble 

separation (or bubble fractionation). 

Dissolved air flotation (DAF): DAF is a process involving pressurization of air at 25–95 psig 

for dissolving air into water, and subsequent release of pressure (to one atm) under lami-

nar flow conditions for generating extremely fine air bubbles (normally 20–80 μm) which 

become attached to the impurities to be removed. The airflow rate is about 1% of the 

influent liquid flow rate. The attachment of air bubbles to the impurities can be a result of 

physical entrapment, electrochemical attraction, surface adsorption, and/or gas stripping. 

The specific gravity of bubble-impurity agglomerate is less than one, resulting in buoyancy 

or non-selective flotation (i.e., a save-all process). In the past 40 years, DAF has been used 

mainly for sludge thickening and fiber recovery. Now, dissolved air flotation has become a 

high technology for potable water purification and wastewater treatment. 

Induced air flotation (IAF), or dispersed air flotation: It is a process involving the introduction 

of air directly into the water through a revolving impeller, a diffuser, or an ejector at low 

pressure (slightly higher than one atm) for generating big air bubbles (normally 80 μm 

to over one mm) in large volumes under turbulent conditions. The airflow rate is about 

400% of the influent liquid flow rate. Physical entrapment and electrochemical attrac-

tion play minor roles in a dispersed air flotation system. The attachment of air bubbles 

to the impurities is mainly a result of surface adsorption, gas stripping, and oxidation. 

Surface-active substances (inks, detergents, etc.) are selectively separated in a foam phase. 

Volatile substances are removed by gas stripping. Reducing agents, such as ferrous ions, 
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can be oxidized to ferric ions by air for subsequent separation in the ferric hydroxide form. 

Dispersed air flotation can be used in ore separation, coal purification, fiber deinking, 

wastewater treatment, water purification, surfactant separation, lignin separation, etc. 

Plain gravity flotation: If no gas is involved or used at all, the substances (such as oil, wax, etc.) are separated from the liquid by the density difference between the target substance and the 

liquid, and the process is termed plain gravity flotation. The most common plain gravity 

flotation is the oil-water separation process. 

Powdered activated carbon (PAC): PAC is composed of fine carbon particles with many 

micro-channels and micro-pores which provide a large surface area for adsorption of 

water or air pollutants. PAC is typically added as a slurry on an intermittent or continu-

ous basis to remove odor- and taste-causing substances, heavy metals or volatile organic 

compounds, etc. 
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NOMENCLATURE

AA: 

Atomic absorption

BEV: 

Battery-powered electric vehicles

CAA: 

Clean Air Act

CH3OCH3:  Dimethyl ether

CH4: Methane

CNG: 

Compressed natural gas

DCC: 

Diesel catalytic converter

DMC: 

Dimethyl carbonate

DME: 

Dimethyl ether

DME: 

Dimethyl ether

DOC: 

Diesel oxidation catalyst

DPF: 

Diesel particulate filter

DPM: 

Diesel particulate matter

DPV: 

Diesel-powered vehicle

ETBE: 

Ethyl tertiary butyl ether

EV: 

Electric vehicles

FCC: 

Fluid catalytic cracking gasoline, 

Fe(C5H5)2: Ferrocene

Fe(CO)5: 

Iron pentacarbonyl

GHG: 

Greenhouse gases

HEV: 

Fuel cells hydrogen-powered hybrid electric vehicles

ICAO: 

International Civil Aviation Organization

ICP: 

Inductively coupled plasma

IARC: 

International Agency for Research on Cancer

ICEV: 

lnternal combustion engine vehicles

IMO: 

International Maritime Organization

LNG: 

Liquefied natural gas

LPG: 

Liquefied petroleum gas

MMT: 

Methylcyclopentadienyl manganese tricarbonyl

MTBE: 

Methyl tertiary butyl ether

PGE: 

Platinum group elements

TEL: 

Tetraethyl lead

U.S. EPA: 

U.S. Environmental Protection Agency

UCC: 

Upper continental crust
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15.1 INTRODUCTION

15.1.1  environmental ProBlems

Metals comprise a complex group of elements with a broad range of toxicity, including effects on 

genes, nervous and immune systems, and the induction of cancer. Some metals (e.g., lead) are toxic 

at very low levels, whereas others (e.g., manganese) are essential to living systems at low concen-

trations, but may be toxic at higher concentrations. Metals may exist in several valence states that 

differ in toxicity and may be associated with organic matter and inorganic materials that can affect 

their toxicity. The presence of metals in the environment has received a great deal of attention in 

recent years. Their accumulation in the environment is of concern because of their persistence. 

Among metals, transition metals are particularly of concern because they are considered to be toxic. 

Industrial facilities, waste incinerating plants, and fossil fuel burning are considered the main 

sources of anthropogenic heavy metal emissions in industrialized areas and countries. Air in indus-

trial and metropolitan areas is more heavily contaminated with heavy metals than air in rural areas [1]. 

Consequently, emissions from industry and other point sources were of most acute concern. 

However, these emissions have decreased compared with their previous levels due to effective con-

trol measures taken in developed countries. There has been a shift in heavy metal emission sources 

over the last few decades [2]. 

Several studies of metal flow in the anthroposphere point to the traffic sector as a major contribu-

tor to diffuse metal emissions [2–5]. Especially close to roads, motor vehicle traffic is the largest emission source. Metals such as As, Cd, Co, Ni, Pb, Sb, V, Zn, and the platinum group elements 

(PGEs) Pt, Pd, and Rh can be characterized as being road-specific heavy metals. They are mainly 

derived from combustion residues and losses from fuels and engine and transmission oils, abrasion 

from tires, brake linings, exhaust catalysts, and road pavement, and corrosion of galvanized protec-

tion barriers [6]. Catalysts are used in catalytic converters to eliminate more than 95% of the harm-

ful nitrogen oxide, hydrocarbon, and carbon monoxide emissions in automobile exhausts. 

Exhaust catalysts are also the main emission source of PGEs and cerium (Ce) in the vicinity of 

roads [7–9]. Mechanical stress on the catalyst material, that is, through temperature cycles, vibra-

tions, and abrasion, can lead to the release of small amounts of platinum metals into the atmosphere, 

leading to increased environmental platinum concentrations [9–15]. These elements are rare in natural environments. Their natural concentrations in the earth’s crust are about 0.4–5 pg/kg [16]. 

Owing to PGE emissions, the use of exhaust catalysts has been debated since their introduction in 

the United States and Germany in 1975 and 1986 [9]. PGEs are also used in other car parts such 

as in the electrodes of the long-life spark plug. Adhesives containing Pt catalyst traces are used in 

tires, providing another potential source of PGEs. Additional sources of emissions are fuel and 

electronics. Hoppstock and Michulitz [17] found average Pt concentrations of 3 (0.9 ng/L in nor-

mal unleaded gasoline), 5.2 (1.9 ng/L in super unleaded gasoline), and 1.4 (0.7 ng/L in super plus 

unleaded gasoline). 

Particles of road traffic sources have received great attention from environmental protection 

agencies because they may cause several adverse health effects on urban populations. To date, the 

International Agency for Research on Cancer (IARC) has classified engine exhaust emission ele-

ments as probable carcinogens [18]. Many studies have been conducted to investigate the mecha-

nisms associated with pulmonary carcinogenicity caused by vehicle emissions. However, it should 

be noted that the vehicle emissions contain various metal contents attached onto fine granular matter 

in the engine exhaust. Owing to their fine particle sizes, they can penetrate into the deep respiratory 

tract and cause respiratory diseases. It has been indicated that the deposition of metals (especially 

Fe) on the lower airway will firstly generate hydroxyl radicals (in aqueous buffered solutions, in 

the presence of hydrogen peroxide), then trigger the production of oxygen-free radicals, and finally 

cause both acute and chronic lung injuries [19]. Therefore, it is expected that apart from the organic contents and particulate matter, the investigation of metal contents from road traffic is important for 

assessing the health effects associated with on-road mobile sources. 
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On-road mobile metal emission sources usually include exhaust fumes, brake lining, tires, etc. 

Metal emissions from exhaust fumes are derived from fossil fuels and the aging processes of engines 

and catalysts. Combustion of leaded gasoline was the major source of Pb until about a decade ago. 

The use of Pb as an antiknocking additive in gasoline was phased out in many countries due to its tox-

icity. However, there are still some emissions of Cd, Cr, Cu, Ni, Pb, and V from fossil fuels [20–22]. 

As a result of the asbestos ban, producers of brake linings were forced to substitute materials dur-

ing the 1980s. The friction material in vehicle brake linings nowadays consists of a wide range of 

compounds with, for instance, fibers of steel, glass, and plastic serving as reinforcements. In addi-

tion, some compounds are used for their heat-conducting properties (brass chips) and good filling 

properties (antimony compounds) [2]. The metals of concern for emissions from brake linings are 

Cd, Cr, Cu, Ni, Pb, Sb, and Zn [2, 23]. The effects of this material substitution have been shown in some studies as increased copper levels close to roads [24]. Wear from vehicle tires is another major metal source, especially for Zn, and tires also have traceable amounts of several other metals such 

as Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, and Pb [24–27]. 

15.1.2  summary

Heavy metal emissions create air, soil, and water pollution. The sources of heavy metal emissions 

from automobile and trucking industries include leaded gasoline, tire wear, brake wear, clutch wear, 

and other vehicle and road component degradations. 

Carbon dioxide emissions (which is a main source of greenhouse gas emission) create the envi-

ronmental problems of climate change, global warming, sea water levels rising, etc. The entire 

transportation industry (including the automobile industry, trucking industry, railway industry, 

shipping industry, cruise industry, aviation industry, etc.) contributes to most of the carbon dioxide 

emissions in the world. 

The academic subjects covered in this chapter include (a) sources of vehicle emission pollu-

tion (such as leaded gasoline, other metal-containing antiknock agents, catalytic converters, die-

sel engine emission, and brake linings and tires); (b) management and control of metal emissions 

from motor vehicles (such as phasing out leaded gasoline, using a non-noble metal catalyst, using 

alternative fuels, adapting alternative vehicles (such as battery-powered electric vehicles, hybrid 

vehicles; and fuel cells vehicles), using particulate filters, and reducing metals in brake linings and 

tires). Recent research data and advances are reported; and (c) sources, management, and control of 

carbon dioxide emissions from the transportation industry (such as cars, trucks, cargo ships, trains, 

passenger planes, cargo planes). 

15.2  VEHICLE EMISSION

15.2.1  leaded gasoline Pollution

Among the different contemporary sources of lead pollution, traffic-induced emissions from the 

combustion of leaded gasoline are of particular concern, as they constitute most of the total lead 

emissions into the atmosphere in congested urban areas where no phase-out activities have been 

adopted [28]. It has been reported that 90% of all lead emissions in the United States have been from the combustion of gasoline containing lead alkyl additives [29]. However, most western industrial-

ized nations have reduced or eliminated lead additives in gasoline due to increasing evidence of the 

harmful effects of lead on human health [30,31]. Figure 15.1 shows the historical consumption of lead in gasoline in the United States as an example and the highest usage during the 1970s could be 

observed [29,30]. 

Pacyna and Pacyna [32] provided expert estimates of European atmospheric lead emissions 

for the reference years of 1955, 1965, 1975, 1985, 1990, and 1995, and projection estimates for 

the year 2010 [32]. Atmospheric lead emissions by source category are given in Table 15.1 [33], 

[image: Image 62]
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FIGURE 15.1  Historical consumption of lead in gasoline in the United States. 

TABLE 15.1

Lead Emission (Ton) by Source Category in Each Year of Estimate

Year Source Category

1955

1965

1975

1985

1990

1995

2010

Total emission

62,531.7

110,587.9

159,233.0

81,581.0

58,130.0

28,390.2

12,608.0

Road transport

30,953.2

68,675.1

119,265.5

62,083.1

41,911.7

19,504.1

7,590.0

Non-ferrous metal manufacturing

12,631.4

16,809.4

20,381.8

10,442.4

8,254.5

3,350.0

2,168.6

Stationary fuel combustion

5,440.3

6,524.7

6,847.0

3,508.0

3,545.9

2,697.1

1,311.2

Iron and steel production

7,003.6

10,395.3

7,643.2

3,915.9

3,139.0

2,242.8

1,159.9

Waste disposal

125.1

331.8

955.4

489.5

232.5

255.5

100.9

Come at production

750.4

1,437.6

1,592.3

815.8

0.0

0.0

0.0

Other sources

5,627.9

6,414.1

636.9

326.3

1,046.3

340.7

277.4

in  which the projection for the year 2010 was estimated and the evolution over four decades 

exhibits a sharp rise leading up to the mid-1970s as well and shows that the major source had 

been always road traffic. 

15.2.2  other metal-Containing antiknoCk agents

Gasoline additives are used to increase gasoline’s octane rating or act as corrosion inhibitors or 

lubricators, thus allowing the use of higher compression ratios for greater efficiency and power; 

however, some carry heavy environmental risks. Those metal-containing additives mainly refer 

to antiknock agents such as tetraethyl lead (TEL), methylcyclopentadienyl manganese tricarbonyl 

(MMT), ferrocene, iron pentacarbonyl, and so on. 

TEL, an organometallic compound with the formula (CH CH ) Pb, has been a common anti-

3

2 4

knock additive in gasoline, the lead pollution from which is discussed as above. TEL usage was 

largely discontinued because of the toxicity of lead and its deleterious effects on catalytic converters 

but is still used as an additive in aviation fuel for piston engine-powered aircraft. 

MMT, an organometallic compound with the formula (CH C H )Mn(CO) , was marketed ini-

3 5

4

3

tially in 1958 as a supplement to the gasoline additive TEL to increase the fuel’s octane rating and 

was later used in unleaded gasoline. Although banned as a gasoline additive in the United States 

from 1977 to 1995, MMT has been used in Canadian gasoline since 1976 and was recently intro-

duced in Australia. 

Originally, the combustion products of MMT were thought to be manganese (Mn) oxide, mainly 

tetraoxide or hausmannite [34]. Recent car exhaust studies provided qualitative data on the chemical 
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composition of particles collected from a tailpipe and found that the Mn particles emitted are mostly 

Mn phosphate, Mn sulfate, and a small amount of Mn oxides [35,36]. It has been suggested that the combustion of the organomanganese compound MMT may be a significant source of contamination 

by inorganic Mn in urban areas, and it was reported that the contribution of Mn from MMT source 

relative to total Mn emissions was 28% (334 tons of Mn from MMT in 1999 in all the Canadian 

provinces versus 1,225 tons total emissions) in 1999 [37]. 

Ferrocene (Fe(C H ) ) and iron pentacarbonyl (Fe(CO) ) are iron-based organometallic com-

5

5 2

5

pounds, both of which were once used as antiknock agents in the fuel for gasoline engines and could 

reduce soot formation inside engines, relatively safer than TEL. However, these two compounds 

have not been used widely due to their emissions from engines and their toxic nature [38,39]. 

15.2.3  CatalytiC Converter

The phase-out of leaded gasoline was also accelerated by the introduction of a catalytic converter 

into the exhaust emission control because the lead content can cause catalyst poisoning. A catalytic 

converter is a device used to reduce the toxicity of emissions from an internal combustion engine. It 

was first widely introduced in series production automobiles in the U.S. market for the 1975 model 

year to comply with tightening U.S. Environmental Protection Agency (USEPA) regulations on 

autoexhaust, and even now is still most commonly used in motor vehicle exhaust systems. The 

catalyst itself is most often a precious metal. Platinum is the most active catalyst and is widely used. 

However, it is not suitable for all applications because of unwanted additional reactions and/or costs. 

Palladium and rhodium are two other precious metals that are used. Platinum and rhodium are used 

as a reduction catalysts, whereas platinum and palladium are used as an oxidization catalyst. Nickel 

and copper are also used, although each has its own limitations. Nickel is not legal for use in the 

European Union (due to reaction with carbon monoxide) [40]. While copper can be used, its use is illegal in North America due to the formation of dioxin [41]. However, the catalytic converter is also a serious potential source of heavy metals due to the aging of catalysts by thermal effects, which 

could be emitted with other exhaust components [42]. 

15.2.4  diesel engine emission

Diesel engines use compression ignition, based on the diesel cycle, a process by which fuel is 

injected after the air is compressed in the combustion chamber causing the fuel to ignite. Diesel 

vehicles can produce black soot [or more specifically diesel particulate matter (DPM)] from their 

exhaust, which consists of unburned carbon compounds together with those impurities of heavy 

metals bound within those particulate matters as well. On the other hand, the composition of heavy 

metals from diesel vehicle emissions is strongly affected by the vehicle’s operating conditions such 

as driving conditions, driving speed, and so on [43]. To illustrate the metal content emissions from diesel vehicles, two reference emission profiles normalized by upper continental crust (UCC) are 

presented in Figure 15.2. 

The analyses of diesel soot from engine exhausts indicate a top abundance of Zn and Cd contents 

in both studies with 100–10,000 times concentration relative to UCC (Figure 15.2); similar enrich-

ments have also been found for Co, Cu, Mn, Ag, Mo, and Ni [23,43]. Technically, the refining pro-

cess can separate all metals below the ppm level from diesel and mineral oils [23]. Therefore, these 

metals found in both diesel soot and diesel fuel are likely to have been added later as most of these 

elements (e.g., Zn, Mo, and Cu) are known to be used as additives. 

15.2.5  Brake linings and tires

The material used for braking linings is a complex mixture of various substances including rein-

forcement fibers of glass, steel, and plastic; “friction modifiers;” fillers in the form of antimony 

[image: Image 63]
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FIGURE 15.2  UCC normalized metal distribution patterns for the diesel soot and diesel fuel. 

TABLE 15.2

Calculated Total Metal Emissions from Road Traffic from Brake Linings in Stockholm  

(kg/Year) for 1998 and 2005

Cd

Sb

Zn

Cd

Cu

Pb

Sb

Zn

Private cars

0.052

2,400

24

360

710

–

3,731

549

–

771

Trucks

0.005

1,200

4.8

350

180

–

68

3.9

–

68

Buses

0.007

210

6.5

0.33

110

–

76

3.2

–

56

Total

0.064

3,800

35

710

1,000

–

3,900

560

–

900

TABLE 15.3

Calculated Metal Emissions (Cd, Cr, Cu, Ni, Pb, Sb, and Zn) from Tire Tread Rubber 

in Stockholm (kg/Year) for 2005

Cd

Cr

Cu

Ni

Pb

Sb

Zn

Private cars

0.31

0.62

2.8

1.2

3.1

0.42

3,400

Trucks

0.031

0.062

0.28

0.12

0.31

0.042

340

Buses

0.11

0.17

1.2

0.31

0.88

0.13

970

Total

0.45

0.85

4.3

1.6

4.3

0.60

4,700

compounds and brass chips; and iron fillings and steel wool as heat-conducting materials [44]. The materials used in brake linings are of environmental relevance as a greater part of the material is 

dispersed directly into the environment when used [45]. It has clearly been shown that brake lin-

ings are a major source of metal emissions such as cadmium, copper, lead, and zinc in urban areas 

[3, 46]. Furthermore, it has been shown that large amounts of antimony might be emitted from brake linings, as antimony (Sb S ) is used by some manufacturers as a filler and lubricant in brake 

2 3

linings [42]. Similarly, studies have reported that tires have been a great source of heavy metals 

such as zinc, cadmium, and so on [25, 47]. Researchers in Sweden compared metal emissions from brake linings and tires with other metal emission sources in Stockholm during 1995 and from 1998 

to 2005 [45]. As Stockholm represents a rather average city in most respects, the results from this 

study may be relevant for many other urban areas. Some of the metal emission results are shown in 

Tables 15.2 and 15.3. 
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As can be seen from Table 15.1, during this period, copper and zinc emissions from brake lin-

ings remained relatively unchanged at high levels that make them a major source of these metals; 

brake linings were also a source of another toxic metal, antimony; by contrast, lead, and cadmium 

emissions from brake linings decreased by one-tenth during this period. The study found that metal 

emissions from tire tread rubber declined between 1995 and 2005, as manufacturers reduced metal 

concentrations in tire treads [45]. Tires, however, remained one of the largest sources of zinc and an 

important source of cadmium as other studies mentioned above (Table 15.3). 

15.3   MANAGEMENT, CONTROL, AND TREATMENT  

OF METAL EMISSIONS

15.3.1  from motor vehiCles

Control of exhaust emissions, especially for metals or heavy metals, from internal combustion 

engines has followed two routes: (1) fuels could be modified in terms of reduction of metal contents 

such as less metallic additives added, or (2) could be replaced by alternative fuels with less metal 

content as well without compromising the engine performance; the pollutants could be minimized 

from the combustion chamber by installing some particulate metal trap systems. 

15.3.1.1  Leaded Gasoline Phase-Out

Lead has been blended with gasoline, primarily to boost octane levels since the early 1920s. 

Gradually, the toxicity of lead started to be known and studies showed that exposure to high concen-

trations of lead, particularly in young children, can result in damage to the central nervous system 

and renal organs, and may be associated with high blood pressure in adults. Human exposure to lead 

typically occurs via inhalation of air and ingestion of lead in food, soil, water, or dust. Consequently, 

to get the lead out of gasoline seemed to be essential for the sake of environmental protection and 

human health. 

The phase-out period varies between countries. The U.S. EPA (United States Environmental 

Protection Agency) began working to reduce lead emissions soon after its inception, issuing the 

first reduction standards in 1973, which called for a gradual phase-down of lead to one-tenth of 

a gram per gallon by 1986. The average lead content in gasoline in 1973 was 2–3 g per gallon or 

about 200,000 tons of lead per year. In 1975, passenger cars and light trucks were manufactured 

with a more elaborate emission control system that included a catalytic converter that required 

lead-free fuel. In 1995, leaded fuel accounted for only 0.6% of total gasoline sales and less than 

2,000 tons of lead per year. Effective from January 1, 1996, the Clean Air Act banned the sale 

of the small amount of leaded fuel that was still available in some parts of the country for use in 

on-road vehicles. All of these efforts to remove lead from regular use resulted in an over 70% 

decline in blood-lead levels in Americans between 1978 and 1990 [48]. Other developed nations have followed the United States. The European countries such as Germany, France, and the United 

Kingdom began a phase-out policy of leaded gasoline since the early 1980s, when the concentra-

tions in leaves and human blood have steadily declined [33]. However, as the industrial nations 

legislate lead’s demise, the world’s lead makers have been pushing to expand new markets, primar-

ily in developing countries. The complete phase-out (100% unleaded) all over the world still has a 

very long way to go. 

Lead (or TEL) in gasoline enhances engine performance since it has the property of increasing 

the octane rating/number in gasoline, which makes the fuel resist knocking better [49]; lead also serves as a lubricant for the exhaust valves (valve seats). The introduction of catalytic converters 

was a turning point and forced refineries to develop substitutes for lead additives during the 1980s. 

Catalytic converters are used to reduce emissions of hydrocarbons, carbon monoxide, and nitrogen 

oxides, not to solve the lead discharge. Since lead in gasoline destroys the catalytic converters, the 

introduction of catalytic converters called for the use of unleaded gasoline. Another side effect of 
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the lead additives was to protect the valve seats from erosion. Many classic cars’ engines have to 

make modifications to use lead-free gasoline due to the gradual unavailability of leaded gasoline. 

When lead is reduced, or removed from a gasoline pool, the octane increments formerly provided 

by lead must be replaced by a combination of (i) increasing the proportion of high-octane blend-

stocks in the pool and (ii) increasing the octane of at least some blendstocks. More specifically, to 

avoid using lead, the technical options for replacing octane provided by lead include

•  Increasing the octane of reformate by increasing reformer severity within the limits of sus-

tainable operations. In some cases, to achieve the necessary increase in reformer severity 

will call for revamping and modernizing the reformer. 

•  Increasing the production of high-octane blendstocks (reformate, fluid catalytic cracking 

(FCC) gasoline, alkylate, isomerate, or oxygenate) in the refinery. It is known that oxygen-

ate blending adds oxygen to the fuel in oxygen-bearing compounds such as methyl tertiary 

butyl ether (MTBE), ethyl tertiary butyl ether (ETBE), and ethanol and thus reduces the 

amount of carbon monoxide and unburned fuel in the exhaust gas. 

•  Blending MTBE into the gasoline pool raised serious concerns. Although MTBE may 

be good for air quality, it has proven to be very bad for other parts of the environment, 

especially ground water. Over the past few years, monitoring has detected MTBE in lakes, 

streams, and ground water. If MTBE gets into a drinking water supply, it creates a bad 

smell and may pose health concerns. Because gasoline is so widely used, MTBE finds its 

way into almost every part of the environment. MTBE can get into water supplies from 

gasoline leaks, storage tanks, pipelines, and spills. It may also get into surface waters 

from boats and personal water craft. MTBE evaporates into the air, but it is believed that 

most MTBE in the air breaks down into other components. However, when MTBE gets 

into ground water, it does not readily evaporate or break down. It dissolves in the ground 

water and can move through an aquifer in the form of a “plume.” Consequently, MTBE 

use has been phased out due to issues with contamination of ground water. In some places, 

it is already banned. Ethanol and to a lesser extent ethanol-derived ETBE are common 

replacements. 

•  Reducing the volume of light naphtha in the gasoline pool is another technical option to 

consider. 

These technical options may be applied in any combination that is technically feasible in the refinery. 

15.3.2  non-noBle metal Catalyst

It is known that the manufacturing of automotive catalytic converters requires precious met-

als of palladium, platinum, or rhodium, which could have significant environmental effects 

such as the accumulation in the ecosystem [50]. Consequently, novel formulations to operate pollution-dampening catalytic converters without the need for expensive and toxic noble metals 

are quite necessary. It has been found that non-noble metal transition metal catalysts can replace 

platinum in the oxidation-reduction reaction. In addition, a non-noble metal, perovskite-type 

catalyst could be used to achieve the conversion of pollutants. Perovskites are one of the most 

fascinating groups of catalytic materials having densely packed cubic lattices of the general 

formula ABO  [51]. 

3

Perovskite-type non-noble metal-based catalytic materials have been developed for their pos-

sible applications in diesel exhaust emission control [52]. These materials have been evaluated for their applications in the regeneration of diesel particulate filters (DPF) and also as a diesel cata-

lytic converter (DCC). Both applications require low-temperature oxidation catalysis properties. 

Temperature-programmed desorption studies revealed the low-temperature oxygen desorption of 
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perovskite catalyst, which may be useful for the oxidation of carbon/soot at lower temperatures. 

Laboratory evaluation results on activated carbon show the carbon oxidation activity of the catalyst 

in the temperature range of 300–450°C [52]. However, this was achieved under the tight contact of 

carbon and catalyst. Catalyst-coated ceramic foams have been used to fabricate laboratory proto-

types of regenerative-type DPF. Although its evaluation on a vehicle shows a significant reduction 

in smoke density, the regeneration temperature was still higher than desired [52]. The DCC shows a 

10%–25% reduction in smoke density depending on engine conditions. The perovskite-type catalyst 

appears to follow a redox mechanism for soot oxidation through oxygen removal and replenishment, 

whereas hydrocarbons adsorbed on soot particles may also help in the oxidation of the carbona-

ceous part. 

15.3.3  alternative fuels

Other than unleaded gasoline, the use of alternative fuels is one of the important ways for eliminat-

ing or controlling the emission of metals from internal combustion engines. The main alternative 

fuels that merit consideration from the air pollution control standpoint include liquefied petroleum 

gas (LPG), liquefied natural gas (LNG), compressed natural gas (CNG), hydrogen, dimethyl ether 

(DME), dimethyl carbonate (DMC), and biofuels such as ethanol. The significance of some of the 

representative alternative fuels is discussed below. 

LPG is a mixture of gases produced commercially from petroleum or natural gas and stored 

under pressure to keep it in a liquid state. LPG is composed primarily of propane with some butane, 

propylene, butylene, and other hydrocarbons, unlike gasoline, which is a complex mixture of hydro-

carbons. LPG’s average octane value is 104, which is higher than gasoline’s range of 84–97, and can 

produce significantly better vehicle performance than the lower-octane gasoline. When prepared as 

fuel, unlike gasoline, LPG is used as a dry gas without fuel additives, which just burns with little 

air pollution and little solid residues such as soot and particulate matter with heavy metals [53]. 

Even though LPG has been considered less polluting than gasoline and diesel due to the fact that 

it contains less sulfur and emits less hydrocarbons, NO , particulate matter, and CO, it has been 

 x

reported that LPG has a high emission potential of volatile heavy metals such as mercury (Hg) [54]. 

Estimated Hg emission rates derived from original fuel Hg contents, under idling and driving 

modes, are presented in Table 15.4. 

CNG is a fossil fuel substitute for gasoline, diesel, or propane fuel. CNG is made by compressing 

natural gas, which is mainly composed of 90% methane (CH ) and small amounts of ethane and 

4

other hydrocarbons, to less than 1% of its volume at standard atmospheric pressure. Natural gas has 

an octane value of 130, which is considerably higher than gasoline with an octane value between 84 

and 97, providing very good engine performance characteristics. 

The toxic emissions with CNG, without exception, are lower than that of any other hydrocarbon 

fuel. This environmental benefit is due to the fact that CNG is a single hydrocarbon, methane. 

Soot emission from the hydrocarbon flame is an important subject of concern since it is related 

to air pollutants such as airborne particulate matter with metals [55]. The use of CNG in internal TABLE 15.4

Comparison of the Estimated Hg Emission Rates

Estimated Hg Emission Rate (pg/h)

Gasoline

Diesel

LPG

Fuel analysis

3.6

1.0

10.9

Idling mode

0.07–0.4

0.1–0.2

0.7–1.3

Driving mode

0.6–2.5

0.7–1.9

4.5–6.1

 Source:  Adapted from Ref. [54]. 
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combustion engines permits operation with decreased NO  with little solid residues, but it still has 

 x

an emission potential of volatile heavy metals such as Hg, which is indicated in the CNG quality 

standards [56,57]. However, the measured data on mercury emission from CNG engines is not 

available  yet. 

Dimethyl ether (CH OCH ), also called DME, is currently attracting worldwide attention because 

3

3

it is a clean fuel that can be synthesized from various materials such as natural gas, coal, biomass, 

and so on [58]. DME can be used as a fuel in diesel engines, gasoline engines (30% DEM/70% LPG), and gas turbines. It works particularly well in diesel engines due to its high cetane number, which is 

greater than 55 compared with diesel with cetane numbers 38–53. Only moderate modifications are 

needed to convert a diesel engine to run on DME. The simplicity of this short-carbon-chain compound 

leads, during combustion, to very low emissions of airborne particulate matter, NO , CO, and no SO , 

 x

 x

meeting even the most stringent emission regulations in Europe, the United States, and Japan [59]. 

Low emission of airborne particulate matter can also reduce the emission of metals bound in particles. 

Ethanol, a biofuel, is manufactured from the conversion of carbon-based feed stocks such as 

sugar cane, sugar beet, switch grass, corn, and barley. Ethanol fuel can be combined with gasoline at 

different percentages or can be used in its pure form as 100%. As a matter of fact, not every vehicle 

can run on 100% ethanol, but most run on small percentages of ethanol blends. Ethanol has become 

more common because it is currently being used as an oxygenated additive, which could help achieve 

the reduction of soot emissions to some extent without the use of a metal-containing additive [60]. 

Ethanol fuel is a sustainable energy resource that is intended to provide a more environmentally 

and economically friendly alternative to fossil fuels such as diesel and gasoline. However, there are 

many debates surrounding the environmental friendliness of ethanol and its production viability. 

15.3.4  alternative vehiCles

15.3.4.1  Battery-Powered Electric Vehicles

Battery power was one of the three leading contenders (along with gasoline and steam) when auto-

mobiles were first introduced a hundred years ago. However, the high cost and limited performance 

of batteries relative to gasoline engines were major factors preventing their widespread use. Today, 

battery-powered electric vehicles (EVs) still have a relatively limited driving range and higher initial 

cost relative to conventional automotives. However, the major attraction is that no air pollutants such 

as toxic metal vapors are directly emitted and no tailpipe is used. 

Batteries are used to power individual electric motors that are connected to the drive wheels of 

a car. During braking, the motors can function as generators that allow some of the car’s kinetic 

energy to be recovered. At regular intervals, the depleted batteries must be recharged from an exter-

nal power source. From an environmental perspective, battery-powered vehicles fulfill their promise 

of “zero emissions” along the roads and highways where they are driven. However, battery-powered 

vehicles have indirect impacts because of their demand for electricity, the main sources of which 

are coal, gas, and nuclear power, causing significant environmental impacts. Other indirect envi-

ronmental impacts of batteries arise from the production and recycling of battery materials such as 

lead. Life cycle studies indicate that lead emissions to the environment would increase substantially 

in the absence of new control measures if lead-acid batteries were widely used to power EVs [61]. 

Advanced batteries use nickel-cadmium, nickel-metal hydride, sodium-sulfur, or other materials. 

Many of these batteries may cause emissions of toxic metals. 

15.3.4.2  Hybrid Vehicles

A hybrid vehicle is a modified vehicle that uses two or more distinct power sources (EV operation, 

internal combustion engine, etc.) to propel the vehicle. The hybrid vehicle typically achieves greater 

fuel economy and lower emissions than conventional internal combustion engine vehicles (ICEVs). 

Fewer metal emissions are primarily achieved by the following design:

[image: Image 64]
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1. Shutting down the gasoline or diesel engine during traffic stops or while coasting or other 

idle periods. 

2. Using low rolling resistance tires. Hybrid cars use special tires that are more inflated than 

regular tires and stiffer, which reduces the drag by about half, improving fuel economy by 

relieving the stress of the engine. 

3. Relying on both the gasoline (or diesel engine) and the electric motors for peak power 

needs, resulting in a smaller gasoline or diesel engine sized more for average usage rather 

than peak power usage. 

These features make a hybrid vehicle particularly efficient for city traffic where there are frequent 

stops, coasting, and idling periods. However, the overall cost of a hybrid vehicle is still higher than 

a comparable gasoline-powered vehicle. 

15.3.4.3  Fuel Cells

EVs powered by fuel cells are another promising new concept for early 21st-century automobiles. 

A fuel cell can be thought of as a gas-powered battery in which a continuous flow of hydrogen and 

oxygen gases replaces the solid electrodes of a conventional car battery. 

Hydrogen is the most abundant element on the planet and the cleanest burning fuel based on carbon 

atoms per fuel molecule. It also has the potential for producing only water when reacting with oxy-

gen. Carbon emissions and metal pollutants from a hydrogen engine are virtually non-existent [62]. 

A hydrogen-powered hybrid EV (HEV) can reduce petroleum demands and emissions. The compo-

nent configuration is illustrated in Figure 15.3. 

However, hydrogen fuel cells are costly to produce and are quite fragile at present. It is still under 

study to produce inexpensive fuel cells that are robust enough to survive the bumps and vibrations 

that all automobiles experience. In addition, many designs require rare substances such as platinum 

as catalysts, which can again become contaminated by impurities in the hydrogen supply. 

15.3.5  PartiCulate filters

The exhaust emissions from vehicle engines are the most difficult to control, within which most 

of the heavy metals from fuels could be bound and emitted with particulates. Consequently, 

FIGURE 15.3  The component configuration of hydrogen-powered HEVs. 
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the removal of airborne particles before they are exhausted into the atmospheric environment is 

another important control method for heavy metals originating from vehicles. The use of the par-

ticulate filter on diesel engine vehicles represents a new exhaust post-treatment technology that 

removes solid particles from the exhaust gases. 

Particulate filters have been in use on on-road machines since the 1980s and in automobiles 

since  1996. Diesel engines during combustion of the fuel/air mix produce a variety of particles 

generally classified as DPM due to incomplete combustion. The metal composition of the particles 

varies widely depending on the engine type, age, and the emissions specification that the engine 

was designed to meet. Two-stroke diesel engines produce more DPM per horsepower output than 

four-stroke diesel engines, as they burn the fuel/air mix less completely. 

A DPF is a device designed to remove DPM or soot from the exhaust gas of a diesel engine. DPF 

is far more effective at reducing metal emissions associated with DPM than the diesel oxidation 

catalyst (DOC), which can oxidize compounds existing in the gas phase of the engine exhaust sys-

tem. The latter device is not effective at reducing the solid soot particles in DPM by any appreciable 

amount. DPFs are quite efficient in reducing particulate matter emissions. For example, wall flow 

DPFs usually remove 85% or more of the soot, and can at times (heavily loaded condition) attain 

soot removal efficiencies of close to 100% [63,64]. A diesel-powered vehicle (DPV) equipped with a functioning filter will emit no visible smoke from its exhaust pipe. 

Figure 15.4 shows one type of DPF that captures soot and larger sulfate particles in a series of ceramic honeycomb channels. Exhaust gases are directed into a cordierite or silicon carbide molded 

substrate with closed ends. The gas passes through the porous material, and the particulates are 

trapped and accumulate on the channel walls. 

15.3.6  reduCtion of metals in Brake linings and tires

It has been known that particles worn away from automobile brake linings and tires continue to be 

major sources of potentially toxic metal emissions in urban areas. New regulations and autoindustry 

efforts have to be undertaken to reduce the use of metals in such automobile parts. 

It has been reported that materials and components in vehicles produced after July 2003 should 

not contain lead, mercury, cadmium, or hexavalent chromium according to the directive of the 

European Parliament and Council [32]; brake linings were one of the components added in June 

2002 to Appendix II of the directive as an exception to these restrictions, stating that the use of 

copper containing more than 0.5 wt.% lead in brake linings is allowed for vehicle models approved 

before July 2003, but after that time, a concentration of up to 0.4 wt.% lead in copper in brake linings 

was permitted until July 2007.  Table 15.1 indicates the lead emissions from brake linings

Adamiec et al. [65] report that the main sources of non-exhaust vehicular emissions that con-

tribute to road dust are tire, brake and clutch wear, road surface wear, and other vehicle and road 

component degradation. They [65] identify and investigate heavy metals in urban and motorway 

road dusts as well as in dust from brake linings and tires. Road dust was collected in Katowice, 

Poland. Selected metals Cd, Cr, Cu, Ni, Pb, Zn, Fe, Se, Sr, Ba, Ti, and Pd were analyzed using 

inductively coupled plasma-mass spectrometry, inductively coupled plasma (ICP)-optical emis-

sion spectroscopy, and atomic absorption (AA) spectroscopy on a range of size-fractionated road 

dust and brake lining dust (<20, 20–56, 56–90, 90–250, and >250 μm). The compositions of brake 

lining and tire dust were also investigated using scanning electron microscopy-energy-dispersive 

spectroscopy. Adamiec et al. [65] conclude that (a) the finest fractions of urban and motorway 

dusts were significantly contaminated with all of the investigated metals, especially with Ti, Cu, 

and Cr, which are key tracers of non-exhaust brake wear; (b) urban dust was more contaminated 

than motorway dust; and (c) the brake lining and tire wear strongly contributed to the contamina-

tion of road dust. 

Kuklová et  al. [66] evaluate the impact of car transport on the distribution and accumula-

tion of Zn, Cu, Pb, and Cd in soils, as well as in the vegetation near a newly built R4 motorway 

[image: Image 65]
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FIGURE 15.4  DPF with ceramic honeycomb channels. 

Košice-Milhosť (Slovakia). Samples were taken from the surface humus layer and mineral layers. 

Based on the contamination factor (CF) values, they conclude [66] that (a) the surface humus layer 

is moderately contaminated with Zn, less contaminated with Cu, and considerably contaminated 

with Pb and Cd; (b) contamination of Luvisol surface humus layer with Pb is very high; (c) the 

mineral layers of Cambisol are moderately contaminated with Zn, Cu, Pb, and Cd and that of 

Luvisol with Pb and Cd; (d) contamination of Luvisol mineral layers with Zn and Cu is low; and 

(e) compared to background control values, the total concentrations of trace elements in soils and 

plants were significantly higher, so the pollution of forest ecosystems already in the initial stage 

of motorway operation. Additional technical information on pollution and reduction of metals 

in brake linings and tires found in the literature [67–71] showed a decrease by one-tenth during 1998–2005 in Stockholm, Sweden, as a result of the implementation of this pro-active air pollution 

control strategy. 
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15.4   MANAGEMENT, CONTROL, AND TREATMENT OF AIR 

EMISSIONS FROM TRAINS, SHIPS, AND AIRPLANES

15.4.1  trains and railWays

Train is one type of transportation that is powered by a locomotive, and moves on railroads. There 

are two types of trains: passenger trains and cargo trains. Cargo trains are one of the most environ-

mentally friendly modes of transportation because trains emit significantly less carbon dioxide per 

ton of cargo load transported than trucks, and they are also more fuel-efficient. 

Stojić et al. [72] investigate the impact of road and rail traffic on the soil through the analysis of the presence of heavy metals in soil samples collected next to a busy highway, local roads, and 

next to an active railway line. Results showed that cars emitted higher levels of heavy metals than 

trains. Soil samples near the highway had higher levels of Cu, Ni, and Hg. The values of the calcu-

lated indices like geo-accumulation index, potential toxicity response index, ecological risk factor, 

contamination factor, pollution load index, Nemerow’s pollution index, and degree of contamination 

confirm that the soil samples sampled near the highway are the most polluted and highways have 

the greatest negative impact on the soil environment. Their research data [72] suggest that control-

ling car emissions through strict regulations and promoting public transportation could effectively 

reduce the heavy metal concentrations in soil, particularly from highway emissions. 

Vaiškūnaitė and Jasiūnienė [73] analyzed heavy metal pollutants emitted by railway transport and found that the air pollutants of particulate matter, volatile non-methane organic compounds, 

sulfur dioxide, nitrogen oxides, and metals come from not only internal combustion engines but also 

electric locomotive. Due to the friction of metals and deterioration of rolling stock wheels, heavy 

metals and aerosols are released into the railway’s environment, causing environmental pollution. 

High pollution by heavy metals occurs near the track storing creosote-impregnated wooden railway 

sleepers. The highest concentrations of Pb (up to 50 mg/kg) were found at a distance of 5.0 m from 

railway sleepers in the upper (up to 10 cm) soil layer at Vilnius Railway Station. A comparison of 

the results of the investigated soil across the tested stations showed that Klaipėda Railway Station 

was the area most polluted with Cd. The highest concentrations of Cd (up to 1.5–1.8 mg/kg) were 

established at a varying distance of 5–10 m from the sleepers in the upper (up to 10 cm) soil layer 

of light loam. Among the investigated stations, the lowest pollution by heavy metals, including Zn, 

was found at Kaunas Railway Station where sandy loam dominated. A comparison of heavy metal 

pollutants deposited on the intact used and rotten wooden railway sleepers disclosed that the latter 

were more heavily contaminated with heavy metals and made from 8 to 13 mg/kg for Pb, from 0.3 

to 1.2 mg/kg for Cd, from 13.8 to 66 mg/kg for Zn. Additional technical information on the control 

and treatment of metal emissions from locomotives can be found in the literature [74–85]. 

15.4.2  shiPs and air Planes

Cargo ships are responsible for transporting around 90% of the world’s goods and play a significant 

role in global air pollution because cargo ships typically use heavy fuel oil, which is cheap and 

widely available, but it is extremely dirty and emits high levels of pollutants, including sulfur diox-

ide and nitrogen oxides. In addition, cargo ships are often powered by large engines that burn vast 

amounts of fuel, contributing to their high levels of emissions. 

According to Ritchie [86], (a) Transport accounts for around 20%–24% of global carbon dioxide (CO ) emissions; (b) Road travel accounts for three-quarters of transport emissions. Most of this 

2

comes from passenger vehicles (cars and buses) which contribute 45.1%. The other 29.4% comes 

from trucks carrying freight; (c) Since the entire transport sector accounts for 21% of total emis-

sions, and road transport accounts for three-quarters of transport emissions, road transport accounts 

for 15% of total CO  emissions; (d) Aviation accounts for only 11.6% of transport emissions. It emits 

2

just under one billion tons of CO  each year, or around 2.5% of total global emissions; international 

2
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shipping contributes a similar amount, at 10.6%; (e) Rail travel and freight emits only 1% of trans-

port emissions; (f) Other transport which is mainly the movement of materials such as water, oil, 

and gas via pipelines is responsible for 2.2%. 

Carbon dioxide emissions contribute to climate change and acid-rain type of air pollution. 

According to the International Maritime Organization (IMO), shipping accounts for approximately 

2.5% of global greenhouse gas emissions, with cargo ships being the largest contributor. Cargo ships 

are responsible for significant amounts of carbon dioxide emissions, with estimates suggesting that 

cargo ship carbon dioxide emissions account for around 3% of global greenhouse gas emissions. 

In comparison, cars and trucks are responsible for around 14% of global carbon dioxide emissions, 

while planes account for around 2.5%. Due to the importance of cargo ships, climate change, and air 

pollution, Shafran [87] compares cargo ship carbon dioxide emissions with cars, planes, and trains based on the available technical information: (a)  Cargo ships versus cars and trucks: According 

to the U.S. Environmental Protection Agency (U.S. EPA), transportation accounts for about 28% 

of greenhouse gas emissions in the United States, and cars and trucks make up the majority of 

those emissions. In comparison, cargo ships emit significantly less carbon dioxide per ton of cargo 

transported than cars and trucks. Cargo ships emit up to 90% less carbon dioxide per ton-mile than 

trucks; (b)  Cargo ships versus planes: Air travel is one of the most carbon-intensive forms of trans-

portation. In 2018, the aviation industry was responsible for about 2.4% of global carbon dioxide 

emissions. While cargo planes are more fuel-efficient than passenger planes, cargo planes still emit 

more carbon dioxide per ton of cargo transported than cargo ships. Cargo ships emit up to 50 times 

less carbon dioxide per ton-mile than cargo planes; (c)  Cargo ships versus trains: Trains are often 

touted as one of the most environmentally friendly modes of transportation and for good reason. 

Trains emit significantly less carbon dioxide per ton of cargo transported than trucks, and they are 

also more fuel-efficient. However, cargo ships still emit less carbon dioxide per ton-mile than trains. 

Cargo ships emit up to 12 times less carbon dioxide per ton-mile than trains. 

Growing shipping activities in port areas have generated negative impacts on climate, air quality, 

and human health. To better evaluate the environmental impact of ship emissions, an experimental 

characterization of air pollution from ships was conducted by Wang et al. [88] in Shanghai Port in the summer of 2016. The ambient concentrations of gaseous NO, NO , SO , and O  in addition to 

2

2

3

fine particulate matter concentrations (PM ), particle size distributions, and the chemical com-

2.5

position of individual particles from ship emission were continuously monitored for three months. 

Ship emission plumes were visible at the port site in terms of clear peaks in the gaseous species and 

particulate matter concentrations. The gaseous NO  composition in some cases of plumes showed 

 x

evidence of atmospheric transformation by ambient O , which subsequently resulted in O  depletion 

3

3

in the area. Quantitative estimations in this study showed that ship emissions contributed 36.4% 

to SO , 0.7% to NO, 5.1% to NO , −0.9% to O , 5.9% to PM , and 49.5% to vanadium particles in 

2

2

3

2.5

the port region if land-based emissions were included, and 57.2% to SO , 71.9% to NO, 30.4% to 

2

NO , −16.6% to O , 27.6% to PM , and 77.0% to vanadium particles if land-based emissions were 

2

3

2.5

excluded. 

Carbon dioxide emission is the principal greenhouse gas (GHG) emission. The U.S. Environmental 

Protection Agency (U.S. EPA) estimates that transportation (including passenger cars and light 

trucks, heavy-duty trucks, buses, trains, ships, and aircraft) accounted for 37% of carbon dioxide 

emissions in 2021 [89]. Carbon dioxide emissions from aviation are currently experiencing a faster rate of growth. All aircraft, including military, commercial, and privately chartered, accounted for 

11% of the U.S. transportation sector’s carbon dioxide emissions and 4% of all U.S. carbon diox-

ide emissions in 2021. Commercial aircraft, including those operated by passenger and all-cargo 

airlines, accounted for 7% of the transportation sector and 3% of all emissions. These estimates 

include emissions from U.S. domestic flights and emissions from international flights departing the 

United States, referred to as “international bunkering.” This increase has made aircraft one of the 

faster-growing sources of carbon dioxide emissions in the U.S. transportation sector over the past 

decade [89]. 
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U.S. Environmental Protection Agency (U.S. EPA) finalizes greenhouse gas (GHG) emission 

standards that apply to certain new commercial airplanes, including all large passenger jets. These 

standards match the international airplane carbon dioxide standards adopted by the International 

Civil Aviation Organization (ICAO) in 2017. This action implements the U.S. EPA’s authority under 

the Clean Air Act (CAA) and maintains the worldwide acceptance of United States-manufactured 

airplanes and airplane engines [90]. 

15.5 SUMMARY

The raised awareness of traffic as one of the major diffuse metal emission sources highlights the 

need for more effective technology developments to eliminate emissions of toxic metals. Many stud-

ies have reported elevated levels of metal emissions and carbon dioxide emissions in urban air and 

roadside soils, but as there are local, regional, and national differences in surrounding factors, total 

numbers of vehicles, and road construction, and there are many different conditions to take into 

account before the full picture of the problem can be fully understood. New technological solutions 

and material substitutions change the metal emission rates, and new metals and new greenhouse 

gases (GHG) are entering this air emission pathway. To assess present and future environmental or 

health risks, improved knowledge of traffic-related diffuse metal emissions is necessary. 

GLOSSARY [91–94]

Alternative fuels: Other than unleaded gasoline, the use of alternative fuels is one of the impor-

tant ways for eliminating or controlling the emission of metals from internal combustion 

engines. The main alternative fuels that merit consideration from the air pollution con-

trol standpoint include liquefied petroleum gas (LPG), liquefied natural gas (LNG), com-

pressed natural gas (CNG), hydrogen, dimethyl ether (DME), dimethyl carbonate (DMC), 

and biofuels such as ethanol. The significance of some of the representative alternative 

fuels is discussed below. 

Alternative gasoline additives: When lead is reduced, or removed from a gasoline pool, the octane 

increment formerly provided by lead must be replaced by a combination of increasing 

the proportion of high-octane blendstocks in the pool and increasing the octane of at 

least some blendstocks. More specifically, to avoid using lead, the technical options for 


replacing the octane provided by lead include: (a) Increasing the octane of reformate by 

increasing reformer severity within the limits of sustainable operations. In some cases, to 

achieve the necessary increase in reformer severity will call for revamping and modern-

izing the reformer; (b) Increasing the production of high-octane blendstocks (reformate, 

fluid catalytic cracking (FCC) gasoline, alkylate, isomerate, or oxygenate) in the refinery. 

It is known that oxygenate blending adds oxygen to the fuel in oxygen-bearing compounds 

such as methyl tertiary butyl ether (MTBE), ethyl tertiary butyl ether (ETBE), and ethanol, 

and thus reduces the amount of carbon monoxide and unburned fuel in the exhaust gas; 

(c) Blending MTBE into the gasoline pool raised serious concerns. Consequently, MTBE 

use has been phased out due to issues with contamination of ground water. In some places, 

it is already banned. Ethanol and to a lesser extent the ethanol-derived ETBE are common 

replacements; and (d) Reducing the volume of light naphtha in the gasoline pool is another 

technical option to consider. These technical options may be applied in any combination 

that is technically feasible in the refinery. 

Alternative vehicles: They include: (a) battery-powered electric vehicles (BEV); (b) hybrid vehi-

cles; and (c) fuel cells hydrogen-powered hybrid electric vehicles (HEV). 

Antiknock agents: (a) Most of them are gasoline additives that are added to gasoline to increase 

gasoline’s octane rating or act as corrosion inhibitors or lubricators, thus allowing the use of 

higher compression ratios for greater efficiency and power; (b) They are metal-containing 
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additives, such as tetraethyl lead (TEL), methylcyclopentadienyl manganese tricarbonyl 

(MMT), ferrocene, iron pentacarbonyl, and so on. 

Battery-powered electric vehicles (BEV) or (EV): Today, battery-powered electric vehicles 

(BEVs or EVs) still have a relatively limited driving range and higher initial cost relative 

to conventional automotives. However, the major attraction is that no air pollutants such 

as toxic metal vapors are directly emitted and no tailpipe is used. From an environmental 

perspective, battery-powered vehicles fulfill their promise of “zero emissions” along the 

roads and highways where they are driven. However, battery-powered vehicles have indi-

rect impacts because of their demand for electricity, the main sources of which are coal, 

gas, and nuclear power, causing significant environmental impacts. 

Carbon dioxide emission and global warming: The impact of carbon dioxide emission on the 

environment is significant. The carbon emissions contribute to the warming of the planet, 

leading to melting ice caps, rising sea levels, and extreme weather events. 

Carbon dioxide emission and global warming: The impact of carbon dioxide emission on the 

environment is significant. The carbon emissions contribute to the warming of the planet, 

leading to melting ice caps, rising sea levels, and extreme weather events. According to the 

U.S. Environmental Protection Agency (U.S. EPA), transportation accounts for about 28% 

of greenhouse gas emissions in the United States, and cars and trucks make up the majority 

of those emissions. 

Cargo planes: They are air planes that mainly transport goods and commodities around the world in 

the air. Cargo planes are more fuel-efficient than passenger planes in terms of the amount of 

carbon dioxide emission per ton of load transported but are less fuel-efficient than cargo ships. 

Cargo ships: They include container ships, oil ships, etc., that carry goods and commodities around 

the world in the sea. According to the International Maritime Organization (IMO), ship-

ping accounts for approximately 2.5% of global greenhouse gas emissions, with cargo 

ships being the largest contributor. A single large container ship can emit as much pollu-

tion as 50 million cars. This is due to the fact that cargo ships run on heavy fuel oil, which 

is a low-quality fuel that emits high levels of sulfur dioxide and nitrogen oxides. In terms 

of carbon dioxide emission-ton per cargo load-ton per transportation distance-mile (ton/

ton-mile), cargo ships are the best (i.e., lowest) in comparison with cargo trains, cargo 

planes, and trucks. The impact of cargo ship emissions on the environment can be reduced 

in the future through the use of cleaner fuels, and the implementation of energy-efficient 

technologies and policies. Several shipping companies have taken steps to reduce their 

emissions and have set a target of net-zero emissions by 2050, and have invested in alter-

native fuels such as liquefied natural gas (LNG), biofuels, and hydrogen. CMA CGM, the 

fourth-largest container shipping company, has committed to becoming carbon-neutral by 

2050 and has invested in LNG-powered ships. 

Catalytic converter: A catalytic converter is a device used to reduce the toxicity of emissions 

from an internal combustion engine. Catalytic converters are used to reduce emissions 

of hydrocarbons, carbon monoxide, and nitrogen oxides, not to solve the lead discharge. 

Since lead in gasoline destroys the catalytic converters, the introduction of catalytic con-

verters called for the use of unleaded gasoline. The catalyst itself is most often a precious 

metal. Platinum is the most active catalyst and is widely used. However, it is not suitable 

for all applications because of unwanted additional reactions and/or costs. Palladium and 

rhodium are two other precious metals that are used. Platinum and rhodium are used as 

a reduction catalyst, whereas platinum and palladium are used as an oxidization catalyst. 

Nickel and copper are also used, although each has its own limitations. Nickel is not legal 

for use in the European Union (due to reaction with carbon monoxide). While copper can 

be used, its use is illegal in North America due to the formation of dioxin. The catalytic 

converter is also a potential source of heavy metals due to the aging of catalysts by thermal 

effects, which could be emitted with other exhaust components. 
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Diesel engines: They are the engines that use compression ignition (based on the diesel cycle, 

a process by which fuel is injected after the air is compressed in the combustion chamber 

causing the fuel to ignite) for diesel to operate. 

Diesel particulate filter (DPF): A DPF is a device designed to remove diesel particulate mat-

ter (DPM) or soot from the exhaust gas of a diesel engine. DPF is far more effective 

at reducing metal emissions associated with DPM than the diesel oxidation catalyst 

(DOC), which can oxidize compounds existing in the gas phase of the engine exhaust 

system. The latter device is not effective at reducing the solid soot particles in DPM by 

any appreciable amount. DPFs are quite efficient in reducing particulate matter emis-

sions. For example, wall flow DPFs usually remove 85% or more of the soot, and can 

at times (heavily loaded condition) attain soot removal efficiencies of close to 100%. 

A diesel-powered vehicle (DPV) equipped with a functioning filter will emit no visible 

smoke from its exhaust pipe. 

Diesel particulate matter (DPM): It is a black soot produced from the exhaust of a diesel engine; 

DPM also known as diesel soot consists of unburned carbon compounds together with 

those impurities of heavy metals bound within those particulate matters as well. The com-

position of heavy metals from diesel vehicle emissions is strongly affected by the vehicle’s 

operating conditions such as driving conditions, driving speed, and so on. 

Diesel particulate matter (DPM): Diesel engines during combustion of the fuel/air mix produce a 

variety of particles generally classified as DPM due to incomplete combustion. The metal 

composition of the particles varies widely depending on the engine type, age, and the 

emissions specification that the engine was designed to meet. Two-stroke diesel engines 

produce more DPM per horsepower output than four-stroke diesel engines, as they burn 

the fuel/air mix less completely. 

Dimethyl ether (DME): Dimethyl ether (CH OCH ), also called DME, is currently attracting 

3

3

worldwide attention because it is a clean fuel that can be synthesized from various mate-

rials such as natural gas, coal, biomass, and so on. DME can be used as a fuel in diesel 

engines, gasoline engines (30% DEM/70% LPG), and gas turbines. It works particularly 

well in diesel engines due to its high cetane number, which is greater than 55 compared 

with diesel with cetane numbers 38–53. Only moderate modifications are needed to con-

vert a diesel engine to run on DME. The simplicity of this short-carbon-chain compound 

leads, during combustion, to very low emissions of airborne particulate matter, NO , CO, 

 x

and no SO , meeting even the most stringent emission regulations in Europe, the United 

 x

States, and Japan. Low emission of airborne particulate matter can also reduce the emis-

sion of metals bound in particles. 

Emission: It is the release of pollutants into the air from a source. 

Ethanol (alternative fuel): It is a biofuel that is manufactured from the conversion of carbon-based 

feed stocks such as sugar cane, sugar beet, switch grass, corn, and barley. Ethanol fuel 

can be combined with gasoline at different percentages or can be used in its pure form as 

100%. As a matter of fact, not every vehicle can run on 100% ethanol, but most run on 

small percentages of ethanol blends. Ethanol has become more common because it is cur-

rently being used as an oxygenated additive, which could help achieve the reduction of soot 

emissions to some extent without the use of a metal-containing additive [60]. Ethanol fuel 

is a sustainable energy resource that is intended to provide a more environmentally and 

economically friendly alternative to fossil fuels such as diesel and gasoline. However, there 

are many debates surrounding the environmental friendliness of ethanol and its production 

viability. 

Exhaust emission control (heavy metals): Control of exhaust emission from internal combus-

tion engines has followed two routes: (a) fuels could be modified in terms of reduction of 

metal contents such as less metallic additives added, or (b) could be replaced by alterna-

tive fuels with less metal content as well without compromising the engine performance; 
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the pollutants could be minimized from the combustion chamber by installing some par-

ticulate metal trap systems. 

Gasoline additives: They are the materials that are added to gasoline to increase gasoline’s octane 

rating or act as corrosion inhibitors or lubricators, thus allowing the use of higher compres-

sion ratios for greater efficiency and power; however, some gasoline additives carry heavy 

environmental risks. Those metal-containing additives mainly refer to antiknock agents 

such as tetraethyl lead (TEL), methylcyclopentadienyl manganese tricarbonyl (MMT), fer-

rocene, iron pentacarbonyl, and so on. 

Heavy metals (environmental): (a) Environmental heavy metals are trace elements found in low 

concentrations in the environment, such as air, soil, and water, which are nutrients needed 

for plant or animal growth in low concentrations, but can be toxic to humans, animals, and 

plants in high concentrations. The Federal and State regulations have established standards 

for controlling the following nine heavy metals (or trace elements): arsenic (As), cadmium 

(Cd), copper (Cu), lead (Pb), mercury (Hg), molybdenum (Mo), nickel (Ni), selenium (Se), 

and zinc (Zn); (b) It is a metallic element with a specific gravity greater than 5, such as 

cadmium (Cd), copper (Cu), lead (Pb), zinc (Zn), etc.; and (c) It is a metallic element or 

metalloid that has an atomic density more prominent than 4,000 kg/m3. 

Hybrid vehicle: A hybrid vehicle is a modified vehicle that uses two or more distinct power sources 

(EV operation, internal combustion engine, etc.) to propel the vehicle. The hybrid vehicle 

typically achieves greater fuel economy and lower emissions than conventional internal 

combustion engine vehicles (ICEVs). Fewer metal emissions are primarily achieved by the 

following design: (a) Shutting down the gasoline or diesel engine during traffic stops or 

while coasting or other idle periods; (b) Using low rolling resistance tires. Hybrid cars use 

special tires that are more inflated than regular tires and stiffer, which reduces the drag by 

about half, improving fuel economy by relieving the stress of the engine; (c) Relying on 

both the gasoline (or diesel engine) and the electric motors for peak power needs, resulting 

in a smaller gasoline or diesel engine sized more for average usage rather than peak power 

usage. These features make a hybrid vehicle particularly efficient for city traffic where 

there are frequent stops, coasting, and idling periods. However, the overall cost of a hybrid 

vehicle is still higher than a comparable gasoline-powered vehicle. 

Hydrogen-powered hybrid EV (HEV): Electric vehicles (EVs) powered by fuel cells are another 

promising new concept for early 21st-century automobiles. A fuel cell can be thought of as 

a gas-powered battery in which a

Lead air emission: Since lead has been removed from gasoline, air emissions of lead from the 

transportation sector and motor vehicle exhaust are no longer the major source of lead 

emissions to the air, and lead air emissions have greatly declined. However, lead was emit-

ted in large amounts from vehicles when leaded gasoline was used in the past; lead is pres-

ent in many soils (especially urban soils) and can get resuspended into the air as fine lead 

particles. At the national level in the United States, major sources of lead in the air are ore 

and metals processing and piston-engine aircraft operating on leaded aviation fuel. Other 

sources are waste incinerators, utilities, lead-acid battery manufacturers, and lead dusts on 

urban roads. The highest air concentrations of lead are usually found near lead smelters. 

There is no U.S. National Ambient Air Quality Standard on lead. The State of California 

Ambient Air Quality Standard on lead is 1.5 μg/m3. 

Lead toxicity: Lead is a relatively soft and chemically resistant metal. Lead forms compounds with 

both organic and inorganic substances. As an air pollutant, lead is present in small par-

ticles. Exposure to high concentrations of lead, particularly in young children, can result in 

damage to the central nervous system and renal organs, and may be associated with high 

blood pressure in adults. Human exposure to lead typically occurs via inhalation of air and 

ingestion of lead in food, soil, water, or dust. Consequently, to get the lead out of gasoline 

seemed to be essential for the sake of environmental protection and human health. 
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Lead-based paint pollution: The lead-based paint in old buildings could arise from paint flecks or 

chips or sanding during home renovations, in turn, causing lead pollution. In these cases, 

the lead-containing particles are generally too large to be inhaled. Instead, exposure is 

primarily through ingestion by young children or factory workers due to hand-to-mouth 

transfer of paint flecks or sanded paint dusts that are then swallowed. This can lead to 

an elevated level of lead in the human body, increasing the risk of having neurological, 

behavioral, and learning problems, or even cancer. Care should be exercised when reno-

vating older homes to prevent inhalation or ingestion of lead-based paint residue. 

Leaded gasoline phase-out: Due to the toxicity of lead, the leaded gasoline was banned in most of 

the countries for its application as an automobile fuel. The phase-out period varies between 

countries. The U.S. EPA (United States Environmental Protection Agency) began working 

to reduce lead emissions soon after its inception, issuing the first reduction standards in 

1973, which called for a gradual phase-down of lead to one-tenth of a gram per gallon by 

1986. The average lead content in gasoline in 1973 was 2–3 g per gallon or about 200,000 

tons of lead per year. In 1975, passenger cars and light trucks were manufactured with a 

more elaborate emission control system that included a catalytic converter that required 

lead-free. All of these efforts to remove lead from regular use resulted in an over 70% 

decline in blood-lead levels in Americans between 1978 and 1990. Other developed nations 

have followed the United States. European countries such as Germany, France, and the 

United Kingdom began a phase-out policy of leaded gasoline since the early 1980s, when 

the concentrations in leaves and human blood steadily declined. However, as the industrial 

nations legislate lead’s demise, the world’s lead makers have been pushing to expand new 

markets, primarily in developing countries. The complete phase-out (100% unleaded) all 

over the world still has a very long way to go. 

Leaded gasoline: It is a gasoline fuel containing a lead-containing additive, such as tetraethyl lead 

(TEL). Lead (or TEL) in gasoline enhances engine performance since it has the property of 

increasing the octane rating/number in gasoline, which makes the fuel resist knocking bet-

ter; lead also serves as a lubricant for the exhaust valves (valve seats). Leaded gasoline was 

phased out due to the lead toxicity to humans, especially to children. Many classic cars’ 

engines have to make modifications to use lead-free gasoline due to the gradual unavail-

ability of leaded gasoline. 

Liquefied petroleum gas (LPG): LPG is a mixture of gases produced commercially from petroleum 

or natural gas, and stored under pressure to keep it in a liquid state. LPG is composed pri-

marily of propane with some butane, propylene, butylene, and other hydrocarbons, unlike 

gasoline, which is a complex mixture of hydrocarbons. LPG’s average octane value is 104, 

which is higher than gasoline’s range of 84–97, and can produce significantly better vehicle 

performance than the lower-octane gasoline. When prepared as fuel, unlike gasoline, LPG 

is used as a dry gas without fuel additives, which just burns with little air pollution and little 

solid residues such as soot and particulate matter with heavy metals. Even though LPG has 

been considered less polluting than gasoline and diesel due to the fact that it contains less 

sulfur and emits less hydrocarbons, NO , particulate matter, and CO, it has been reported 

 x

that LPG has a high emission potential of volatile heavy metals such as mercury (Hg). 

Motor vehicle: It includes all cars, and trucks that run on the highway. 

Smog: It is a criteria air pollutant. A mixture of  pollutants,  principally ground-level  ozone,  pro-

duced by chemical reactions in the air involving smog-forming chemicals. A major por-

tion of smog-formers comes from burning petroleum-based fuels such as gasoline. Other 

smog-formers, volatile organic compounds, are found in products such as paints and sol-

vents. Smog can harm health, damage the environment, and cause poor visibility. Major 

smog occurrences are often linked to heavy motor vehicle traffic, sunshine, high tempera-

tures, and calm winds or temperature inversion (weather conditions in which warm air is 

trapped close to the ground instead of rising). Smog is often worse away from the source 
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of the smog-forming chemicals since the chemical reactions that result in smog occur in 

the sky while the reacting chemicals are being blown away from their sources by winds. 

Source (pollution): It is any place or object from which pollutants are released. A source can be a 

power plant, factory, dry cleaning business, gas station, or farm. Cars, trucks, and other 

motor vehicles are sources, and consumer products and machines used in industry can be 

sources too. 

Trains: Train is one type of transportation that is powered by a locomotive, and moves on railroads. 

There are two types of trains: passenger trains and cargo trains. Cargo trains are one of the 

most environmentally friendly modes of transportation because trains emit significantly 

less carbon dioxide per ton (of cargo load transported) per mile (of transportation distance) 

than trucks, and they are also more fuel-efficient. 

Transportation industry: It includes the automobile industry, shipping industry, cruise industry, 

aviation industry, trucking industry, and railway industry. 

Vehicle brake linings: They are the lining (friction material) of a vehicle brake system that consists 

of a wide range of compounds with, for instance, fibers of steel, glass, and plastic serving 

as reinforcements. Some compounds are used for their heat-conducting properties (brass 

chips) and good filling properties (antimony compounds). The heavy metal emissions from 

brake linings are Cd, Cr, Cu, Ni, Pb, Sb, and Zn. 
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87–88, 91–92, 224

disposal facility, hazardous waste management 338

conventional nickel-chromium plating wastewater 

disposal, hazardous waste management 339

treatment system 336

dissolved air flotation (DAF) 36, 83–94, 142–168, 175, 

conventional physicochemical wastewater treatment 

176, 200, 206, 208–211, 208, 211,  214–216, system 92, 224–225

218–221, 224, 225, 229, 239, 260–261, 264, conventional sand drying beds 245, 251, 260, 264

270, 276, 279, 281, 282, 290, 294–297, 332, cooling tower 287–299

339,  380–382,  387–389,   390, 392, 393, 401

copper(II) 105, 106, 108, 109

dissolved air flotation-filtration (DAFF) 83–94, 142–168, 

copper cyanide plating bath 336

225,  229,  290,  296,  297

copper electroplating 336, 338, 346

dissolved air-ozone flotation (DAOF) 287–299

copper pyrophosphate plating bath 336

dissolved carbon dioxide flotation (DCDF) 176, 225

copper removal 287–299

dissolved gas flotation (DGF) 92, 225, 290, 292, 294–296, 

copper sulfate (CuSO ) 45, 298, 336, 346, 352

336, 339, 369

4

corrosion 7, 12, 38, 39, 44, 45, 70, 77, 97, 117, 147, 149, 

dissolved nitrogen flotation (DNF) 176,  339

150, 152, 159, 160, 165, 167, 168, 231, 289, 290, 

DNF  see dissolved nitrogen flotation (DNF)

297–299, 332, 333, 341, 342, 347, 356, 360, 374, doping 70, 78

397, 399, 411, 414

down-time record 159

corrosion control 147,  150, 152, 159, 160, 289, 290, 298

drag-in and its reduction 339

corrosion control for cooling tower 298

drag-out 329, 339, 341, 343, 349, 351, 352, 363, 374

corrosion inhibitor 298, 360, 374, 399, 411, 414

dragout management, metal finishing industry 339

CRTs  see cathode ray tubes (CRTs)

dragout reduction, electroplating 339

cryptosporidium and giardia cysts 152, 154

dryer (or high temperature sludge treatment) 261

CWA  see Clean Water Act (CWA)

Dubinin–Radushkevich isotherm model 107

CWA (metal finishers) 334

cyanidation process 19, 34, 36

 E Coli  see  Escherichia Coli ( E Coli)

cyanide bath carbonate freezing 336–337

ecologically sustainable industrial development (ESID) 

cyanide bath carbonate freezing, spent plating solution 

177, 178, 269–283

management 336

effluent

cyanide-containing wastes treatment 337

discharge limitations 20

cyanide oxidation 337, 357

limitations 1, 2, 17–18, 18–20, 22, 25–27, 29, 33,  

cyanide plating baths (zinc electroplating) 337

36,  177

cyanide reduction with hydrogen peroxide 337

efflux 48, 61, 124

cyclone 276, 307, 309, 337

electrical discharge machining 339–340

cyst-size microscopic count 147, 148

electric vehicles (EVs) 35, 398, 405, 406,  406, 411,  

412,  414

DAF  see dissolved air flotation (DAF)

electrochemical machining 340

DAFF  see dissolved air flotation-filtration (DAFF)

electrodeposition 70, 72, 75,  340–342

DCDF  see dissolved carbon dioxide flotation (DCDF)

electrodialysis (ED) 86, 176, 218, 340

decommissioning of metal finishing equipment 337

electrodialysis (ED), electroplating waste treatment 340

decontamination and decommissioning (D&D) of metal 

electrokinetics

finishing equipment or building 337

remediation 340

decontamination of metal finishing equipment 337

soil decontamination 340

decorative chromium electroplating of metals 333, 338

electroless nickel plating 338, 340, 356

decorative chromium electroplating of plastics 333, 338

electroless plating 328, 341, 343, 354, 356

dedication 142–143,  221–222

electrolysis 176, 340, 341

degreasing (chromium electroplating) 338

electrolytic decomposition technology 341

deionized water, electroplating 338

electrolytic dummying (spent plating solution 

management) 341
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electrolytic recovery (ER), electroplating waste  

flotation 17, 18, 19, 20, 36, 38, 58, 83–94, 98, 142–233, 

treatment 341

260, 261, 264, 270, 276, 279, 287–299, 332, electron beam machining 341

334, 336, 339, 350, 353, 365, 369,  

electronic waste appliances 306–307

379–394

electronic wastes 255, 262, 303–307, 312–313, 319,  

flotation thickening 176, 261, 264

321,  322

flow equalization & blending 196, 208

electroplating

fluidization 345

effluent guidelines in US 342

fluorinated gases 345

emission sources and control 342

fluorocarbons 345, 346

process components 342

flushing 55, 345, 366

electrostatic painting 342

forcing 345, 350, 353, 362, 363, 365

Emergency Planning and Community Right-to-Know Act 

fossil fuel 43, 344, 345, 349, 354, 357, 397, 398, 404, (EPCRA) 369

405,  413

emission

Fourth Assessment Report 357

control chemical fume suppressants  

Freundlich isotherm model 106, 108

(electroplating) 343

fuel cells 36, 58, 398, 406, 411, 414

control devices (electroplating) 343

fungal biosorbents 102–105, 103,  108–110

emulsion breaking and oil separation 343

fungal biosorption isotherms 106

environmental engineering significance 4–17

fungal biosorption kinetics 109

environmental management standards 328, 352

fungal cell wall 102

EPA 40 CFR Part 433 (Metal Finishing) effluent 

fungi 46, 47, 48, 49, 51–56, 97–101, 103, 106, 109, 124, 

guidelines 343

126,  298,  299

EPA ID number, hazardous waste management 343

 Escherichia Coli  (E Coli) 122, 124, 299

gangue 17, 18, 36–39

ESID  see ecologically sustainable industrial  

genetically engineered microbes (GEMs) 59

development (ESID)

GHG  see greenhouse gas (GHG)

estimating chemical releases from electroplating 

global average temperature 345

operations 343

global change 345

etching and chemical milling 343

global climate models (GCM) 346

ethylene dibromide (EDB) 379–394

global warming 175, 178, 195, 217, 219, 345, 346, 349, 350, 

evaporation 20, 44, 72, 118, 176, 223, 241, 242, 245, 246, 

354, 357, 398, 412

250–253, 261, 263–265, 287, 288, 343, 344, global warming potential (GWP) 345, 346, 349, 350, 

353, 364, 365

354,  357

evaporation lagoon 241, 251–253, 261, 264

Glossary of Drinking Water Quality and Simplified 

evaporative recovery management 343–344

Drinking Water Standards 167–168

EVs  see electric vehicles (EVs)

gold electroplating 346

excavation 21, 344, 367

good engineering judgment 346

ex situ cement-based solidification/stabilization (S/S) 

good housekeeping practices 346, 368

technology 344

granular activated carbon 85, 93, 94, 168, 224–227, 276, ex situ (out of ground) soil remediation technologies 344

346,  390,  391

ex situ vitrification (ESV) technologies 344

granular activated carbon (spent plating solution 

extractable petroleum hydrocarbons (EPH) 331

management) 346

extra polymer substances (EPS) 51

granular activated carbon adsorption 93, 94, 224–227

extremely high color 163

gravity-concentration processes 36

gravity thickening 176, 261, 264

feasibility study (FS) 278, 335

green-clean technology 60

fecal coliform (FC) 247, 299

greenhouse effect greenhouse gas (GHG) 346

federal aviation administration (FAA) 363

greenhouse gas (GHG) 271, 321, 330, 345, 346, 349–351, 

federal effluent guidelines, USA (metal finishers) 344

354, 357, 362, 368, 372, 398, 410–412

ferroalloy 1, 2, 17, 18, 19, 20, 26, 30–31, 32,  33

Grigoropoulos, Sotirios G. 142–143

filter backwash wastewater recycle 143, 148

grinding 43, 224, 226, 230, 347, 353, 361

filtration 31, 44, 83–94, 98, 98, 99, 118, 140, 142–168, 

grit 87, 91–94, 172, 224, 226, 227, 229

171–233, 250, 253, 261, 262, 264, 270, 276, 289, 

grit chamber 87, 91–94, 172, 224, 226, 227, 229

290, 294–297, 333, 345, 347, 360–362,  

groundwater 8, 27, 45, 84–85, 115, 116, 223, 231, 249,  

379–394

253, 261, 276, 297, 317, 319, 328, 332, 334,  

filtration (spent plating solution management) 345

336, 338, 345, 347, 353, 358, 360, 362, 366, 

final site remediation plan contents 345

372, 382–384, 385,  390–393

flame spraying 345

groundwater decontamination 382,  392

floc 91, 92, 162, 224–226, 261, 293, 339, 386, 387

groundwater remediation or decontamination (dissolved 

flocculation 29, 85, 86, 88, 92, 144,  146, 147, 148, 153, 160, 

metals and inorganics removal) 347

162, 172, 175, 176, 206, 208, 210, 226, 293, 296, 

groundwater remediation or decontamination (dissolved 

297, 353, 364, 382, 386, 387

VOC removal) 347

flocculator/flocculation 88,  226

GWP  see global warming potential (GWP)
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habitat 84, 347

independent physicochemical wastewater treatment system 

halogen 279, 306, 346, 347, 368

(IPCWWTS) 87–91, 93, 226, 227

halogenated fluorocarbons (HCFCs) 346

indirect discharger 328, 330, 343, 351, 361

HAPs  see hazardous air pollutants (HAPs)

indirect emissions 351

hard chromium electroplating 333, 347, 349

indirect industrial discharge (pretreatment) 328

hardness removal 294, 297

indium cyanide plating baths 351

hazardous air pollutants (HAPs) 348, 355, 373

indium electroplating 351

hazardous solid waste 277, 303–323

indium fluoborate plating baths 351

hazardous wastes 17, 178, 214, 255, 258, 259, 269–283, indium sulfamate plating baths 351

303–305, 307–309, 311–313, 317–321, 323, 329, 

industrial ecology (IE) 233, 269, 270, 278, 282, 283

330, 335, 336, 338, 339, 343, 348, 349, 351, 353, industrial waste 2, 7, 8, 13, 48, 49, 54, 58, 70, 74, 77, 79, 

359, 360, 363, 369–371, 373, 374

87, 88, 96–99, 101, 103, 109, 110, 118, 162, HCFC  see hydrochlorofluorocarbon (HCFC)

175–177, 220, 277, 337

health and safety issues of metal finishing facility 328, 348

industrial water treatment or purification (spent plating 

heat treating 348

solution management) 351

heat treatment 104, 262, 264

innovation 177, 214

heavy metals

innovative biological wastewater treatment system 93, 227

ashes disposal 277

innovative physicochemical flotation-membrane 

definition 1

wastewater treatment system 94, 227

drinking water in 167, 168, 170

innovative physicochemical flotation wastewater treatment 

heavy metals (based on the density) 37

system 93, 227

heavy metals (non-toxic, or not-legally toxic 

input substitution 351, 368

environmental metals and metalloids) 36

in situ cement-based solidification/stabilization (S/S) 

heavy metals (precious metals) 37

technology 350

heavy metals (radioactive) 37

in situ (in place) soil remediation technologies 350, 367

heavy metals (toxic environmental heavy metals or trace 

in situ vitrification (ISV) technology 350

elements) 36,  348

International Civil Aviation Organization (ICAO) 366, 411

heavy metals (with atomic densities more then 4.5 gram/

International Organization for Standardization (ISO) 328, 

CC) 2

351,  352

hexavalent chrome alternatives 349

ion exchange (IX) 18, 37, 38, 44, 51, 53, 59, 85, 86, 92–94, 

hexavalent chromium 7, 115–140, 333, 334, 342, 349, 369, 

97,  98, 101–103, 118, 119, 140, 176, 218, 224, 

371,  407

225, 227, 297, 338, 340, 351, 352, 362, 364

hexavalent chromium plating baths (hard chromium 

ion exchange (IX), electroplating waste treatment 351

electroplating) 349, 371

IPCWWTS  see independent physicochemical wastewater 

hexavalent chromium reduction and chemical 

treatment system (IPCWWTS)

precipitation, electroplating waste  

iron (Fe) 1, 2, 7–9, 11, 15, 17, 18, 18, 21–22, 21–28, 26–28, treatment 349

34–37, 39, 51, 53, 54, 58, 85, 91, 123, 149, 153, 

HFC  see hydrofluorocarbon (HFC)

157, 165, 167, 168, 175, 206, 224, 242, 287–299, 

high surface area cathode 341

306, 307, 310, 329, 332, 341, 342, 347, 349, 351, 

horizontal barrier, in situ 349

355–358, 360, 369, 374, 375, 380–383, 385, 

hot dip coating 349

386,  391, 392, 399, 400, 401, 412, 414

hot injection 70, 79

iron ore 1, 2, 17, 18, 18, 21, 21–22, 28

hot injection/one pot/colloidal route 72

iron removal 296

household batteries 314–319, 322

ISO  see International Organization for Standardization 

humic acid 153, 379–394

(ISO)

humic substances 142–170

ISO 14000 328, 352

humification 245–247,  262–264

ISO 14001 requirements 352

humification drying beds (planted drying beds) 245–247, 

262–264

Krofta gas dissolving tube 290

hybrid vehicles 398, 405–406, 411, 414

Krofta Sandfloat 144,  144, 145,  146, 148, 149, 152, 159, 

hydrobromofluorocarbon (HBFC) 349

160,  162,  296

hydrocarbon (HC) 55, 73, 165, 279, 331, 349, 354, 355, 

368, 397, 402, 404, 412, 415

LaMer’s plot 73,  73

hydrochloric acid pickling 349

laminating 353

hydrochlorofluorocarbon (HCFC) 345, 346, 349

lamps 10, 77, 304, 306, 311–314, 322, 323

hydrofluorocarbon (HFC) 345, 346, 350

land application 176, 247, 249, 250, 254, 255, 260, 262

hydrofluoroolefin (HFO) 350

landfill leachate treatment 218, 279

hydroxide precipitation and pH adjustment, metal finishing 

Langmuir isotherm model 106

waste treatmen 350

large electrical waste appliances 307–308

laser beam machining 353

ICAO  see International Civil Aviation Organization (ICAO)

leachate 123, 218, 220, 245, 247, 257, 263, 264, 269–283, incineration 46, 249, 250, 255, 260, 262, 275, 307, 308, 

315, 319, 364, 371, 390

316, 344, 358, 367

leaching processes 34, 36, 37

incompatible waste, hazardous waste management 351

lead (II) 105, 106, 108, 109
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lead (Pb)

metallurgy 11, 45, 60, 61, 298, 299

and asbestos abatement 353

metals reduction in brake linings and tires 407–408

electroplating 353

methylation 48, 51, 55–57, 60

leaded gasoline phase-out 402–403, 415

microencapsulation solidification: solidification 

leaded gasoline pollution 398–399

of fine waste particles is referred to as 

leak detection system 353, 372

microencapsulation 354

leather manufacturing 177,  227

microfiltration 86, 177, 211, 218, 347

leather tanning effluent 175, 177, 187, 194, 219

mine reclamation 249, 250, 260, 262

leather tanning effluent treatment technologies 175, 

minimum detection limits of toxic heavy metals and 

187–194

organic compounds 3

leather tanning industry subcategory 1 hair pulp/chrome 

mining of metals 37–38

tan/retan-wet finish 189

mist eliminators 343, 354

leather tanning industry subcategory 2 hair save/chrome 

monitoring, air pollution control (monitor) 354

tan/retan-wet finish 190

monitoring, plating 355

leather tanning industry subcategory 3 hair save or pulp/

multimedia filter 355

non-chrome retan/retan-wet finish 190

municipal solid wastes (MSWs) 45, 303, 314

leather tanning industry subcategory 5 no beamhouse  

mycoremediation 48

185,  191

leather tanning industry subcategory 8 pigskin 186, 193

NAAQS  see National Ambient Air Quality Standards 

leather tanning industry subcategory 4 retan/wet finish 

(NAAQS)

(sides) 185,  191

nanofiltration metallothioneins 53

leather tanning industry subcategory 9 retan/wet finish 

nanoparticles 47, 57, 58, 70, 71, 73–75,  73, 77, 85

(splits) 193

nanotechnology 58, 319, 322

leather tanning industry subcategory 7 shearling 185, 192

National Ambient Air Quality Standards (NAAQS)  

leather tanning industry subcategory 6 through-the-blue 

355,  414

185,  192

National Emissions Standards for Hazardous Air 

leather tanning or finishing 227–228, 231

Pollutants (NESHAP) 355

ligand exchange 69–79

National Emission Standards  

light non-aqueous phase liquid (LNAPL) and its removal 

(chromium electroplating) 355

from groundwater 353

National Priorities List (NPL) of Superfund 355

lime precipitation and sedimentation 353

National Technical Information Service 143, 147, 370

lixiviant 53, 61

natural gas 88, 276, 344, 345, 354, 355, 404, 405,  

411–413,  415

machining 328, 339–341, 353, 360, 372

natural non-toxic heavy metals 2, 37

macroencapsulation solidification 353

natural variability 355

major modification 353

net emissions increase 353, 355

major stationary source 353

neutral gold cyanide plating baths 328, 329, 346, 355

make-up water treatment 297

neutralization, electroplating waste treatment 355

management 5, 17, 46, 59, 84–85, 119, 162, 174, 178, New Source Performance Standards (NSPS)

219–221, 233, 241, 247–250, 254,  255,  256, air emission 355

262, 269–283, 289, 299, 303–305, 307–319, 321, 

water pollution 355

325–375,  396–416

New York State drinking water quality goals 148, 153

manganese 1, 2, 8, 10, 17, 21–27, 31, 35–37, 45, 54, 149, 

nickel chromium plating 342

153,  157, 165, 167, 168, 314, 317, 322, 347, 351, 

nickel-chromium plating process application 356

380–382, 385, 386, 391, 392, 397, 399, 400, 

nickel-chromium plating process wastes 356–357

412,  414

nickel electroplating (decorative) 356

manifest 305, 353, 355, 373

nickel electroplating (engineering applications) 356

Marley cooling tower 290,  291,  297

nickel, environmental impact 356

material substitution, electroplating industry 354

nickel plating (electroless) 356

maximum achievable control technology (MACT) 354

nickel plating (electrolytic) 356

maximum contaminant levels (MCLs) 84, 118, 166, 170, 

nitrification 87, 92–94, 176, 196, 201, 209, 214, 216, 218, 

354, 363, 391

224, 225, 227, 228, 276, 330

memoir 143, 221

nitrogen cycle 357

mercaptans 382, 384, 385, 386, 391,  392

nitrogen oxides (NOx) 357, 397, 402, 409, 412

mercury-containing equipment 304, 311, 313–314, 319

nitrous oxide (N O) 4, 5, 7, 12, 345, 346, 357

2

mercury removal 319–320

nonattainment area 353, 357

mesosphere 330, 354, 369

nonnoble metal catalyst 398, 403–404

metal-containing antiknock agents 398

nontoxic environmental metals 36

metal deposition 78, 339, 341

non-vacuum deposition 72

metal emissions (exhaust fumes) 354

non-volatile particulate matter (nvPM) 357

metal finisher 328, 330, 336, 339, 344, 345, 354, 361

metal finishing 255, 262, 328, 337, 343, 344, 351

ocean disposal 255, 263, 276

metal health effects 43

odor 98, 165, 167, 168, 176, 231, 242–244, 379–394

metalloid 2, 3, 4–17, 36, 37, 60, 329, 348, 414

offset, air emission 357
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oils and grease (O&G) 21–23, 26, 83–94, 189–194, 228, 

plating bath life extension 360

243,  368

plating bath solutions 327, 338, 341

on site or ‘in-situ’ chemical treatment 357

plating tanks 339, 342, 343, 360–361

open drying bed 241, 250–251

platinum electroplating 361

operating permit, air emission 357

PLD technique 72

ore beneficiation 17, 37, 38

pollutants (pollution), air emission 361

ore concentrate 38, 39

pollution prevention 270, 273, 276, 277, 317, 327–328, 331, 

ore mining and dressing industry 1, 2, 17–18, 18–20, 20, 

349, 351, 362, 363, 370, 373, 374

21, 21–26, 25, 27, 38

polychlorinated biphenyls (PCBs) 304, 306–309, 331,  

ore mining and separation processes 38

358,  384

organomercurial lyase 56

polycyclic aromatic hydrocarbons 331

oxygen demand 58, 59, 83–94, 125, 179, 202, 223, 228, 

polymer microencapsulation solidification/stabilization 

231, 232, 247, 279, 380

(S/S) technology 361

ozonair 291,  293,  294,  297

polypropylene balls and foam blankets 361

ozonation 86, 98, 176, 279, 290–292, 292, 293,  294–297,  

polyvinyl chloride (PVC) 342, 343

329,  337,  357

potentially responsible parties 335, 370

ozone 86, 91, 98, 99, 176, 178, 271, 277, 287–299, 329, 330, POTW  see publicly owned treatment works (POTW)

332, 337, 345, 346, 349, 350, 357, 358, 366, 369, 

powdered activated carbon (PAC) adsorption 382, 

372,  393,  415

386,  392

ozone-assisted chemical coagulation/precipitation 290

precession 361

precious heavy metals 2, 37

painting 328, 342, 358, 368

precious metals 1, 2, 17, 18, 18, 21–23, 27, 34, 35, 37, 38, paint stripping 358

277, 342, 354, 360, 361, 400, 403, 412

palladium and palladium-nickel electroplating 358

precipitation (weather) 361

palladium-nickel electroplating baths 358

precipitation, spent plating solution management 361

particulate filters 358, 398, 403, 406–407, 413

preliminary assessments 334

particulates; particulate matter (PM-10) 358

preliminary effluent 91–94, 208, 224, 227, 229

paved drying beds 241, 242, 245–246, 248, 250–251,  

preliminary treatment 87, 91–94, 172, 187, 203–209, 224, 

263,  264

226–229,  238–239

PCBs  see polychlorinated biphenyls (PCBs)

pressure deformation 361

PCB spill cleanup requirements 358

pretreatment of beamhouse waste in tannery 194–195, 

pelletization by heat drying 263

203–207, 215, 217, 238

periodic table of elements 2, 41

pretreatment of tanyard waste in tannery 195–196, 

permeable reactive barriers 358–359

207–208,  215–218,  238–239

permissible exposure limits of OSHA 348

pretreatment standards or control authority permit 361

permit, air emission 359

prevention of significant deterioration (PSD) 353, 362

personal protective equipment 348

primary treatment 87, 172, 177, 196, 208–209, 228–230

pesticides 5, 8, 9, 43, 43, 45, 70, 84, 85, 97, 165, 255, 259, 

product reformulation 362, 368

262, 304, 311, 312, 318, 322, 323, 345, 358

promulgated standards for raw water sources of domestic 

pH adjustment 27, 162, 163, 208, 336, 347, 350, 359, 383

water supply 143, 147, 164,  166

pH correction 196, 208, 209, 220

protonolysis 56, 61

phosphorylation 51

PSD  see prevention of significant deterioration (PSD)

photocatalysis 70, 71,  74, 74–75, 75–77,  77–79

pseudo-first-order kinetic model 107

photocatalytic efficiency 70, 77, 78

pseudo-second-order kinetic model 109

photosensitization 78

publicly owned treatment works (POTW) 247, 248, 248, 

photosynthesis 224, 359

249, 255, 290, 334, 351, 356, 366

phycoremediation 49

pulsed laser deposition (PLD) 72

physical separation 175, 359, 367

pump and treat 332, 362

physical wastewater treatment 110

purer anodes and bags 362

physicochemical sequencing batch reactor 346

PVC  see polyvinyl chloride (PVC)

phytoextraction 359, 360, 364

pyrometallurgy 362

phytoplankton 359

phytoremediation 49, 359, 360, 364

radiation 77, 176, 329, 337, 341, 346, 357, 362, 367, 369

phytoremediators

radiative forcing 362

phytostabilization 360

radioactive heavy metals 1–2, 30, 37

pickle liquor, or pickling solution (metal work) 360

radio frequency (RF) 72

pickling process (metal work) 360

rapid mixing 88, 160, 382, 387, 392

pickling sludge 360

rated output (rO) 363

pigskin tannery process 180, 184

rated pressure ratio (rPR) 363

planted drying bed system (humification drying bed 

raw wastewater pollutant concentrations (ore mining and 

system) 245–247, 263, 264

dressing industry’s subcategories) 21–27

plant growth promoting (PGP) rhizobacteria 49

RCRA corrective action levels 363, 365

plasma arc machining 360

record of decision 335
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recycle 143, 147–148, 162–163, 171, 200, 205–206, site remediation cleanup level 365

208–209, 216, 218–220, 275–277,  275, 279, 

site remediation, Federal Standards and Guidelines 365

290–294, 296–297, 312–315, 317–318, 321, 364, sludge 44–46, 86–87, 89, 100–101, 117–118, 143–145, 

387–388

147–149, 160–164, 175–177, 195–197, 205–210, 

red mud or bauxite residue 363

214–221, 241–255, 334, 339, 353–354, 359–360, 

reduction 48–49, 118–124, 130–131, 134–138, 147–149, 

364–365,  380–383,  388–389

153–167, 174–176, 206–207, 209, 214–220, cake 241–242, 244, 247–248, 252, 254–255

276–277, 296, 330, 332–334, 341–342, 

dewatering 89, 197, 242–253, 359, 364–365

349–350, 368–369, 372–374, 379–393, 402–405

digestion 100, 176–177, 242–244, 246–248,  

refrigeration waste appliances 309

250–252,  254

remedial investigation 334, 370

drying beds 241–255, 365

and feasibility study 334

drying lagoons 252

replenishment (spent plating solution management) 360, 

drying reed beds 245, 247

363,  404

thickening 89, 197, 205, 244, 246, 251, 381

Resource Conservation and Recovery Act (RCRA) 311, 

treatment 160, 162–163, 176–177, 196–197, 207, 209, 

318, 321, 330, 332, 363, 365, 374

214, 216, 218, 220, 245–248, 252–253, 255, re-tanning and wet finishing processes 182, 184–186, 

353–354,  364

187–191, 193

sludge treatment & disposal, tanning industry 228

reuse, recycling, and recovery (RRR) 363

Small Business Liability Relief and Brownfields 

reverse osmosis (RO), electroplating waste treatment 

Revitalization Act (SBLRBRA 366

176–177, 218, 338, 347, 351, 363

small electrical waste appliances 308

rhizofiltration 364

smelting 45, 353, 359, 362, 369

rhodium electroplating 364

smog 357–358, 366, 372

rinse water management, electroplating 364

smoke number 366

ruthenium electroplating 364
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