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Foreword to the First Edition

The limited availability of textbooks in chemical and extractive metallurgy is evident
from their paucity in different library websites. Hence, there is a need to enrich the
extractive metallurgy library. In this field, hardly one or two books are published
within a span of 5–10 years. Considering the requirement and circumstances, this
book by Professor M. Shamsuddin, which discusses the physical chemistry of
various steps involved in the extraction of different types of metals, is an important
contribution in the field of chemical metallurgy. It is well known that the exploitation
of many low-grade and complex ores/minerals has been possible in recent years by a
thorough understanding of slag-metal reactions with the aid of thermodynamics and
reaction kinetics. The fundamental principles of chemical metallurgy are based on
physical chemistry that includes thermodynamics and kinetics. In general, textbooks
on physical chemistry deal mainly with contents that are appreciated by the students
of chemistry but are of less interest to metallurgists and chemical engineers. In this
book, physical chemistry is presented for aspects concerning chemical metallurgy
with appropriate examples drawn, as much as possible, from extractive metallurgical
processes.

The physical chemistry principles that are key to extraction technologies play a
decisive role in the development and improvement of processing methods. As a
consequence, metallurgists and chemical engineers often face the problem in
selecting the appropriate technique for treatment of the concentrate. In order to
overcome such a challenging task, a sound knowledge of physical chemistry of
different extraction methods is extremely useful. Since the chemistry of the extrac-
tion process varies according to the nature of the metal, which may fall under the
categories of common, rare, reactive, or refractory, a comprehensive and collective
treatment in one book is very much desired at the present time. Depending on the
interest, one may further study the details in a book/monograph dealing with the
particular metal. This is the main objective of this book.

This is a very special book for three reasons: Firstly, it includes discussions on
physicochemical principles involved in different steps, namely, roasting of sulfide
minerals, matte smelting/converting, reduction smelting, iron-and steelmaking,
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deoxidation, refining, degassing, leaching, purification of leach liquor, precipitation,
cementation, etc., during extraction/production of not only common metals but also
rare, reactive, and refractive metals by pyro- and hydrometallurgical methods.
Secondly, it provides a number of worked-out examples in each chapter, which
make understanding of the process easier. Thirdly, the author has systematically
summarized and presented scattered information on physicochemical aspects of
metal extraction from previously published books and journal articles.

The book will undoubtedly fulfill the need of students and teachers by providing
information on the principles and methods of extraction of different metals—com-
mon, rare, reactive, and refractory—in one place. I am confident that the book will be
in demand throughout the world by universities and institutes offering courses in
metallurgy as well as chemical engineering and technology, and also by various
metallurgical and chemical research laboratories. It will be more useful to students of
metallurgical engineering specializing in chemical/extractive metallurgy, but the
basic principles of various unit operations involved in extraction will also be
appreciated by chemical engineering students.

In addition to his long tenure at Banaras Hindu University, Professor Shamsuddin
has had diversified interactions with faculty members of two premier institutions,
namely the Department of Metallurgical Engineering, University of Utah, Salt Lake
City, and the Department of Materials Science and Engineering, Massachusetts
Institute of Technology, Cambridge, on various aspects of metal extraction, thermo-
dynamics, and kinetics. I have no reservation in stating most strongly that this book
Physical Chemistry of Metallurgical Processes will achieve a high standard in the
field of chemical/extractive metallurgy and be appreciated by metallurgists and
chemical engineers.

Fellow, The Minerals, Metals &
Materials Society; Professor,
Departments of Metallurgical
Engineering and Chemical Engineering,
University of Utah,
Salt Lake City, UT, USA

H. Y. Sohn

http://www.metallurgy.utah.edu
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Preface to the First Edition

I had been planning to write this book Physical Chemistry of Metallurgical Pro-
cesses based on my experiences of teaching a graduate course with the same title in
the Department of Materials Science and Engineering, Massachusetts Institute of
Technology, and association/interaction with the faculty members in the Department
of Metallurgy and Metallurgical Engineering, University of Utah, Salt Lake City,
during my 3 years (1978–1981) of visit to the United States. But, while taking
account of the rapid development of theoretical knowledge in recent years in gas–
solid (roasting and reduction) and liquid–solid (leaching and precipitation) reactions,
I was in a dilemma regarding the extent to which mathematical expressions should
be incorporated in the book. After spending a lot of time on the mathematical
contents while teaching the same course in the Department of Metallurgical Engi-
neering, Banaras Hindu University, I concluded that it should be possible to discuss
the new developments in a satisfactory manner without going into the use of
advanced mathematics by giving more emphasis on thermodynamics, which brings
out more convincing evidence as compared to kinetics involving complex expres-
sions. This decision has helped me in the preparation of a book of reasonable size
covering various process steps in production of different types of metals, namely
common, reactive, rare, and refractory.

In the past, during 1950–1970, most textbooks on extractive metallurgy described
processes for production of different metals emphasizing the technology rather than
the basic principles involved. The physical chemistry of the processes has been
restricted to mere listing of chemical reactions expected to be taking place. However,
the book entitled Physical Chemistry of Iron and SteelMaking by Professor R. G.
Ward published in 1962 has been an exception. With rapid increase in the number of
extraction processes on the industrial scale, it became difficult to bring out the
comprehensive idea of all metallurgical fundamentals for the development of future
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technology. During 1970–1995, Professors C. Bodsworth, W. G. Davenport, J. F.
Elliott, F. Habashi, E. Jackson, J. J. Moore, R. H. Parker, R. D. Pehlke,
T. Rosenqvist, H. Y. Sohn, M. E. Wadsworth, and Dr. E. T. Turkdogan paid due
attention to the physicochemical aspects of metallurgical fundamentals in their
books. I have benefited from their texts while preparing this manuscript and owe
them most sincerely. In addition, I have tried to collect information on this subject
from different journals and proceeding volumes. For the benefit of readers, important
references have been listed in each chapter. This may also be considered as a tribute
to various academicians, researchers, and investigators associated with the publica-
tion of various books and research articles in different journals.

By giving more emphasis on the physical chemistry of different metallurgical
processes, I aim to solve some of the problems. Attention has not been paid to how
different processes are carried out; instead, the emphasis has been on why the step
has been adapted in a particular manner. These queries, with a clear understanding of
the physical chemistry, may open ways and means for future developments. Lectur-
ing on physical chemistry of metallurgical processes is associated with a number of
challenging exercises and difficulties. It requires not only a thorough understanding
of chemical reactions taking place in a process, but also a sound knowledge of
chemical thermodynamics and reaction kinetics. In addition, technical principles of
heat and mass transfer are also needed in designing a metallurgical reactor. Lastly,
the chemical-extractive metallurgist must know about the existing processes and
should be capable of employing his imagination in encouraging students/investiga-
tors in improving the existing techniques.

Currently, university courses provide inadequate background in chemical/metal-
lurgical thermodynamics. At the majority of institutions, thermodynamics courses
are formal. Often teachers feel satisfied by solving a few problems by plugging data
in the thermodynamic expressions derived in the class. In this book, the thermody-
namic interrelationships concerning the problems have been summarized in Chap. 1,
and for clarity, the thermodynamics quantities have been defined together with an
explanation of their physical significance. It has been presumed that readers are
familiar with the undergraduate course in chemical/metallurgical thermodynamics.
For details, readers are advised to consult the textbooks and necessary compilations
listed in this book. Reaction kinetics of different processes has not been covered in
detail, and topics on heat and mass transfer have not been included with the primary
objective of publishing a book of reasonable volume. Depending upon the response
from readers, it may be taken up in the second volume or edition.

The book deals with various metallurgical topics, namely, roasting of sulfide
minerals, sulfide smelting, slag, reduction of oxides and reduction smelting, interfa-
cial phenomena, steelmaking, secondary steelmaking, role of halides in extraction of
metals, refining, hydrometallurgy, and electrometallurgy in different chapters. Each
chapter is illustrated with appropriate examples of application of the technique in
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extraction of some common, reactive, rare, or refractory metal together with worked-
out problems explaining the principle of the operation. The problems require imag-
ination and critical analysis. At the same time, they also encourage readers for
creative application of thermodynamic data. Exercises have not been given because
I am confident that the worked-out examples provide ample platform for the
framework of additional problems. In selecting these problems, I am grateful to
the late Professor John F. Elliott of MIT and late Dr. Megury Nagamori of the
Noranda Research Center, Canada. I am not consistent in using the SI unit through-
out the book. Based on my long teaching experience of about four decades, I
strongly feel that the use of different units will make students mature with regard
to the conversion from one unit to another. The principal objective of the book is to
enlighten graduate students of metallurgy and metallurgical engineering specializing
in chemical-extractive metallurgy and chemical engineering with the basic principles
of various unit operations involved in the extraction of different types of metals. It
will also be useful to senior undergraduate students of metallurgy and chemical
technology.

However, the success of the process is dictated by economic evaluation. The use
of thermodynamic principles and reactor design becomes insignificant if the process
is uneconomical and/or the product has poor demand. This aspect has not been
considered in this book. I advise the industrial metallurgists and researchers to be
careful about the economic consequences of their work.

I am grateful to a number of friends and colleagues for necessary help in the
preparation of the manuscript. It is not possible to mention all, but I shall be failing in
my duty if I do not thank Professor H. Y. Sohn of the University of Utah, Salt Lake
City, USA, Professor Fathi Habashi of the Laval University, Canada, and Professor
T. R. Mankhand of the Banaras Hindu University for their advice and constructive
criticism and also Dr. C. K. Behera and Dr. S. Jha of the Banaras Hindu University
for their assistance in the preparation of diagrams and the manuscript. I am also
thankful to library staffs in the Department of Metallurgical Engineering for their
active cooperation in locating the reference materials. Although due acknowledg-
ments have been given to authors at appropriate places in the texts for adapting their
tables and figures published in various books and journals, I take this opportunity to
thank the publishers (authors as well) listed below for giving permission to repro-
duce certain figures and tables:

I. ASSOCIATION FOR IRON & STEEL TECHNOLOGY (AIST)

1. Pehlke, R. D., Porter, W. F., Urban, P. F. and Gaines, J. M. (Eds.) (1975) BOF
Steelmaking, Vol. 2, Theory, Iron & Steel Society, AIME, New York for
Table 6.2 and Figs. 4.12, 4.14, 7.7, 8.1, 8.3, and 8.4.

2. Taylor, C. R. (Ed.) (1985) Electric Furnace Steelmaking, Iron & Steel Society,
AIME, New York.
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i. Elliott, J. F. (1985) Physical chemistry of liquid steel, In Electric Furnace
Steelmaking, Taylor, C. R. (Ed.), Iron & Steel Society, AIME, New York
(Chapter 21, pp 291–319) for Figs. 8.1, 8.2, 8.3, 8.4, 8.7, 8.8, 8.9, 8.10, and
8.11.

ii. Hilty, D. C. and Kaveney, T. F. (1985) Stainless steelmaking, In Electric
Furnace Steelmaking, Taylor, C. R. (Ed.), Iron & Steel Society, AIME,
New York (Chapter 13, pp 143–160) for Figs. 8.5 and 8.6.

3. Chipman, J. (1964) Physical chemistry of liquid steel, In Basic Open Hearth
SteelMaking, Derge, G. (Ed.), AIME, New York (Chapter 16, pp 640–724) for
Figs. 7.4 and 8.7.

II. ADDISON-WESLEY PUBLISHING COMPANY, INC.

Muan, A. and Osborn, E. F. (1965) Phase Equilibria among Oxides in Steelmak-
ing, Addison-Wesley Publishing Company, Inc. Reading, Massachusetts for
Fig. 4.14.

III. AMERICAN CERAMIC SOCIETY

Osborn, E. F. and Muan, A. (1960) Phase Equilibrium Diagrams of Oxide
Systems, American Ceramic Society for Figs. 4.10 and 4.11.

IV. ASM INTERNATIONAL

Marshall, S. and Chipman, J. (1942) The carbon-oxygen equilibrium in liquid
iron, Trans. Am. Soc. Met. 30, pp 695–741 for Fig. 7.6.

V. BUTTERWORTH–HEINEMANN

Moore, J. J. (1990) Chemical Metallurgy, 2nd Edition, Butterworth–Heinemann,
Oxford for Figs. 4.1, 4.3, 4.7, 4.8, 5.1, 5.2, and 9.1.

VI. CRC PRESS

Bodsworth, C. (1990) The Extraction and Refining of Metals, CRC Press, Tokyo
for Fig. 10.1.

VII. DISCUSSION FARADAY SOCIETY

Peretti, E. A. (1948) Analysis of the converting of copper matte, Discuss. Faraday
Soc. 4, pp 179–184 for Fig. 3.1(B).

VIII. EDWARD ARNOLD

Ward, R. G. (1962) An Introduction to Physical Chemistry of Iron and
SteelMaking, Edward Arnold, London for Figs. 7.2, 7.3, and 7.5.

IX. ELLIS HORWOOD LIMITED

Jackson, E. (1986) Hydrometallurgical Extraction and Reclamation, Ellis
Horwood Ltd. (a division of John Wiley), New York for Figs. 11.3, 11.4,
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11.5, 11.6, 11.7, 11.8, 11.10, and 11.13 and Resin structures and chemical
equations related to solvent extraction equilibria.

X. ELSEVIER

Davenport, W. G., King, M., Schlesinger, M. and Biswas, A. K. (2002) Extrac-
tive Metallurgy of Copper, 4th Edition, Elsevier Science Ltd., Oxford for
Figs. 3.1(A), 3.1(B), and 11.12 and data concerning smelting, converting
and leach liquors.

XI. GORDON & BREACH

1. Habashi, F. (1970) Principles of Extractive Metallurgy, Vol. 1 General Prin-
ciples, Gordon & Breach Science Publishing Co., New York for Table 5.1

2. Habashi, F. (1970) Principles of Extractive Metallurgy, Vol. 2 Hydrometal-
lurgy, Gordon & Breach Science Publishing Co., New York for Table 11.1,
and Figs. 11.11 and 11.14.

XII. JOURNAL OF IRON & STEEL INSTITUTE

1. Turkdogan, E. T. and Pearson, J. (1953) Activity of constituents of iron and
steelmaking slags, Part I, iron oxide, J. Iron Steel Inst. 173, pp 217–223 for
Fig. 4.12.

2. Balagiva, K., Quarrel, A. G. and Vajragupta, P. (1946) A laboratory investi-
gation of the phosphorus reaction in the basic steelmaking process, J. Iron
Steel Inst. 153, pp 115–145 for Fig. 7.3.

XIII. McGRAW-HILL

Rosenqvist, T. (1974) Principles of Extractive Metallurgy, McGraw-Hill,
New York for Figs. 2.1, 2.2, 4.15, 5.3, 5.4, 5.5, 11.2, and 11.9.

XIV. MESHAP SCIENCE PUBLISHERS, MUMBAI, INDIA

Shamsuddin, M., Ngoc, N. V. and Prasad, P. M. (1990) Sulphation roasting of an
off-grade copper concentrate, Met. Mater. Process. 1(4), pp 275–292 for
Table 2.1, and Figs. 2.3, 2.4, 2.5, and 2.6.

XV. PERGAMON

1. Parker, R. H. (1978) An Introduction to Chemical Metallurgy, 2nd Edition,
Pergamon, Oxford, Fig. 7.8.

2. Coudurier, L., Hopkins, D. W. and Wilkomirski, I. (1978) Fundamentals of
Metallurgical Processes, Pergamon, Oxford for Tables 4.1, 4.2, 4.3 and 4.4
and Figs. 4.2, 4.4, 4.5, 4.6, 4.7, 4.8, 4.9, 4.10 and 4.11.
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XVI. PRENTICE HALL INTERNATIONAL

Deo, B. and Boom, R. (1993) Fundamentals of Steelmaking Metallurgy, Prentice
Hall International, London for Figs. 7.11 and 7.12.

XVII. THE INSTITUTE OF MATERIALS , MINERALS & MINING,
LONDON

Turkdogan, E. T. (1974) Reflections on research in pyrometallurgy and metal-
lurgical chemical engineering, Trans. Inst. Min. Metall., Sect. C, 83, pp 67–23
for Figs. 7.9 and 7.10.

XVIII. THE MINERALS, METALS & MATERIALS SOCIETY (TMS)

1. Rocca, R. N., Grant, J. and Chipman, J. (1951) Distribution of sulfur between
liquid iron and slags of low iron concentrations, Trans. Am. Inst. Min. Metall.
Eng. 191, p 319, for Fig. 7.1.

2. Elliott, J. F. (1955) Activities in the iron oxide-silica-lime system, Trans.
Am. Inst. Min. Metall. Eng. 203, p 485, for Fig. 4.13.

3. Queneau, P. E., O’Neill, C. E., Illis, A. and Warner, J. S. (1969) Some novel
aspects of the pyrometallurgy and vapometallurgy of nickel, Part I: Rotary
top-blown converter, JOM 21(7), p 35, for Table 3.1.

4. Pehlke, R. D. and Elliott, J. F. (1960) Solubility of nitrogen in liquid iron
alloys, I Thermodynamics, Trans. Met. Soc., AIME. 218, p 1088, for Figs. 8.8
and 8.9.

5. Weinstein, M. and Elliott, J. F. (1963) Solubility of hydrogen at one atmo-
sphere in binary iron alloys, Trans. Met. Soc., AIME. 227, p 382, for
Figs. 8.10 and 8.11.

XIX. THE INDIAN INSTITUTE OF METALS

Sundaram, C. V., Garg, S. P. and Sehra, J. C. (1979) Refining of reactive metals,
In Proceedings of International Conference on Metal Sciences – Emerging
Frontiers, Varanasi, India, November, 23–26, 1977, Indian Institute of Metals,
Calcutta, pp 361–381, for Table 10.2.

Last but not the least, I am extremely grateful to Mrs. Abida Khatoon for taking
care of the family, and for offering moral support and patience for my long hours
spent working on the book.

Varanasi, India M. Shamsuddin
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Preface to Second Edition

The first edition of “Physical Chemistry of Metallurgical Processes” was published
in February 2016. I read the book again in 2018 after receiving comments from
academicians and researchers working in the field of chemical/extractive metallurgy.
In light of these comments, I realized the need of improvement. This has been done
by incorporating additional information from recent publications, and deleting some
tables, figures, and texts from a few chapters. In this process, the sequence of
presentation in Chap. 3 on sulfide smelting and Chap. 7 on steelmaking has been
modified along with the additional information. Chapters on slag, reduction
smelting, secondary steelmaking, halides, refining, hydrometallurgy, and electro-
metallurgy have been enriched with recent researches and developments with the
prime objective of developing new eco-friendly and low-cost processes. I take this
opportunity in thanking Dr. H. Y. Sohn, Distinguished Professor, Departments of
Metallurgical Engineering and Chemical Engineering, University of Utah, Salt Lake
City, USA, for his help in providing necessary publications, advice, and constructive
suggestions in a few chapters.

Varanasi, India M. Shamsuddin
kausar.shams.72@gmail.com
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Chapter 1
Introduction

Metals generally occur in combined states in the form of ores and minerals as oxides,
for example, cassiterite (SnO2), cuprite (Cu2O), chromite (Feo�Cr2O3), hematite
(Fe2O3), pyrolusite (MnO2), rutile (TiO2), wolframite [Fe(Mn)WO4]; sulfides, for
example, chalcopyrite (CuFeS2), cinnabar (HgS), galena (PbS), molybdenite
(MoS2), pentlandite [(NiFe)9S8], sphalerite (ZnS), stibnite (Sb2S3); silicates, for
example, beryl (3BeO�Al2O3�6SiO2), zircon [Zr(Hf)SiO4]; titanate, for example,
ilmenite (FeO�TiO2); carbonates, for example, azurite [2CuCO3�Cu(OH)2], dolomite
(MgCO3�CaCO3), malachite [CuCO3�Cu(OH)2], magnesite (MgCO3); phosphate,
for example, monazite [Th3(PO4)4]; vanadate, for example, carnotite
(K2O�2UO3�V2O5) and so on. A few precious metals like gold, silver, and platinum
are found in the native or uncombined form because they are least reactive. As
naturally occurring ores and minerals are associated with gangue such as silica,
alumina, etc., the first step in the extraction of metals is the removal of gangue from
the ore containing the metal value by mineral beneficiation methods incorporating
comminution, preliminary thermal treatment and concentration by magnetic separa-
tion, heavy media separation, jigging, tabling, and flotation. The choice of the
method depends upon the nature of the gangue and its distribution in the ore and
the degree of concentration of the metal value required, which depends on the
extraction technology to be adopted. The extraction methods incorporate various
steps to obtain the metal from the concentrate, ore or some mixture, or from
chemically purified minerals; occasionally, the mineral may be first converted to a
more amenable form. The mineral beneficiation step lies between mining and
extraction. The extraction processes are classified into three main groups, namely:

1. Pyrometallurgical methods including smelting, converting, and fire refining are
carried out at elevated or high temperatures. A step called roasting or calcination
may also be incorporated in the flow sheet in the treatment of sulfide or carbonate
minerals.

2. Hydrometallurgical methods incorporate leaching of metal values from the ores/
minerals into aqueous solution. The resultant solution is purified before
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precipitation of the metal by pH and pO2
control, gaseous reduction, or cementa-

tion. Roasting or calcination also forms an important step in the treatment of
sulfide and carbonate ores. In the production of rare metals like uranium, thorium,
zirconium, and so on, the leach liquor may be purified by fractional crystalliza-
tion, ion exchange, and/or solvent extraction techniques.

3. Electrometallurgical methods use electrical energy to decompose the pure min-
eral that is present in aqueous solutions or in a mixture of fused salts. If the metal
is extracted from the electrolyte using an insoluble anode the method is called
electrowinning. On the other hand, if the impure metal (in the form of the anode)
is refined using a suitable electrolyte, the method is known as electrorefining.

The choice of the technique mainly depends on the cost of the metal produced, which
is related to the type of ore, its availability, cost of fuel, rate of production, and the
desired purity of the metal. The fuel or energy input in the process flow sheet may be
in the form of coal, oil, natural gas, or electricity. Being an electrically based process
electrothermic smelting is an expensive method. This process can only be adopted if
cheap hydroelectric power is available. Highly reactive metals like aluminum and
magnesium can be produced in relatively pure states by fused salt electrolysis.
Electrowinning is often employed as a final refining technique in hydrometallurgical
extraction. Hydrometallurgy seems to be a better technique for the extraction of
metals from lean and complex ore although it is slower than pyrometallurgical
methods. Major quantities of metals are obtained by the pyrometallurgical route as
compared to the hydrometallurgical route because kinetics of the process is much
faster at elevated temperatures. This is evident from the discussion in the following
chapters on matte smelting, slag, reduction smelting, steelmaking, refining, and
halides, which deal with the pyrometallurgical methods of extraction. Separate
chapters have been included on hydrometallurgy and electrometallurgy.

In addition to the well-established tonnage scale production of the ferrous and six
common nonferrous metals (aluminum, copper, lead, nickel, tin, and zinc), in recent
years many other metals, namely, beryllium, uranium, thorium, plutonium, titanium,
zirconium, hafnium, vanadium, niobium (columbium), tantalum, chromium, tung-
sten, molybdenum, and rare earths have gained prominence in nuclear power
generation, electronics, aerospace engineering, and aeronautics due to their special
combination of nuclear, chemical, and physicochemical properties. Many of these
metals are categorized as rare despite their more abundant occurrence in nature
compared to copper, zinc, or nickel. This is due to the diversified problems associ-
ated with their extraction and conversion to usable form. Production of some of these
metals in highly pure form on tonnage scale has been possible recently by efficient
improvement of the conventional extraction methods, as well as through the devel-
opment of novel unit processes.

On account of the refractory nature of the minerals and stability of the oxides and
carbides of many rare metals, direct smelting of the ores with carbon is not feasible
for rare metal extraction. The refining methods like fire refining, liquation, distilla-
tion, and so on are also not applicable. Hence, the flow sheets for rare metal
extraction and refining involve many steps, each with the specific objective of
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successfully removing a particular impurity. On account of the co-occurrence of
chemically similar elements, for example, uranium/thorium, niobium/tantalum, zir-
conium/hafnium, and rare earths, there are often problems in rare metal extraction.
For the separation of such elements, unconventional techniques like ion exchange
and solvent extraction have to be incorporated in the process flow sheet for produc-
tion of high-purity metals. Finally, during the reduction and consolidation stages,
one has to be extremely careful because rare metals in general, and titanium,
zirconium and hafnium in particular, are very sensitive to atmospheric gases that
affect their physical, chemical, and mechanical properties.

It would be appropriate to outline here the general steps in the extraction of rare
metals:

1. Physical mineral beneficiation: Beach sand, a source of many rare metals like
titanium, zirconium, hafnium, and thorium, is processed by exploiting the char-
acteristic differences in the size, shape, density, and electromagnetic and electro-
static behavior of mineral constituents, that is, rutile, ilmenite, zircon, monazite,
and so on.

2. Selective chemical ore breakdown: In order to bring the metal values to an
extractable state, hydrometallurgical unit processes like strong acid or alkali
leaching or pyrometallurgical techniques like fusion with alkalis and alkali
double fluorides are employed.

3. Ion exchange: The technique developed long back for purification and deioniza-
tion of water is currently used extensively for concentration and purification of
lean leach liquor and for separation of chemically similar elements.

4. Solvent extraction: An analytical technique once developed for selective transfer
of specific metal ions from aqueous solution to an organic phase has presently
come up to the stage of large-scale unit process for purification and separation of a
number of rare and nuclear metals.

5. Halogenation: For the production of oxygen-free reactive metals like titanium,
uranium, zirconium, and so on, it has become essential to adopt intermediate
routes by converting oxides into chlorides or fluorides prior to reduction.

6. Metallothermic reduction: The traditional “thermit process” has been very suc-
cessfully employed in rare metal extraction. For example, uranium tetrafluoride is
reduced with calcium for tonnage production of uranium metal required in atomic
reactors. Similarly, magnesium is used for the production of titanium and zirco-
nium from their respective tetrachlorides.

7. Consolidation and vacuum refining: As most of the metals mentioned above are
high melting and very corrosive in the molten state, they pose problems during
melting and consolidation. Special consumable electrode arc melting with super-
cooled copper hearths have been developed for the production of titanium and
zirconium alloys. Electron beam melting technique has been practiced for melt-
ing, and refining of niobium and tantalum. The high superheat at temperatures
around 3000 �C under vacuum helps in removing all impurities including oxygen,
nitrogen, and carbon.
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8. Ultra-purification: The performance of rare and reactive metals during usage
depends on purity. For proper assessment, it is important that metals are free from
impurities. Similarly, high order of purity is specified for semiconducting ele-
ments like silicon and germanium, required in electronic industry. In recent years,
a number of ultra-purification methods, for example, thermal decomposition,
zone refining, and solid-state electrolysis have been developed for large-scale
purification of these metals.

A number of textbooks dealing with ironmaking, steelmaking, extraction of nonfer-
rous metals, and principles of extractive metallurgy are available. Each book has
some edge over the other in certain aspects of presentation in terms of theory and
practice. Some emphasize on technology and some on principles. Thermodynamics
and kinetics have been discussed. In this book, an attempt has been made to discuss
the physical chemistry of different steps, for example, roasting, sulfide smelting/
converting, reduction smelting, steelmaking, deoxidation, degassing, refining,
leaching, precipitation, cementation, involved in the extraction of metals. A chapter
on slag which plays an important role in the extraction of metals from sulfide as well
as oxide minerals has been included. Similarly, another chapter highlights the
significance of interfacial phenomena in metallurgical operations. The physicochem-
ical aspects of desulfurization, dephosphorization, decarburization, and silicon and
manganese reactions in steelmaking have been discussed along with brief accounts
on various steelmaking processes highlighting the differences in their chemistry of
refining and pretreatment of hot metal. Role of halides, ion exchange, and solvent
extraction in metal production and refining have been discussed in different chapters.
Methods of construction of predominance area diagrams applicable in selective
roasting and leaching have been explained with suitable and appropriate examples
in Chapters 2 and 11. At the end of the book, flow sheets demonstrating various steps
in the extraction of copper, lead, nickel, zinc, tungsten, beryllium, uranium, thorium,
titanium, zirconium, aluminum, and magnesium from their respective ores have been
presented.

Relevant worked-out examples have been included in each chapter to illustrate
principles. While reading the topics on suspension smelting, bath smelting, and
continuous smelting for treatment of chalcopyrite concentrate in different books
and journals, one may feel that the chapter on roasting is outdated, but one must
realize that these developments have been possible only after a sound understanding
of the physical chemistry and thermodynamics of all the steps involved in the
extraction of metals. Although, currently, almost the entire production of steel
comes from top-blown (LD), bottom-blown (OBM), and combined-blown (Hybrid)
converters and electric arc furnaces, a discussion on the obsolete Bessemer process
has been included to highlight the contributions of Henry Bessemer whose invention
laid the foundation for the modern steelmaking processes. Readers may also raise
questions on SI units not being used uniformly throughout the book. I want to stress
here that based on my 40 years of teaching experience, I strongly feel that solving
problems in different units will make students mature with respect to conversion
from one system to another. As some basic knowledge of under-graduate level
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chemical/metallurgical thermodynamics is necessary to understand the worked-out
problems in different chapters, a brief account on thermodynamic quantities and
their interrelationships has been included in this chapter.

1.1 Thermodynamic Quantities and Their Interrelationships

1.1.1 General Thermodynamics

First law of thermodynamics: Energy can neither be produced nor destroyed in a
system of constant mass, although it can be converted from one form to another.
According to the first law of thermodynamics, the total heat content of the system
called enthalpy (H ) is expressed as:

H ¼ U þ pv ð1:1Þ

that is, heat content (enthalpy) ¼ internal energy (U ) + energy term, dependent on
the state of the system (pv), where p and v are, respectively, the pressure and volume
of the system.

Heat capacity at constant volume and constant pressure: Heat capacity, C, may
be defined as the ratio of the heat,Q, absorbed by a system to the resulting increase in
temperature (T2 � T1), that is, ΔT. Since the heat capacity usually varies with
temperature,

C ¼ lim
T1!T2

Q
ΔT ¼ q

dT
ð1:2Þ

where q ¼ quantity of heat, dT ¼ small rise in temperature.
At constant volume, qv ¼ ΔUv

∴Cv ¼ dUv

dT
¼ ∂U

∂T

� �
v

ð1:3Þ

Hence, the heat capacity of a system at constant volume is equal to the rate of
increase of internal energy content with temperature at constant volume.

Similarly, at constant pressure,

Cp ¼
qp
dT

¼ ∂H
∂T

� �
p

ð1:4Þ

Thus, the heat capacity of a system at constant pressure is consequently equal to
the rate of the increase of heat content with temperature at constant pressure.
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The well-known expression Cp � Cv ¼ R can be established from the knowl-
edge of differential calculus.

Effect of temperature on heat of reaction: The variation of the heat of reaction
with temperature can be expressed as:

ΔH2 � ΔH1 ¼
Z T2

T1

ΔCp:dT ð1:5Þ

where ΔH1 and ΔH2 are the heat of reaction at temperatures T1 and T2, respectively,
and ΔCp is the difference in the total heat capacities of the reactants and products
taking part in the reaction. Equation 1.5 known as Kirchhoff’s equation is often used
to calculate the heat of reaction at one temperature, if that is known at another
temperature. In case reactant(s) and/or product(s) undergo any transformation at Tt,
the above equation is modified as:

ΔH2 � ΔH1 ¼
Z Tt

T1

ΔCp T1 $ Ttð Þ:dT � Lt

þ
Z T2

Tt
ΔCp Tt $ T2ð Þ:dT T1 � Tt � T2ð Þ ð1:6Þ

According to the first law of thermodynamics, the total energy of the system and
surroundings remains constant. The thermodynamic variables like enthalpy, entropy,
and free energy changes for the reaction depend only on the initial and final states,
not on the path chosen. This is the basis ofHess law of constant heat summation. The
law states that the overall heat change of a chemical reaction is the same whether it
takes place in one or several stages, provided the temperature and either the pressure
or the volume remain constant.

Second law of thermodynamics: The first law of thermodynamics is concerned
with the quantitative aspects of inter-conversion of energies. This law neither allows
us to predict the direction of conversion nor the efficiency of conversion when heat
energy is converted into mechanical energy. In the last half of the nineteenth century
many scientists put their concentrated efforts to apply the first law of thermodynam-
ics to the calculation of maximum work obtained from a perfect engine and predic-
tion of feasibility of a reaction in the desired direction. These considerations led to
the development of the second law of thermodynamics, which has had a far-reaching
influence on the subsequent development of science and technology. The Carnot
cycle made it possible to assess the efficiency of engines and it also showed that
under normal conditions all the heat supplied to the system cannot be converted into
work even by perfect engines. A perfect engine would convert all the heat supplied
into work if the lower temperature of the process could be made equal to zero. This
proof of practical impossibility of complete conversion of heat energy into mechan-
ical work/energy was the starting point of the second law of thermodynamics. Based
on this law, the concept of entropy was introduced by Clausius.
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Entropy: In Carnot cycle, the calculated heat absorbed or evolved during isother-
mal steps depends on the temperature at which these steps occur. However, the
numerical values of the ratios qrev=Twere the same, so that, for example, q1=T1

¼ �q2=T2
,

and the sum of these terms for a complete cycle irrespective of the number of stages

comes to zero. Thompson gave the standard notation of
P

dqrev=Tð Þ ¼ 0, for a number
of steps forming a cyclic process. In 1850, Clausius recognized the fact that

P
dqrev=T

was characteristic (state property) of the system and not the value dqrev, since this
varies from temperature to temperature. The name entropy change was finally given
to the ratio ∂q=T by Clausius who denoted the entropy change by the symbol ΔS and
considered it to be a state function. Entropy depends on the state of a substance or
system and not on its previous history, irrespective of whether the path is thermo-
dynamically reversible or not, and it is also irrespective of the substance involved.
Entropy is a state property. It is an extensive property of the system as it depends on
the mass of the system and is a thermodynamic variable. Since entropy ¼ energy/
temperature, its unit would be cal deg–1 mol–1 (e.u.) or J deg–1 mol–1. As the system
absorbs heat, its entropy increases, for example, during melting and boiling.

Calculation of entropy change from heat capacities: From Clausius’ mathemat-
ical definition, entropy change ΔS ¼ qrev=T, since heat capacity Cp has exactly the
same units as entropy, that is, cal deg–1 mol–1, for a limiting case of an infinitesimal
change in the process, the entropy change can be expressed by the equation:

dqrev
dT

¼ Cp ð1:7Þ

and entropy change of an element

dS ¼ dqrev
T

ð1:8Þ

from (1.7 and 1.8) we get:

dS ¼ Cp:dT
T

ð1:9Þ

Equation 1.9 is a general differential equation for change in entropy and if we
assume that entropy is zero at absolute zero, then the entropy of a substance at
temperature T can be calculated from the equation:

ST ¼ S0 þ
Z T

0

Cp:dT
T

ð1:10Þ

ΔS ¼ ST � S0 ¼
Z T

0

Cp:dT
T

ð1:11Þ

1.1 Thermodynamic Quantities and Their Interrelationships 7



Equation 1.11 is applicable in cases where there is no transformation from 0 to T K.
In case of solid–solid, solid–liquid, and liquid–gas transformations (between 0 and
T K), at Tt, T f, and Te, respectively, with the corresponding latent heat of transfor-
mation (Lt), heat of fusion (L f), and heat of evaporation (Le), Eq. 1.11 is modified as:

ΔS ¼
Z Tt

0

Cp1

T
:dT þ Lt

Tt :þ
Z T f

Tt

Cp2

T
:dT þ L f

T f þ
Z Te

T f

Cp3

T
:dT þ Le

Te

þ
Z T

Te

Cp4

T
:dT ð1:12Þ

where Lt

Tt ¼ ΔSt, L f

T f ¼ ΔS f, Le

Te ¼ ΔSe, and Cp1, Cp2, Cp3, and Cp4, are respectively,
the heat capacity of the substance in the temperature ranges (0�Tt), (Tt � T f),
(T f � Te), and (Te � T ).

Driving force of a chemical reaction: The driving force of a reaction can be
calculated as (ΔH � ΔS); the more negative this factor, the greater the driving force,
and if the factor is positive, the reaction will not proceed spontaneously.

Free energy: The factor (ΔH � ΔS) has dimensions of energy because ΔH is an
energy term and ΔS is the heat absorbed divided by the absolute temperature. It has
been called the change in the “free energy” of the system. Free energy is a
thermodynamic function of great importance. Consider a system undergoing a
thermodynamically reversible change at constant temperature and constant volume.
From the first law of thermodynamics, ΔU ¼ qr � w, where qr is the heat absorbed
reversibly by the system at temperature T and w is the maximum work done by the
system.

Since ΔS ¼ qr
T

ΔU ¼ TΔS� w ð1:13Þ
∴� w ¼ ΔU � TΔS ð1:14Þ

where –w is the maximum work (whether mechanical or electrical) that can be
obtained from the system. A thermodynamic function, A, the “work function,” or
Helmholtz free energy (after H. von Helmholtz) can be defined as:

�w ¼ ΔU � TΔS ¼ ΔA ð1:15Þ

A is a thermodynamic variable, depending only on the state of the system, not on its
history, because U, T, and S are all thermodynamic variables. At constant temper-
ature and constant pressure, work may be done by the system as a result of a volume
change. This work (�PΔV ) is not a “useful” work. The useful work will then be the
maximum work, –w, less the energy lost due to volume change (�PΔV ).

We can then define the “useful work” as ΔG, the Gibbs free energy change of the
system:
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ΔG ¼ �w� �PΔVð Þ ¼ ΔAþ PΔV ð1:16Þ

From Eqs. 1.15 and 1.16, we get:

ΔG ¼ ΔU � TΔSþ PΔV ¼ ΔU þ PΔVð Þ � TΔS ¼ ΔH � TΔS ð1:17Þ

In Eq. 1.17: ΔG ¼ ΔH � TΔS, G is the Gibbs free energy of the system (after
J. Willard Gibbs), which depends only on the thermodynamic variables, H, T, and S.
It is the maximum work available from a system at constant pressure other than that
due to a volume change. Most metallurgical processes work at constant pressure
rather than constant volume, so we are more concerned with G than with A.We had
already seen the fundamental importance of the factor (ΔH � TΔS), which is equal
to ΔG. Hence, ΔG is a measure of the “driving force” behind a chemical reaction.
For a spontaneous change in the system, ΔGmust be negative; the more negative the
value of ΔG, the greater will be the driving force.

Somemore thermodynamic relationships:BydefinitionG¼H�TS¼U+PV�TS.
On differentiation, we get:

dG ¼ dU þ PdV þ VdP� TdS� SdT ð1:18Þ

Assuming a reversible process involving work due only to expansion at constant
pressure, and according to the first law, dU ¼ dq � PdV, and from the second law,
dq ¼ TdS (Eq. 1.8).

∴dU ¼ TdS� PdV ð1:19Þ

From (1.18) and (1.19) we get:

dG ¼ VdP� SdT ð1:20Þ

at constant pressure, dP ¼ 0,

∴
∂G
∂T

� �
P

¼ �S ð1:21Þ

and at constant temperature, dT ¼ 0, and ∴ dG ¼ VdP, and since for 1 mol of an
ideal gas, PV ¼ RT

∴dG ¼ RT
P

dP ð1:22Þ

If PA and PB, respectively, denote the initial and final pressures of the system with
corresponding free energies as GA and GB, on integration of Eq. 1.22 between the
limits PA and PB at constant temperature, we get:
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ΔG ¼ GB � GA ¼ RT

Z PB

PA

dP
P

¼ RT ln
PB

PA

This corresponds to the maximum work done by a gaseous system at constant
temperature when pressure alters from PA to PB, �w ¼ RT ln PB

PA

Since ΔG ¼ � w,

∴ΔG ¼ RT ln
PB

PA
¼ �RT ln

PA

PB
ð1:23Þ

When system undergoes a change at constant pressure, using Eq. 1.21, we can write:
dGA ¼ � SA. dT and dGB ¼ � SB. dT

Hence, (GB � GA) ¼ � (SB � SA)dT
but GB � GA ¼ ΔG and SB � SA ¼ ΔS,∴ (ΔG)¼ � ΔS. dT and ∂ΔG

∂T

� �
P
¼ �ΔS; on

substitution in Eq. 1.17, we get:

ΔG ¼ ΔH � TΔS ¼ ΔH þ T
∂ΔG
∂T

� �
P,T

ð1:24Þ

Equation 1.24 is known as the Gibbs–Helmholtz equation.
Since free energy is an extensive thermodynamic quantity, it can be added and

subtracted in the same way as enthalpy changes. Values of ΔS are usually tabulated
at 298 K, and thus, ΔG298 can be calculated. ΔH and ΔS vary with temperature, and
this variation can be calculated from the following equations. Combining Eqs. 1.5,
1.10, and 1.17, we get:

ΔGT ¼ ΔH298 þ
R T
298ΔCP:dT � TΔS298 � T

R T
298

ΔCP
T :dT

Neglecting any heat of transformation this leads to a generalized formula of the type:

ΔGT ¼ aþ bT log T þ cT2 þ eT�1 þ fT

where a, b, c, e, and f are constants in ΔG versus T relationship of a particular
system. However, experimental errors involved in the determination of the data do
not often justify such complex formulae and normally two or three term formulae of
the following types suffice:

ΔGT ¼ aþ bT

ΔGT ¼ aþ bT log T þ cT

van’t Hoff isotherm: The van’t Hoff isotherm relates free energy change of a
reaction with the equilibrium constant (K ) and activities of the reactants and
products (concentrations/partial pressures) taking part in the reaction:
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ΔG ¼ ΔGo þ RT ln
Πaproducts
Πareactants

ð1:25Þ

If all the reactants and products are maintained at unit activity/atmospheric pressure
the relation between ΔGo and KP (equilibrium constant at constant pressure) is
expressed as:

ΔGo ¼ �RT lnKP

On differentiation with temperature at constant pressure we get:

∂ ΔGoð Þ
∂T

� �
P

¼ �R lnKP � RT
∂ lnKP

∂T

� �
P

multiplying by T we get:

T
∂ ΔGoð Þ
∂T

� �
P

¼ �RT lnKP � RT2 ∂ lnKP

∂T

� �
P

¼ ΔGo � RT2 ∂ lnKP

∂T

� �
P

From the Gibbs–Helmholtz Eq. 1.24, we have:

ΔGo ¼ ΔHo þ T
∂ ΔGoð Þ
∂T

� �

Hence, from the above equations, on comparison we get:

T
∂ ΔGoð Þ
∂T

� �
¼ ΔGo � ΔHo ¼ ΔGo � RT2 ∂ lnKP

∂T

� �

∴ΔHo ¼ RT2 ∂ lnKP

∂T

� �

or
d lnKP

dT
¼ ΔHo

RT2 ð1:26Þ

The above relation, known as van’t Hoff’s equation, shows the effect of temperature
on the equilibrium constant of a reaction. If K1 and K2 are equilibrium constants at
temperatures T1 and T2, respectively, assuming enthalpy to be independent of
temperature in the close temperature interval (T1 – T2), Eq. 1.26 can be integrated:

Z k2

k1

d lnKP ¼ ΔHo

R

Z T2

T1

dT
T2
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ln
k2
k1

� �
¼ ΔHo

R
T2 � T1

T1T2

� �
ð1:27Þ

From G ¼ H � TS, we can write: G=T ¼ H=T � S
on differentiation with respect to T at constant pressure:

∂ G=Tð Þ
∂T

� �
P

¼ ∂ H=Tð Þ
∂T

� �
P

� ∂S
∂T

� �
P

¼ H
∂ 1=Tð Þ
∂T

� �
P

þ 1
T

∂H
∂T

� �
P

� ∂S
∂T

� �
P

Since ∂H
∂T

� 	
P
¼ CP (from Eq. 1.4) and ∂S

∂T

� 	
P
¼ CP

T (from Eq. 1.9)

∂ G=Tð Þ
∂T

� �
P

¼ � H
T2 þ

CP

T
� CP

T
¼ � H

T2

Similarly
∂ ΔGð Þ
∂T

� �
P

¼ �ΔH
T2 ð1:28Þ

This is known as the Gibbs–Helmholtz equation, useful in determining ΔH at a
particular temperature if ΔG vs T equation is known.

Phase rule: Thermodynamics has been found useful in predicting the maximum
number of possible phases in a given system and in establishing simple equilibrium
phase diagrams from very limited thermodynamic data. The phase rule mathemat-
ically relates phase, component, and degree of freedom by the following relation:

F ¼ C þ P� 2 ð1:29Þ

where P, C, and F refer to the phase, component, and degree of freedom, respec-
tively, which are defined as follows:

Any homogeneous and physically distinct part of a system, separated from other
part(s) of the system by a bounding surface is known as Phase. For example, ice,
water, and water vapor coexisting in equilibrium at 273.15 K constitute a three-phase
system. When ice exists in more than one crystalline form, each form will represent a
separate phase because it is clearly distinguishable from each other. By and large,
every solid in a system constitutes a separate phase. But a homogeneous solid or
liquid solution forms a single phase irrespective of the number of chemical compo-
nents present in it. However, two immiscible liquids constitute two phases since they
are separated by a boundary. Gases on the other hand, pure or as a mixture, always
give rise to one phase due to intimate mixing of their molecules.

The number of Components at equilibrium is the smallest number of indepen-
dently variable constituents by means of which the composition of each phase
present in a system can be expressed directly or in the form of a chemical equation.
As an example, let us consider the decomposition of calcium carbonate: CaCO3(s)¼
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CaO(s) + CO2(g). According to the above definition, at equilibrium this system will
consist of two components since the third one is fixed by the equilibrium conditions.
Thus, we have three phases: two solids (CaCO3 and CaO) and a gas (CO2), and the
system has only two components.

The number of Degrees of freedom is the number of variables, such as temper-
ature, pressure, and concentration that need to be fixed so that the condition of a
system at equilibrium is completely stated.

Clausius–Clapeyron equation: The Clausius–Clapeyron equation is extremely
useful in calculating the effects of temperature and pressure changes on the melting
point of solids, boiling point of liquids, and any solid–solid phase transformations. It
also enables us to quantify the effect of the changes in the concentration of solutions
on their freezing points, and boiling temperatures and is therefore very useful for
calculation of phase boundaries of systems, which are either immiscible or partially
miscible in the solid state. The equation is expressed in its simplest form as:

dP
dT

¼ ΔS
Δv ð1:30Þ

In case of a solid–liquid transformation, the entropy of fusion, ΔS f ¼ qrev
T ¼ L f

T f

∴
dP
dT

¼ L f

T f vl � vsð Þ ¼
L f

T fΔv
ð1:31Þ

where qrev is the quantity of heat absorbed during fusion of 1 g mol of the substance,
and L f refers to the corresponding latent heat of fusion, and vs and vl are the
volumes in solid and liquid states, respectively.

The above equation is known as the Clausius–Clapeyron equation and has been
derived for a single chemical substance undergoing a change from one phase to
another. This equation will also be applicable to liquid–vapor, solid–vapor trans-
formations and for transformations between two crystalline substances. In each case
the appropriate latent heat and the volume change have to be substituted into this
equation. In every case, L is the heat absorbed during the process and Δv is the
accompanying volume change.

The Clausius–Clapeyron equation in the above form enables us to calculate the
changes in either pressure with temperature or latent heat of solid–solid, solid–
liquid, solid–gas, and liquid–gas transformation. The above Eq. 1.31 does not
allow us to calculate the absolute value of pressure and temperature for a given
system. The equation will be of much wider application when transformed into a
form suitable for integration by making the following assumptions:

(a) In the liquid–gas transformation, the volume of 1 g atom of the gaseous phase is
much larger compared to the volume of 1 g atom of the liquid phase, that is, the
volume of the liquid is negligible. This assumption is reasonable because in case
of Fe(s) ¼ Fe(1), v (liquid iron) ¼ 10 cc g atom–1, and v (iron vapor)
¼ 22,400 cc g atom–1.
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(b) Since metallic vapors behave ideally, PV ¼ RT.
(c) The latent heat of transformation is constant over the range of pressure and

temperature under consideration.

Thus, for liquid–gas transformation, we have:

dP
dT

¼ Le

Te vg � vl
� � sincevg � vl

� �

∴
dP
dT

¼ L
Tvg

from the second assumption: PV ¼ RT, vg ¼ RT/P

∴
dP
dT

¼ L P
RT2 ð1:32Þ

from the third assumption, L/R can be taken out of the integral,

∴
Z p2

p1

dP
P

¼ L
R

Z T2

T1

dT
T2

where p1 and p2 are the initial and final pressures at temperatures T1 and T2,
respectively.

On integration, we get:

ln
p2
p1

� �
¼ L

R
T2 � T1

T1T2

� �
ð1:33Þ

This equation allows us to calculate:

1. The latent of transformation provided p1 and p2 and the corresponding T1 and T2
are known.

2. The variation in boiling point with change in pressure, provided p1, p2, and T1 are
known.

3. The value of p, provided T1, T2, and L are known.

Integration of Eq. 1.32 may also be expressed as:

lnP ¼ � L
RT

þ C ð1:34Þ

This form of equation is very useful because plot of ln P vs 1/T gives a straight line,
the slope of which is � L

R .
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1.1.2 Solution Thermodynamics

Solutions: A solution may be defined as a homogeneous phase composed of different
chemical substances, whose concentration may be varied without the precipitation of
a new phase. It differs from a mixture by its homogeneity and from a compound by
being able to possess variable composition. The composition may be expressed in
terms of either weight percent (wt% or simply %) or atom percent (at%) or mole
percent (mol%). The atom/mole fraction (x), most widely used in thermodynamic
equations, is defined as the number of atoms/moles of a substance divided by the
total number of atoms/moles of all the substances present in the solution. If nA,
number of moles of A, and nB, number of moles of B, form a solution: A–B, atom
fractions of A and B are given as:

xA ¼ nA
nA þ nB

and xB ¼ nB
nA þ nB

andxA þ xB ¼ 1

The properties of solutions are discussed by Raoult’s law. The law states that the
relative lowering of the vapor pressure of a solvent due to the addition of a solute is
equal to the mole fraction of the solute in the solution. Suppose xA atom/mole
fraction of A and xB atom/mole fraction B form a solution in which pA and pB are
the partial pressures exerted by vapors of A and B, respectively, and P is the total
pressure of the solution. If poA and poB are the partial pressure of pure A and pure B,
respectively, at the same temperature at which solution exists, then according to the
Raoult’s law, we have:

poA � pA
poA

¼ xB and
poB � pB

poB
¼ xA

or 1� pA
poA

¼ xB and1� pB
poB

¼ xA

or
pA
poA

¼ 1� xB ¼ xA and
pB
poB

¼ xB

∴pA ¼ poA:xA orpA / xA

and pB ¼ poB:xB orpB / xB

or in general, for the species i in a solution, we can write as:

pi ¼ poi :xi ð1:35Þ

This means if the solution obeys Raoult’s law, the vapor pressure of the component
is directly proportional to its atom/mole fraction in the solution. The constant of
proportionality is the vapor pressure of the component in the pure state. A solution
that obeys Raoult’s law is called an ideal solution. In order to form an ideal solution:
A–B, the moles of A and B must be of similar size and must attract one another with
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the same force the molecules of A attract other molecules of A or molecules of B
attract other molecules of B, and also the vapor should behave as an ideal gas. Thus,
the solution obeying Raoult’s law satisfies the following condition:

A $ Að Þ ¼ B $ Bð Þ ¼ 1
2

A $ Að Þ þ B $ Bð Þf g

Ideal solutions: An ideal solution obeys Raoult’s law, which may be represented
by plotting vapor pressure against the mole fraction. This gives straight lines with poA
and poB being the intersection of the line with the vapor pressure axes as shown in

Figs. 1.1 and 1.2. In ideal solutions, gas pressures pA and pB obey the ideal gas
equation: PV ¼ RT, and their physical properties will be additive, that is, total
pressure, P ¼ pA + pB.

Nonideal or real solutions: Deviations from Raoult’s law occur when the attrac-
tive forces between the molecules of components A and B of the solution are weaker
or stronger than those existing between A and A or B and B in their pure states. For
example, if there were an attractive force between components A and B in the
solution, which is weaker than the mutual attraction between molecules of A in
pure A and molecules of B in pure B, there would be a higher tendency for these
components to leave the solution. In this case, the vapor pressure would be more
than that predicted from Raoult’s law. This is known as the positive deviation from
Raoult’s law (Fig. 1.1). In case of a stronger attraction between A and B as compared
to A and A or B and B, vapor pressures of both A and B (separately) would be less

P=pA +pB

Mole fraction, xB

V
ap

or
 p

re
ss

ur
e

Pure A

pA pB

pB
°

pA°

Pure B

Fig. 1.1 Schematic representation of positive deviation from Raoult’s law (broken lines represent
ideal behavior)
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than expected according to Raoult’s law. This is known as the negative deviation
from Raoultian behavior (Fig. 1.2). Systems with intermetallic compounds exhibit
negative deviation since the attractive force between the components is large.

Activity: In actual solution the vapor pressure of a component is not directly
proportional to the mole fraction of that component. It may be either greater or lesser
than that expected from the solution if it obeyed Raoult’s law. We can now define
“activity,” aA of component A in the solution.

For ideal solutions, we have pA ¼ poA:xA
In case of nonideal solutions, pA 6¼ poA:xA

So, in order to maintain equality in case of nonideal solutions, we introduce a new
term activity, aA, hence,

pA ¼ poA:aA and pB ¼ poB:aB ð1:36Þ

Thus, for an ideal solution, aA ¼ xA. In order to account for any deviation from
ideality, we introduce a factor, γA, and write: aA ¼ γA. xA. γA is known as Raoultian
activity coefficient. It may be greater or less than unity for a positive or negative
deviation, respectively. For pure A: xA ¼ 1, aA ¼ 1, and hence, γA ¼ 1. Thus, a pure
substance having unit activity is said to be in its “standard state.”

Since the vapor pressure of a substance is a measure of its attraction to the
solution in which it exists, it is therefore a measure of its availability for reaction,

P
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V
ap

or
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pB
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Fig. 1.2 Schematic representation of negative deviation from Raoult’s law (broken lines represent
ideal behavior)
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perhaps with another phase. Thus, activity may be defined as that fraction of molar
concentration, which is available for reaction.

In phase diagrams, compound formation indicates negative deviation, whereas
existence of immiscibility exhibits positive deviation from ideality. Since in all these
cases, the activity coefficient is related to the Raoultian ideal behavior line, it is
called the “Raoultian activity coefficient.” The activity of any component in a
mixture depends upon the environment in which it is present. Forces of attraction
or repulsion caused by the environment acting on the substances determine its
activity. Let us now consider the physical significance of both Raoult’s ideal and
nonideal behaviors of binary systems.

Raoult’s ideal behavior: If in a solution composed of components A and B, the
attractive forces between A and B are of the same order as between A and A or
between B and B (or average of the attractive forces between A and A and between B
and B), the activities of A and B in the solution at all concentrations will be equal to
their mole fractions and the solution is said to be ideal. The system Bi–Sn serves as
an example of such a solution at a particular temperature. In this case, the net
attractive force between Bi and Sn in the solution can be represented as:

Bi $ Snð Þ ¼ 1
2

Bi $ Bið Þ þ Sn $ Snð Þf g

In general, the ideal behavior of any solution A–B can be expressed as:

A $ Bð Þ ¼ A $ Að Þ ¼ B $ Bð Þ ¼ 1
2

A $ Að Þ þ B $ Bð Þf g

Positive deviation: When the net attractive force between components A and B is
less than the average those between A–A and B–B, the solution A–B exhibits
positive deviation from Raoult’s law. In terms of the forces of attraction, this can
be represented as:

A $ Bð Þ < 1
2

A $ Að Þ þ B $ Bð Þf g

In this case, the Raoultian activity coefficient is always greater than unity except
when approaching the concentration of xA ! 1. Pb–Zn liquid solutions show such a
behavior at temperature above 1071 K. In general, the systems showing positive
deviation are endothermic in nature.

Negative deviations occur when the attractive force between dissimilar compo-
nents A and B is larger than the average those between A–A and B–B, that
is, A $ Bð Þ > 1

2 A $ Að Þ þ B $ Bð Þf g. Negative deviations generally indicate a
tendency for compound formation. For example, formation of Mg3Bi2 in a Mg–Bi
system shows such a behavior. The systems exhibiting negative deviation are usually
exothermic.
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Occasionally, both negative and positive deviations from Raoult’s law occur in
the same system. Zn–Sb, Cd–Bi, and Cd–Sb systems are outstanding examples of
such combined deviations. Ideal, positive, and negative behaviors are shown in
Fig. 1.3.

Partial molar quantities: While discussing thermodynamics of solutions, a ques-
tion is raised as how to express the molar quantities of a component in the solution.
When two liquids are mixed, the total volume of the solution is often not equal to the
sum of the individual volumes before mixing. This is due to the difference between
the inter-atomic forces in the pure substance and in the solution. For example, on
mixing liquid A and liquid B, if ΔV is the change in volume on formation of the
solution, one is really confused in assessing the individual contribution made by A
and B in the expansion or contraction that occurs on mixing. Similar problems may
arise for other thermodynamic properties of the components in solutions. The
problem can, however, be sorted out by the introduction of partial molar quantities.
Since the same general treatment is applicable to any extensive thermodynamic
quantity such as volume, energy, entropy, and free energy, we shall use the symbol
Q to represent any one of these. Prime is used to indicate any arbitrary amount of
solution rather than 1 mol, molar quantities are represented as unprimed.

Let us assume that Q0 and Q represent the total quantity of solution and the molar
solution, respectively. If n1, n2, n3 . . . are number of moles of components 1, 2,
3, . . ., respectively, in the solution, we can write:
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Fig. 1.3 Variation of activity with mole fraction of a component i in ideal and nonideal solutions
showing positive and negative deviations from Raoult’s ideal behavior
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Q ¼ Q0

n1 þ n2 þ n3 þ : : :
ð1:37Þ

If an infinitesimal number of moles, dn1, of component 1 is added to an arbitrary
quantity of a solution at constant temperature and pressure without changing
the amount of other constituents, the corresponding increment in the property Q0

is notedasdQ0, the ratio ∂Q0
∂n1

h i
P,T ,n2,n3

isknownas thepartialmolarquantityofcomponent

1 and is designated as Q1. Thus,

Q1 ¼ ∂Q0

∂n1

� �
P,T ,n2,n3

ð1:38Þ

Analogous relations may be written for other components. Q1 may also be
represented as the increment of Q0 on addition of 1 mol of the first component to a
very large quantity of the solution. For example, if the change in volume accompa-
nying the addition of 1 g mol/atom of Cd to a large quantity of a liquid alloy is
observed to be 6.7 cc, the partial molar volume of cadmium in the alloy at the
particular composition, temperature, and pressure would be 6.7 cc. This is expressed
as VCd ¼ 6.7 cc. From the fundamentals of partial differentiation, we have at
constant pressure and temperature:

dQ0 ¼ ∂Q0

∂n1

� �
n2,n3

dn1 þ ∂Q0

∂n2

� �
n1,n3

dn2 þ ∂Q0

∂n3

� �
n1,n2

dn3 þ⋯ ð1:39Þ

or dQ0 ¼ Q1dn1 þ Q2dn2 þ Q3dn3 þ . . . ð1:40Þ

If we add to a large quantity of solution n1 moles of component 1, n2 moles of
component 2, and so on, the increment in Q0 after mixing is given as n1Q1 þ
n2Q2 þ . . . :

If we now mechanically remove a portion containing n1 + n2 + n3 moles, the
extensive quantity Q0 for the main body of solution is now decreased by (n1 + n2 +
n3) Q. Since at the end of these addition and removal steps, the main body of the
solution is the same in composition and amount as it was initially, Q0 has the same
value finally as it did initially, and the increment in Q0 accompanying the individual
addition is equal to the decrement accompanying their mass withdrawal,

n1 þ n2 þ n3 þ⋯ð Þ Q ¼ n1Q1 þ n2Q2 þ n3Q3 þ⋯

Dividing by (n1 + n2 + n3 + ⋯) and noting that ni
n1þn2þn3þ⋯

h i
¼ xi , we get:

Q ¼ x1Q1 þ x2Q2 þ x3Q3 þ⋯ ð1:41Þ
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On multiplying by (n1 + n2 + n3 + ⋯) , we can write as:

Q0 ¼ n1Q1 þ n2Q2 þ n3Q3 þ⋯ ð1:42Þ

For a binary solution, Eqs. 1.41 and 1.42 are expressed as:

Q ¼ x1Q1 þ x2Q2 ð1:41aÞ
Q0 ¼ n1Q1 þ n2Q2 ð1:42aÞ

On differentiation of Eq. 1.42a, we get:

dQ0 ¼ n1dQ1 þ n2dQ2 þ Q1dn1 þ Q2dn2 ð1:43Þ

From Eqs. 1.40 and 1.43, for a binary solution, we can write:

n1dQ1 þ n2dQ2 ¼ 0 ð1:44Þ

On dividing by (n1 + n2), we get,

x1dQ1 þ x2dQ2 ¼ 0 ð1:45Þ

Equation 1.45 is one of the forms of the Gibbs–Duhem equation. This is the most
important form of all the equations dealing with solutions, and a number of subse-
quent relations have been derived from this. From Eqs. 1.41a and 1.45, expressions
for calculating the partial molar quantities of components 1 and 2 can be derived as:

Q1 ¼ Qþ 1� x1ð Þ dQ
dx1

ð1:46Þ

and Q2 ¼ Qþ 1� x2ð Þ dQ
dx2

ð1:47Þ

Chemical potential: The general equation for the free energy change of a system
with temperature and pressure, dG ¼ VdP – SdT, does not take into account any
variation in free energy due to concentration changes. The total free energy of a
system must vary when small amounts of constituents dnA, dnB, and so on are
introduced into a homogeneous solution. Thus, the free energy of a system is
dependent on four different variables or G ¼ f (T,P,V, ni), where ni denotes the
addition of ni moles of a constituent i. The change in free energy can be expressed as
total differential using three of the four variables. Any infinitesimal free energy
change in terms of a change in temperature, pressure, and composition can be
expressed as:
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dG ¼ ∂G
∂T

� �
P,ni

dT þ ∂G
∂P

� �
T ,ni

dPþ
X ∂G

∂ni

� �
T ,P

dni

¼� SdT þ VdPþ
X ∂G

∂ni

� �
T ,P

dni

ð1:48Þ

The coefficient ∂G
∂ni


 �
T ,P

is called the “chemical potential” and is denoted by μi.

∴dG ¼ �SdT þ VdPþ
X

μidni ð1:49Þ

At constant pressure and temperature the first two terms are zero in Eq. 1.49 and if
the system is at equilibrium, dG ¼ 0, hence, ∑μidni ¼ 0.

Physical meaning of chemical potential: Consider the change in free energy (dG)
of a system produced by the addition of dnA mole of component A at constant
pressure and temperature. This change in free energy can be expressed as:
dG ¼ μAdnA ¼ GAdnA, where GA is the partial molar free energy of component A
in the solution. Chemical potential of either 1 g mol or 1 g atom of the substance
dissolved in a solution of definite concentration is the partial molar free energy.

Thus, GA ¼ μA ¼ ∂G
∂nA


 �
T ,P

.

Chemical potential in ideal solutions: In order to calculate the value of a chemical
potential, it is necessary to obtain a relation between μ and some measurable
property. Consider the possibility of calculating the chemical potential of a single
gas in an ideal gaseous mixture, and then applying this result to other states of matter.
It follows therefore that for a very small change of pressure at constant temperature,
dG ¼ VdP (but since GA ¼ μA for 1 mol of A).

Then dμ ¼ VdP, and for 1 mol of perfect gas, V ¼ RT=Pð )

∴dμ ¼ RT dp=Pð Þ

on integration: μ ¼ RT ln P + C
when P ¼ 1 atm, μ ¼ C ¼ μo (standard chemical potential)

∴μ ¼ μo þ RT lnP

Thus, the chemical potential of component A in a gaseous mixture exerting partial
pressure pA can be calculated from the equation:

μA ¼ μoA þ RT ln pA

orΔμA ¼ μA � μoA ¼ RT ln pA

andΔμB ¼ μB � μoB ¼ RT ln pB ð1:50Þ
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Since Δμ (similar to the change in free energy of a system) is an extensive property,
it depends on the quantity or mass of the system; therefore, the total free energy
change associated with the formation of 1 g mol of the solution having xA mole
fraction of the constituent A and xB mole fraction of the constituent B is the sum of
the product of appropriate changes in chemical potential multiplied by the mole
fractions of the components. Thus,

Δμsol ¼ ΔG 1 g mol solð Þ ¼ xAΔμA þ xBΔμB

∴ΔG solð Þ ¼ RT xA ln pA þ xB ln pBð Þ ð1:51Þ

These equations applicable to gases can also be used for liquid solutions. If the
solution at a given temperature T is at equilibrium with its own vapors, the chemical
potential of each component in the gaseous phase and in the liquid phase must be
equal.

The partial pressure pA of the component A in a binary solution of A and B can be
expressed in terms of its mole fraction xA (from Raoult’s law): pA ¼ poA:xA

∴xA ¼ pA
poA

idealð Þ andaA ¼ pA
poA

non idealð Þ

Thus, from Eq. 1.50, we get:

ΔμA ¼ μA � μoA ¼ GA � Go
A ¼ RT ln

pA
poA

¼ RT ln xA ð1:52Þ

Where Go
A is the free energy of 1 g mol of component A in its standard state. Hence,

from Eq. 1.52, for 1 g mol of a binary solution consisting xA mole fraction of A and
xB mole fraction of B, we have:

ΔG solð Þ ¼ ΔGM,id ¼ RT xA ln xA þ xB ln xBð Þ for an ideal solution ð1:53Þ
ΔG solð Þ ¼ ΔGM ¼ RT xA ln aA þ xB ln aBð Þ for a non ideal solution ð1:54Þ

The free energy of 1 mol of component i in the solution designated as Gi is known as
the partial molar free energy of the component i. It represents simply the change in
total free energy of the solution when 1 mol of component i is added to a large
amount of the solution.

From the first and second laws of thermodynamics, we have derived:
dG ¼ VdP � SdT (Eq. 1.20), and hence, at constant temperature: dG ¼ VdP and
for 1 g mol of an ideal gas: V ¼ RT

P

� �
.

∴dG ¼ RT
P

dP ¼ RTd lnP ð1:55Þ
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The term activity of the component in a solution has been defined as ai ¼ pi
poi
. In case

of a nonideal gas, the deviation from ideal behavior may be accounted by introduc-
ing in a term fugacity Ø, for pressure. Hence, Eq. 1.55 can be modified as:

dG ¼ RTd ln∅ ð1:56Þ

Thus, activity can be defined as the ratio of the fugacity of the substance in the state
in which it happens to be to its fugacity in its standard state. That is, a ¼ (∅/∅o).
Substituting ∅ ¼ a. ∅o in Eq. 1.56, we get dG ¼ RTd ln(a. ∅o). As fugacity in its
standard state (Ø�) is constant at a particular temperature and composition, we can
write:

dG ¼ RTd ln a ð1:57Þ

The standard state of a substance is commonly chosen as the pure liquid and solid at
one atmospheric pressure and temperature under consideration. The activity of a
pure substance in its standard state is unity.

Since under standard conditions the free energy of a component i expressed byGo
i

and its partial molar free energy in the solution by Gi, integration of Eq. 1.57 gives:

Z Gi

Go
i

dG ¼
Z ai

aoi

RTd ln a ¼ Gi � Go
i ¼ RT ln ai � RT ln aoi ð1:58Þ

since aoi ¼ 1,Gi � Go
i ¼ RT ln ai ¼ ΔGM

i

The difference (Gi � Go
i Þ represents the partial molar free energy of mixing

(on formation of the solution) of the component i and is denoted by ΔGM
i . This is

simply the free energy change accompanying the dissolution of 1 mol of i in the
solution. In a binary solution, A–B, containing xA and xB mole fractions of A and B,
respectively, the integral molar free energy of mixing can be estimated as:

ΔGM ¼ xAΔG
M
A þ xBΔG

M
B ¼ RT xA ln aA þ xB ln aBð Þ ð1:59Þ

since for an ideal solution ai ¼ xi

ΔGMid ¼ RT xA ln xA þ xB ln xBð Þ ð1:60Þ

If at constant T and P, nA number of mole of A and nB of moles of B are mixed to
form a binary solution, the free energy before mixing ¼ nAGo

A þ nBGo
B

� �
and after

mixing ¼ (nAGA þ nBGBÞ: The free energy change for the entire body of solution
due to mixing, ΔG0M, referred as the integral free energy of mixing, is the difference
between the two quantities, that is,
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ΔG0M ¼ nAGA þ nBGBÞ � nA Go
A þ nBG

o
B

� � ¼ nA GA � Go
A

� �þ nB GB � Go
B

� �
¼ nAΔG

M
A þ nBΔG

M
B

¼ RT nA ln aA þ nB ln aBð Þ
ð1:61Þ

Dividing by (nA + nB),we get integral molar free energy of mixing for nonideal and
ideal solutions as expressed by Eqs. 1.59 and 1.60, respectively. The integral molar
entropy of mixing for an ideal solution is given as:

ΔSMid ¼ �R xA ln xA þ xB ln xBð Þ ð1:62Þ

Equilibrium constant: Consider a general chemical reaction taking place between
different numbers of moles of reactants to form different numbers of moles of
products at constant temperature and pressure.

lLþ mM þ⋯ ¼ qQþ rRþ⋯

The change in free energy for the above reaction may be expressed as:

ΔG ¼ qGQ þ rGR þ⋯� lGL � mGM �⋯ ð1:63Þ

and in the special case when all products and reactants are in their standard state as:

ΔGo ¼ qGo
Q þ rGo

R þ⋯� lGo
L � mGo

M �⋯ ð1:64Þ

On subtracting Eq. 1.63 from Eq. 1.64, we get:

ΔGo � ΔG ¼ q Go
Q � GQ


 �
þ r Go

R � GR

� �þ⋯� l Go
L � GL

� �� m Go
M � GM

� �
�⋯

substituting Gi � Go
i ¼ RT ln ai, we get:

ΔGo � ΔG ¼ �qRT ln aQ � rRT ln aR �⋯þ lRT ln aL þ mRT ln aM þ⋯

ΔG ¼ ΔGo þ RT ln
aqQ:a

r
R

alL:a
m
M

Thermodynamic equilibrium constant for the above chemical reaction,

K ¼ aqQ:a
r
R

alL:a
m
M
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Since, at equilibrium,

ΔG ¼ 0,ΔGo ¼ �RT lnK ð1:65Þ

Regular solutions: In the case of nonideal solutions, it is still possible to assume
random mixing in certain cases, but the enthalpy of mixing will no longer be zero
because there will be heat changes due to changes in binding energy. This assump-
tion of random mixing can only be made where there is a small deviation from ideal
behavior, so that the enthalpy of mixing is quite small. Solutions of this type are
called regular solution. For regular solutions the entropy of mixing is the same as for
the ideal solution, hence,

ΔHM ¼ ΔGM þ TΔSM ¼ RT xA ln aA þ xB ln aBð Þ � RT xA ln xA þ xB ln xBð Þ
¼ RT xA ln γA þ xB ln γBð Þ

ð1:66Þ

where γA and γB are the actively coefficient of the components A and B, respectively.
Since ΔHM ¼ xAΔH

M
A þ xBΔH

M
B ,

ΔHM
A ¼ RT ln γA andΔH

M
B ¼ RT ln γB ð1:67Þ

Gibbs–Duhem integration: Thermodynamic equations for calculation of excess
free energy and integral molar free energy of a solution need both the activity
coefficient and the activity of all the components of the solution. However, exper-
imental techniques, namely, chemical equilibria, vapor pressure, and electrochemi-
cal, can measure activity of only one component. For example,

1. Activity of mercury in mercury–thallium alloy is obtained by measuring the
partial pressure of mercury over the alloy at a temperature, where, pHg � pTl,
that is, at the working temperature partial pressure of thallium is negligible as
compared to that of mercury. The same experiment cannot be used for measuring
the partial pressure (hence activity) of thallium accurately.

2. Activity of carbon in Fe–C (or steel) can be determined by equilibrating CO–CO2

or H2–CH4 gaseous mixture with steel at a particular temperature. However, we
cannot obtain the activity of iron by this method. Similarly, aS in Fe–S can be
measured by using H2–H2S gaseous mixture but not aFe .

3. Concentration galvanic cell like Cd(l)/LiCl – KCl + CdCl2/Cd – Pb(l) determines
the activity of cadmium only by measuring the open circuit emf of the cell, which
is related to the partial molar free energy of mixing and activity as follows:

ΔGM
Cd ¼ RT ln aCd ¼ �nFE ð1:68Þ

We cannot use the cell Pb(l)/LiCl – KCl + PbCl2/Cd – Pb(l) to get aPb because the
formation of more stable CdCl2 will cause exchange reaction of the type, PbCl2(l) +
Cd(l) ¼ CdCl2(l) + Pb(l). Thus, cell emf will not be a true representative of the cell
reaction but will represent a mixed potential.
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Now the question is how to get the activity of the second component in a binary
system. In order to get the activity of the second component, we must couple the
activity and atom/mole fractions of both the components with the aid of the Gibbs–
Duhem equation:

X
xidQi ¼ 0

where Qi is any partial molar extensive property.
Since activity of a component is related to the partial molar free energy, we can

write the Gibbs–Duhem equation as under:

xAdΔG
M
A þ xBdΔG

M
B ¼ 0, since ΔGM

i ¼ RT ln ai

∴RT xAd ln aA þ xBd ln aBð Þ ¼ 0

or d ln aA ¼ � xB
xA

d ln aB

If the variation of aB with composition is known, the value of ln aA at the compo-
sition xA ¼ xA can be obtained by integration of the above equation. Since problems
dealing with Gibbs–Duhem integration have not been included in this book, there is
no need to derive expressions for the calculation of activities. Interested readers may
consult books on thermodynamics.

Dilute solutions: According to Henry’s law, the partial pressure of a solute in a
dilute solution is proportional to mole/atom fraction. If B is a solute, we can write:
pB / xB.

that is, pB ¼ k:xB ð1:69aÞ

dividing by poB, we get:

pB
poB

¼ k
poB

:xB, that is, aB ¼ k0xB ð1:69bÞ

Hence, aB / xB
The constant, known as the activity coefficient of the solute B at infinite dilution,

is equal to the slope of the curve at zero concentration of B and is designated by γoB
(Fig. 1.4). Like Raoult’s law, Henry’s law is valid within a concentration range. The
extent varies from one system to another, but it is valid only at low concentrations.

In concentrated solutions, the standard state has been defined as unit atmospheric
pressure and unit activity, that is, pure substance at any temperature. In dilute
solutions, relative standard states other than pure substances are being used. Henry’s
law offers two such standard states called alternative standard states.

1. Infinitely dilute, atom/mole fraction standard state
2. Infinitely dilute, wt% (w/o or %) standard state
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Solubility of gases: It is important to note that the validity of Henry’s law depends
upon the proper choice of solute species. For example, nitrogen dissolves as different
species in water and in liquid iron.

(a) In water, nitrogen dissolves molecularly as N2:
N2(g) ⇆ N2 (dissolved in water)
K ¼ aN2

pN2
(as solubility of N2 in water is low, according to Henry’s law:

Eq. 1.69b), we can write:
aN2 ¼ k0xN2

∴K ¼ k0xN2
pN2

Hence, xN2 solubilityð Þ ¼ K
k0
:pN2

¼ k00:pN2
ð1:70aÞ

Thus, the solubility of nitrogen in water is proportional to the partial pressure of
nitrogen gas in equilibrium with water. Solubility can be expressed as mole fraction,
cc per 100 g of water, or any other unit.
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Fig. 1.4 Conversion of activities from one standard state to another
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(b) In the second case under consideration, nitrogen dissolves atomically in solid or
liquid metals:

N2(g) ⇆ 2[N] (in Fe)

K ¼ aN½ �2
pN2

¼ k0xN½ �2
pN2

∴ xN½ � solubilityð Þ ¼
ffiffiffi
K

p
k0

ffiffiffiffiffiffiffi
pN2

p ¼ k00 ffiffiffiffiffiffiffi
pN2

p
Both the cases are in accordance with the experiment. Since all the common

diatomic gases N2, O2, H2, and so on dissolve atomically in metals, the general
expression for solubility is given as:

s ¼ k
ffiffiffiffiffiffiffi
pN2

p ð1:70bÞ

This is known as Sievert’s law and can be stated as—solubility of diatomic gases
in metals is directly proportional to the square root of partial pressure of the gas in
equilibrium with the metal.

Alternative standard states: In dilute solutions, two different standard states are
used.

1. Infinitely dilute, atom fraction standard state: The standard state is so defined that
the Henrian activity approaches the atom fraction at infinite dilution.

aHB ¼ xB as xB ! 0 ð1:71Þ

aHB denotes Henrian activity of B. In other words, in the concentration range
where Henry’s law is obeyed, aHB ¼ xB , that is, Henrian activity ¼ atom fraction.
Beyond this concentration range, the activity can be related to the atom fraction by
the expression:

aHB ¼ f B:xB ð1:72Þ

where fB is the Henrian activity coefficient of B, relative to the infinitely dilute atom
fraction standard state.

The relation between the activity of B relative to the pure substance standard state
and the activity of B relative to the infinitely dilute atom fraction standard state is
given by

activity of B relative to pure substance standard state
activity of B relative to the infinitely atom fraction standard state

¼ γoB at constant xBð Þ

ai ¼ γi:xi, γi ¼ ai
xi
¼ aRi

aHi
¼ γoi

� �

where γoB is the Raoultian activity coefficient of B at infinite dilution.
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The free energy change accompanying the transfer of 1 mol of B from pure B as
standard state to the infinitely dilute, atom fraction standard state may be calculated
as follows:

B pure substance standard stateð Þ ! B dilute, atom fraction standard stateð Þ
ΔGo ¼ ΔGo

B pure substance standard stateð Þ
�ΔGo

B infinitely dilute, atom fraction standard stateð Þ

¼ RT ln
activity of B relative to pure substance standard state, aRB

activity of B relative to the infinitely dilute atom fraction standard state, aHB

� �

¼ RT ln γoB ð1:73Þ
2. Infinitely dilute weight percent standard state: This is the most widely used

standard state in metallurgy and may be so defined that the Henrian activity
approaches the wt% at infinite dilution, that is,

awt%B ¼ wt%B as wt%B ! 0 ð1:74Þ

Assuming that the solution obeys Henry’s law up to 1 wt% B, then Henrian
activity awt%B is unity at this concentration and the standard state is 1 wt% solution.
Deviation from the equality is measured in terms of Henrian activity coefficient,
relative to infinitely dilute wt% standard state, that is,

awt%B ¼ f B:wt%B ð1:75Þ

In both the cases, fB has been used for Henrian activity coefficient of B.
The relation between the activity of B, aB relative to the pure substance standard

state and the activity of B relative to the infinitely dilute wt% standard state is given
by

activity of B relative to pure substance standard state, aRB
activity of B relative to the infinitely dilute wt% standard state, awt%B

¼ γoB
xB

wt%B
at constant xBð Þ

In Henrian activity aRB ¼ γoB:xB
� 	

The free energy change accompanying the transfer of 1 mol of B from pure B as
standard state to the infinitely dilute wt% standard state may be calculated as
follows:

B pure substance standard stateð Þ ! B dilute wt%standard stateð Þ
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ΔGo ¼ ΔGo
B pure substance standard stateð Þ � ΔGo

B infinitely dilute wt%standard stateð Þ

¼ RT ln
activity of B relative to pure substance standard state, aRB

activity of B relative to the infinitely dilute wt%standard state, awt%B

" #

¼ RT ln γoB
xB

wt%B

h i
ð1:76Þ

¼ RT ln γoB
MA

100MB

� �

¼ RT ln γoB þ RT ln
MA

100MB

� � ð1:77Þ

where MA and MB refer to atomic weights of A and B, respectively.
The atom/mole fraction of B in solution of A – B can be expressed as:

xB ¼ wt%B=MB

wt%B=MBð Þ þ 100� wt%B=MAð Þ ¼
wt%B=MB

100=MA

(at infinitely dilute concentration of the solute B, wt%B is negligible as compared to
100), hence,

xB
wt%B

¼ MA

100MB
ð1:78aÞ

∴wt%B ¼ xB:100:MB

MA
ð1:78bÞ

Relation between different standard states: According to the Raoult’s law for
ideal solution: aRB ¼ xB. In Henrian solution, aRB ¼ γoB:xB, where γ

o
B is the Raoultian

activity coefficient at infinite dilution. This can also be expressed as:

aRB
γoB:xB

¼ 1 ð1:79Þ

Henry’s law gives aHB ¼ f B:xB ( fB ¼ 1 for Henrian solution)

∴aHB ¼ xB, that is,
aHB
xB

¼ 1 ð1:80Þ
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Similarly,

a1 wt%
B ¼ wt%B, that is,

a1 wt%
B

wt%B
¼ 1 ð1:81Þ

from Eqs. 1.79, 1.80, and 1.81, we get:

aRB
γoB:xB

¼ aHB
xB

¼ a1 wt%
B

wt%B
ð1:82Þ

Hence,
aRB pureð Þ

aB dilute wt%ð Þ ¼ γoB:xB
wt%B

ð1:83Þ

For example in a Fe–Si system, when xSi ! 0

aSi pureð Þ
aSi dilute wt%ð Þ ¼ γoSi: xSi

wt%Si
since

xSi
wt%Si

¼ MFe

100MSi

∴
aSi pureð Þ

aSi dilute wt%ð Þ ¼ γoSi: MFe

100MSi

Activity and interaction coefficients in multicomponent systems: Although we
have considered only binary solutions so far, in metallurgical processes, we rarely
deal with binary solutions. Hence, we must take into account the interaction between
various solutes in multicomponent systems. If the components of binary solutions
interact with one another, those of multicomponent solutions will certainly interact
in a more complex manner.

As an example, take a dilute solution of carbon in liquid iron. The Henrian
activity coefficient of carbon in the binary solution, f CC, is raised by the addition of
small amounts of sulfur and lowered by the addition of small amounts of chromium
in the solution. In liquid iron, several solutes are present in dilute concentrations, and
each thermodynamic property of the system is influenced by the change in the
interatomic forces. Interaction causes marked changes in solute activities and the
data for binary solutions do not apply to more complex systems.

Probable effects of one solute on the thermodynamic behavior of another solute
can be expressed by the interaction parameter (ε) and interaction coefficient (e),
which are defined as:

ε j
i ¼

∂ ln γi
∂x j

� �
x1!1

ande j
i ¼

∂ log f i
∂%j

� �
wt%1!100

ð1:84Þ

Thus, (ε) and (e) are related to the alternative standard states in dilute solutions. If the
solute i interacts more strongly with the solute j than with the solvent 1 (in the system
1 – i – j), the activity coefficient of i, γi/( fi) decreases by the addition of j, so ε

j
i . (and

also e j
i ) is a negative quantity. Conversely, if j interacts more strongly with the

solvent than i, γi/( fi) will tend to increase and ε j
i and also e j

i will be positive
(i.e., ε j

i =e
j
i is positive, if j interacts more strongly with the solvent).
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Thus, if carbon is the solute considered, fC is lowered by the addition of solutes
that tend to form more stable carbide, for example, Cr, V, or Nb; on the other hand, S
and P raise the fC. It is important to note that adequate representation of the equilibria
encountered in steelmaking is possible only if the effects of the various solutes on the
activity coefficient are taken into account. For instance, the presence of 2 wt% C in
liquid iron increases the activity coefficient of silicon by a factor of 2.

The interaction coefficients result from the Taylor series expansion of the partial
molar excess Gibbs free energy of mixing G

xs
i of the solute component i, in the

solvent, iron denoted as component 1. In atom fraction as the standard state we have:

G
xs
i ¼ RT ln γi½ �T ,P,x1,x2,,...:xn ð1:85Þ

Expansion of Eq. 1.85 in case of infinitely dilute solution as reference state:

RT ln γi ¼ RT ln γoi
� 	

T , P, x1!1 þ
Xm

j¼2
RT

∂ ln γi
∂x j

x j

� �
T , P, x1!1

þ
Xm

j¼2

1
2
RT

∂2 ln γi
∂x2j

x2j

" #
T , P, x1!1

þ
Xm

j¼2

Xm

k¼2
RT

∂2 ln γi
∂x j∂xk

x jxk

" #
T , P, x1!1

þ⋯

ð1:86Þ

Accuracy of data does not permit to account for the third-order terms, hence,

ln γi ¼ ln γoi þ
Xm
j¼2

ε j
i x j þ

Xm

j¼2
ρ j
i x

2
j þ

Xm

j¼2

Xm

k¼2
ρ j,k
i x jxk ð1:87Þ

Equation 1.87 describes the thermodynamic properties of the ith component in an n-
component system. By convention, γi is the activity coefficient based on atom
fraction as the composition coordinate, γoi is the value at infinite dilution.

Partial derivative of γ is named as interaction parameter.
ε j
i 	 interaction parameter of j on i in 1 – i – j system simply tells the effect of j on the
activity coefficient of i.

ε j
i ¼

∂ ln γi
∂x j

� �
x1!1

in 1� i� j system read as epsilon j upon ið Þ

εii self interaction coefficientð Þ ¼ ∂ ln γi
∂xi

� �
x1!1

,

ε32 ¼
∂ ln γ2
∂x3

� �
x1!1

epsilon3upon2ð Þ

1.1 Thermodynamic Quantities and Their Interrelationships 33



and ρ denotes second-order interaction parameter

ρ j
i ¼

1
2

∂2 ln γi
∂x2j

" #
x1!1

ρ j,k
i ¼ ∂2 ln γi

∂x j∂xk

" #
x1!1

cross productð Þ

In a simplified manner for the system 1–2–3–4, we can write:

ln γ2 ¼ ln γo2 þ ε22x2 þ ε32x3 þ ε42x4 þ⋯þ ρ22x
2
2 þ ρ32x

2
3 þ⋯þ ρ2,32 x2x3

þ⋯: ð1:88Þ

In a system of 1–2–3 (2 and 3 are solutes and 1 is a solvent) at constant temperature
and pressure, it can be demonstrated that ε32 ¼ ε23 . This is known as the Wagner’s
Reciprocal Relationship.

In many instances it is convenient to use a weight percent (wt%) as the compo-
sition coordinate. Hence, the activity coefficient, fi, in the zeroeth order form, log f oi ,
disappears since the activity coefficient at infinite dilution is assigned the value of
unity.

e j
i ¼

∂ log f i
∂%j

� �
wt%1!100

and e32 ¼
∂ log f 2
∂%3

� �
wt%1!100

f i ¼ 1, f oi ¼ 1, log f oi ¼ 0

Taylor series expansion:

log f i ¼ log f oi
� 	

%1!100 þ
Xm

j¼2

∂ log f i
∂ %jð Þ

� �
%1!100

%jð Þ

þ
Xm

j¼2

1
2

∂2 log f i
∂ %jð Þ2

" #
%1!100

%jð Þ2

þ
Xm

j¼2

Xm

k¼2
RT

∂2 log f i
∂ %jð Þ∂ %kð Þ

" #
%1!100

∂ %jð Þ∂ %kð Þ þ⋯ ð1:89Þ

or
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ln f i ¼
Xm
j¼2

e j
i %jð Þ þ

Xm

j¼2
r j
i %jð Þ2 þ

Xm

j¼2

Xm

k¼2
r j,kð Þ
i ∂ %jð Þ∂ %kð Þ

þ ::: ð1:90Þ

where e and r denote first- and second-order interaction coefficients, respectively.
Relation between ε and e: (x, pure 2 standard state) ¼ 2 (wt% hypothetical

standard state)

K ¼ a wt%ð Þ
2

a2
¼ f wt%ð Þ

2 : wt%2ð Þ
x2γ2

ð1:91Þ

ln γ2 ¼ ln
wt%2
x2

� �
þ ln f wt%ð Þ

2 � lnK ð1:92Þ

or

ln γ2
∂x3

� �
x1!1

¼ ∂ ln %2=x2ð Þ
∂x3

� �
x1!1

þ ∂ ln f wt%ð Þ
2

∂ wt%3ð Þ

" #
%1!100

∂ wt%3ð Þ
∂x3

� �
x1!1

ð1:93Þ

We know that:

∂ ln f wt%ð Þ
2

∂ wt%3ð Þ

" #
%1!100

¼ 2:303∂ log f wt%ð Þ
2

∂ wt%3ð Þ

" #
%1!100

¼ 2:303e32 ð1:94Þ

From Eqs. 1.93 and 1.94, we can write:

∴ε32 ¼
∂ ln %2=x2ð Þ

∂x3

� �
x1!1

þ 2:303e32
∂ wt%3ð Þ

∂x3

� �
x1!1

ð1:95Þ

If M1, M2, M3 are, respectively, the atomic weights of the elements 1, 2, and 3,
%3 (wt% 3) can be expressed as:

%3 ¼ x3M3100
x1M1 þ x2M2 þ x3M3

¼ x3M3100
x3 M3 �M1ð Þ þ x2 M2 �M1ð Þ þM1

ð1:96Þ

∂%3
∂x3

� �
x1!1

¼ 100
M3

M1
ð1:97Þ

∂ ln %2=x2ð Þ
∂x3

� �
x1!1

¼ M1 �M3

M1
ð1:98Þ
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Substituting the above values in Eq. 1.95, we get:

ε32 ¼ 230:3e32
M3

M1
þM1 �M3

M1
ð1:99Þ

or ε j
i ¼ 230:3M j

M1
e j
i þ M1�M j

M1

In 1–x–y–z system, considering only first-order interaction coefficients, the above
relations can be summarized as:

log f x ¼ %x:exx þ%y:eyx þ%z:ezx ð1:100Þ
ln γx ¼ ln γox þ εxxxx þ εyxxy þ εzxxz ð1:101Þ

where

εxx ¼
∂ ln γx
∂xx

� �
x1!1

andexx ¼
∂ log f x
∂%x

� �
wt%1!100

εyx ¼
∂ ln γx
∂xy

� �
x1!1

andeyx ¼
∂ log f x
∂%y

� �
wt%1!100

Relation between e32 and e23 in 1–2–3 system: In the system 1–2–3, if 1 is the
solvent and 2 and 3 are the solutes (at infinitely dilute concentrations), according to
Wagner’s reciprocal relationship:

ε32 ¼ ε23

and according to Eq 1.99 ε and e are related as

ε32 ¼ 230:3e32
M3

M1
þM1 �M3

M1

If M1 and M3 are very close in atomic weights, we can approximate as

ε32 ¼ 230:3e32
M3

M1
ð1:102Þ

and also

ε23 ¼ 230:3e23
M2

M1
ð1:103Þ
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∴e32 ¼
M1

230:3M3
ε32 from Eq:1:102ð Þ

¼ M1

230:3M3
ε23 since ε32 ¼ ε23

¼ M1

230:3M3
230:3 e23

M2

M1
from Eq:1:103ð Þ

∴e32 ¼ e23
M2

M3

Hence, for Fe–C–N system, we can write: eNC ¼ eCN
MC
MN

Further Reading

1. Darken, L. S., & Gurry, R. W. (1953). Physical chemistry of metals. London: McGraw-Hill
Co. Ltd..

2. Lewis, G. N., & Randall, M. (1961). Revised by Pitzer, K. S. and Brewer, L. Thermodynamics
(2nd ed.). London: McGraw-Hill Co. Ltd.

3. Mackowiak, J. (1966). Physical chemistry for metallurgists. New York: American Elsevier
Publishing Co. Inc..

4. Gaskell, D. R. (2003). Introduction to the thermodynamics of materials. New York: Taylor &
Francis.

5. Parker, R. H. (1978). An introduction to chemical metallurgy (2nd ed.). Oxford: Pergamon.
6. Lupis, C. H. P., & Elliott, J. F. (1966). Generalized interaction coefficients. Part I: Definitions,

Acta Metallurgica, 14, 529–538.
7. Moore, J. J. (1966). Chemical metallurgy (2nd ed.). London: Butterworth Heinemann.
8. Bodsworth, C. (1990). The extraction and refining of metals. Boca Raton: CRC Press.
9. Kubaschewski, O., & Alcock, C. B. (1979). Metallurgical thermochemistry (5th ed.). Oxford:

Pergamon.
10. Chase, M. W., Curnutt, J. L., Prophet, H., McDonald, R. A., & Syverud, A. N. (1975). JANAF

thermochemical tables, 1975 supplement. Midland: The Dow Chemical Company.
11. Barin, I., Knacke, O., & Kubaschewski, O. (1977). Thermochemical properties of inorganic

substances: Supplement. New York: Springer.
12. Dube, R. K., & Upadhyay, G. S. (1977). Problems in metallurgical thermodynamics and

kinetics. Oxford: Pergamon.

Further Reading 37



Chapter 2
Roasting of Sulfide Minerals

In addition to common metals like copper, lead, zinc, and nickel a number of other
metals such as antimony, bismuth, cadmium, cobalt, mercury, and molybdenum
occur as sulfide minerals. Sulfides are not reduced with the most widely used
reducing agents, carbon and hydrogen, because the free energy change for the
reactions 2MS + C ¼ 2M + CS2 and MS + H2 ¼ M + H2S is positive due to the
lesser stability of CS2 and H2S, compared to most sulfides. Reduction of sulfides
with metals is not economical. Furthermore, from most sulfide minerals the metal
value is not brought into aqueous solution by leaching with common acids and
alkalis. In the presence of an oxidant, chalcocite is leached quickly in dilute sulfuric
acid whereas bornite and covellite are leached slowly. Leaching is speeded up in the
presence of bacteria. But chalcopyrite, the major source of copper is not leached.
Commercially, pentlandite, a nickel sulfide mineral, is treated with ammonia under
pressure (8 atm) at 105 �C to dissolve nickel. Nickel is precipitated by blowing
hydrogen at 30 atm in the purified leach liquor at 170 �C. Otherwise, by and large,
the hydrometallurgical route for treatment of sulfides has failed. Under the circum-
stances, the only alternative seems to be the conversion of sulfide concentrates into
oxides by dead roasting [1–3], which can be easily reduced with carbon (production
of lead and zinc) or into mixed oxide and sulfate by partial roasting and sintering,
which can be dissolved in dilute sulfuric acid, and the resultant solution is subjected
to electrowinning (extraction of zinc).

Since the free energy of formation of SO2 and SO3 is lower than the free energy of
formation of many sulfides (CuS, Cu2S, NiS, FeS, PbS, ZnS, MnS, and so on under
standard conditions), oxygen is conveniently used to remove sulfur from sulfides.
Hence, the typical step, roasting (controlled oxidation) is employed to remove sulfur
from sulfide minerals by forming SO2 and SO3. Until the very recent past, roasting
happened to be a preliminary chemical treatment in the extraction of copper from
chalcopyrite via the pyrometallurgical route incorporating steps, namely, concentra-
tion by froth flotation, reverberatory smelting, converting, fire refining, and
electrorefining. Although 80% of the total world production of copper comes from
the chalcopyrite concentrate even today, the roasting step has been eliminated from
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the flow sheet on account of recently developed faster smelting and converting
processes, for example, flash smelting by the International Nickel Company and
Outokumpu, bath smelting by Noranda, Teniente Ausmelt/Isasmelt matte smelting,
continuous converting by Outokumpu and Mitsubishi, and direct smelting/
converting by Mitsubishi. However, roasting plays an important role in the extrac-
tion of nickel from pentlandite, zinc from sphalerite, lead from galena, and molyb-
denum from molybdenite.

In roasting, air in large amounts, sometimes enriched with oxygen, is brought into
contact with the sulfide mineral concentrate. This is done at elevated temperatures
when oxygen combines with sulfur to form sulfur dioxide and with the metal to form
oxides, sulfates, and so on. The oxidation must be done without melting the charge
in order to prevent reduction of particle surface–oxidizing gas contact area. Stirring
of the charge in some manner also ensures exposure of all particle surfaces to the
oxidizing gas. Exception to this procedure is blast roasting–sintering, where the
particle surfaces are partially melted and there is no stirring of the charge. The degree
of sulfur elimination is controlled by regulating the air supply to the roaster and by
the degree of affinity of the mineral elements for sulfur or oxygen. For example, iron
sulfide may all be oxidized because iron has more affinity for oxygen than for sulfur,
while a copper mineral in the same roaster feed will emerge in the calcine still as a
sulfide due to greater affinity of copper for sulfur than for oxygen.

Roasting is essentially a surface reaction where the oxide layer is formed first and
continues to remain as a porous layer through which oxygen can pass into the still
unreacted inner sulfide portion of the particle, and the SO2 gas formed comes out.
Roasting is an exothermic reaction. This heat helps to keep the roaster at the required
roasting temperature so that the process can continue with little extra heat supplied
by the burning fuel. Hence, sulfide roasting is an autogenous process, that is, where
no extra fuel is supplied.

2.1 Methods of Roasting

There are several commercial roasters used on the industrial scale. The multiple
hearth roaster that consists of a number of horizontal circular refractory hearths
placed one above the other in a steel shell for the purpose of charging the feed on the
top hearth as well as for discharging the roasted calcine from the bottom hearth, has
been virtually replaced by the flash or suspension roaster that has only the top and
bottom hearths. The capacity of such roasters is three times larger than that of
multiple hearth roasters. In flash roasting, the preheated ore is injected through a
burner. This process is most appropriate for the roasting of sulfides, which oxidize
exothermally and require no additional fuel. In flash roasting, the benefits of a
counter flow operation are partially lost.

The use of fluidized beds for roasting fine concentrate is obviously attractive. If a
gas is passed upward through a bed of solid particles of small and preferably regular
size in the range 2–0.02 mm diameter, the behavior of the bed will depend upon the
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velocity of the gas. At very low flow rates, the gas permeates through the bed without
moving the particles at all and the pressure drop across the bed is proportional to the
flow rate. An increase in gas velocity to a critical value causes the bed to expand as
the effective weights of the particles become balanced by the drag forces of the gas
stream upon them. Over a short range of velocities, the particles remain individually
suspended, each with a downward velocity relative to the gas stream approximately
equal to its terminal velocity.

Ore fines may be sintered due to incipient fusion in Dwight Lloyd Sintering
Machine. It consists of a linked grate section, which forms an endless belt that moves
on rollers. A suction box is located under the grate and the speed of the belt
movement is adjusted.

2.2 Objectives

In the extraction of metals from sulfides, roasting is applied to achieve different
objectives depending on the overall process flow sheet. Such objectives include one
or more of the following:

Oxidizing roast is carried out to prepare a totally or a partly oxide product. For
example, dead roasting of sphalerite concentrate to an all-oxide product is the
prerequisite for the pyrometallurgical smelting processes. For copper and nickel
extraction, only partial roasting is practiced. In order to produce a mixed oxide–
sulfate product sulfation roast is preferred. The most outstanding example of this is
found in the commercial production of zinc by the hydrometallurgical route. Roast-
reduction is aimed at producing a metal directly by the interaction between the oxide
formed in situ and the unroasted sulfide. This is employed in the old and
now-obsolete “Newnam Ore Hearth Process” of making lead. Such a principle is
also partially made use of in the sintering (agglomeration) of galena concentrates.
The objective of chloridizing roast is to convert certain metals to their water-soluble
chlorides. Notable among such applications is the treatment of pyrite cinders with
CaCl2 for the recovery of nonferrous values. Volatilizing roast is used to produce
and recover metals as volatile oxides or for the elimination of unwanted metals as
volatilized oxides. Roasting of speiss for As2O3 recovery and of bismuth ores for the
removal of As, Sb, or Zn (as their oxides) are very interesting applications under this
category.

Obviously, roasting is a very vast field with multifarious aspects covering the
fundamental, applied, and industrial aspects of many metal sulfides. It would not be
possible to survey the whole field with any justice. However, it would be interesting
to discuss the relevant chemistry and thermodynamics of roasting with the primary
aim of understanding the stability regions of different phases in M–S–O systems in
the following sections.
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2.3 Chemistry of Roasting

The chemistry of sulfide roasting is complex involving numerous reactions, impor-
tant of which are as follows:

1. Decomposition of higher sulfides to lower sulfides, for example,

MS2 sð Þ ¼ MS sð Þ þ 1
2
S2 gð Þ ð2:1Þ

2MS2 sð Þ ¼ M2S3 sð Þ þ 1
2
S2 gð Þ ð2:2Þ

2. Oxidation of sulfides to form oxides or sulfates

2MS sð Þ þ 3O2 gð Þ ¼ 2MO sð Þ þ 2SO2 gð Þ ð2:3Þ
MS sð Þ þ 2O2 gð Þ ¼ MSO4 sð Þ ð2:4Þ

3. Burn-up of sulfur to form its oxides

S2 gð Þ þ 2O2 gð Þ ¼ 2SO2 gð Þ ð2:5Þ
2SO2 gð Þ þ O2 gð Þ ¼ 2SO3 gð Þ ð2:6Þ

4. Sulfation of metal oxides

MO sð Þ þ SO3 gð Þ ¼ MSO4 sð Þ ð2:7Þ
2MO sð Þ þ 2SO2 gð Þ þ O2 gð Þ ¼ 2MSO4 sð Þ ð2:8Þ

5. Decomposition of sulfates to basic (oxy) sulfates

2MSO4 sð Þ ¼ MO:MSO4 sð Þ þ SO3 gð Þ ð2:9Þ
MO:MSO4 sð Þ ¼ 2MO sð Þ þ SO3 gð Þ ð2:10Þ

MSO4 sð Þ ¼ MO:ySO3 sð Þ þ 1� yð ÞSO3 gð Þ ð2:11Þ

6. Sulfide–sulfate interaction

MS sð Þ þ 3MSO4 sð Þ ¼ 4MO sð Þ þ 4SO2 gð Þ ð2:12Þ

7. Sulfide–oxide interaction

MS sð Þ þ 2MO sð Þ ¼ 3M sð Þ þ SO2 gð Þ ð2:13Þ
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8. Reaction between product oxides or product and impurity oxides to form
complex compounds such as ferrites and silicates

2MO sð Þ þ 2FeO sð Þ ¼ 2MFeO2 sð Þ ð2:14Þ
2MO sð Þ þ SiO2 sð Þ ¼ M2SiO4 sð Þ ð2:15Þ

9. Formation of sub- or higher-oxides

2MO sð Þ ¼ M2O sð Þ þ 1
2
O2 gð Þ ð2:16Þ

2MO sð Þ þ 1
2
O2 gð Þ ¼ M2O3 sð Þ ð2:17Þ

10. Other reduction or oxidation reactions such as

3M3O4 sð Þ þMS sð Þ ¼ 10MO sð Þ þ SO2 gð Þ ð2:18Þ
M s, lð Þ þ SO2 gð Þ ¼ MS sð Þ þ O2 gð Þ ð2:19Þ

Where more than one metal sulfide is present in the concentrate, the reactions are
truly complex and very large in number. The composition of a product in sulfide
roasting depends not only on the chemical and mineralogical composition of the
concentrate, temperature, and partial pressures of O2, SO2, and SO3 but also on the
other process parameters such as particle size, mixing, time of reaction, and the
technique of roasting.

2.4 Thermodynamics of Roasting

The necessary conditions for the formation of different products can be illustrated by
the relationship between the equilibriums in any M–S–O system. In the simplest
case, we have three components, and according to the phase rule (P ¼ C � F + 2),
there can be five phases, that is, four condensed phases and one gaseous
phase (P ¼ 3 � 0 + 2 ¼ 5). P, C, and F, respectively, stand for the number of
phases, components, and degree of freedom. If temperature is fixed, we have
P ¼ 3 � 0 + 1 ¼ 4 (3 condensed phases and 1 gaseous phase). The gas phase
normally contains SO2 and O2 but some SO3 and even sulfur vapor (S2) may be
present. Among the gaseous compounds, the following equilibria exist:

S2 gð Þ þ 2O2 gð Þ ¼ 2SO2 gð Þ ð1Þ
2SO2 gð Þ þ O2 gð Þ ¼ 2SO3 gð Þ ð2Þ

At any selected temperature, the composition of the gas mixture is defined by the
partial pressures of two of the gaseous components. Further, for any fixed gas
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composition, the composition of the condensed phase gets fixed. Thus, the phase
relationship in the ternary system at constant temperature may be described in a
two-dimensional diagram, where the two co-ordinates are the partial pressures of
two of the gaseous components. Generally, pSO2

and pO2
are chosen because during

roasting, sulfide reacts with oxygen to produce SO2, which is a predominant gas
species in the flue. Such isothermal plots are called Predominance Area Diagrams.
They are also known as Kellogg Diagrams [4–6], after Kellogg, who conceived
them. Commencing with the pioneering and innovative work of Kellogg and his
coworkers, several researchers have constructed the predominance area diagrams not
only for M–S–O systems but also for M1–M2–S–O systems. Many such diagrams
are available in literature [7–16] and have been made use of to understand roasting,
decomposition, smelting, refining, and so on.

Figure 2.1 shows equilibria and predominance areas at a constant temperature for
the M–S–O system. Lines describing the equilibrium between any two condensed
phases are given by equations:

M s, lð Þ þ SO2 gð Þ ¼ MS sð Þ þ O2 gð Þ ð3Þ
2M s, lð Þ þ O2 gð Þ ¼ 2MO sð Þ ð4Þ
2MS sð Þ þ 3O2 gð Þ ¼ 2MO sð Þ þ 2SO2 gð Þ ð5Þ
2MO sð Þ þ 2SO2 gð Þ þ O2 gð Þ ¼ 2MSO4 sð Þ ð6Þ
MS sð Þ þ 2O2 gð Þ ¼ MSO4 sð Þ ð7Þ
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Fig. 2.1 Predominance area diagram of the M–S–O system. (From Principles of Extractive
Metallurgy by T. Rosenqvist [3],© 1974, p 247, McGraw-Hill Inc. Reproduced with the permission
of McGraw-Hill Book Co.)
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If metal forms several sulfides and oxides, additional equilibria would have to be
considered for the formation of MS2, M2O3 and M2(SO4)3 and so on. In addition,
basic sulfates, MO.MSO4, may exist. For the above reactions for all condensed
phases in their standard states, the equilibria are given by the expressions:

K3 ¼
aMS:pO2

aM :pSO2

¼ pO2

pSO2

i:e:, log pO2
� log pSO2

¼ log K3

K4 ¼ 1
pO2

i:e:, log pO2
¼ � log K4

K5 ¼
p2SO2

p3O2

i:e:, � 3 log pO2
þ 2 log pSO2

¼ log K5

K6 ¼ 1
p2SO2

:pO2

i:e:, 2 log pSO2
þ log pO2

¼ � log K6

K7 ¼ 1
p2O2

i:e:, 2 log pO2
¼ � log K7

We notice that for a given reaction the form of the equilibrium expression is the
same for all metals, that is, the slope of the corresponding lines in the figure is the
same. Only the values of the equilibrium constant K3, K4, and so on, may differ from
one metal to another. This means that the position of the equilibrium lines may
change and, consequently, the size and the position of the areas between the lines.
These areas are called the predominance area for that particular phase. From the
figure we find that

1. As long as only one condensed phase exists, the partial pressure of SO2 and O2

may be changed independently of each other; that is, the system at constant
temperature has two degrees of freedom.

2. Along the lines for equilibrium between two condensed phases, the system has
one degree of freedom.

3. Finally, where three phases are in equilibrium, the system at constant temperature
is nonvariant.

There are also lines in the figure to describe reactions (1) and (2) that is, for the
formation of SO2 and SO3. These are given by the expressions:

K1 ¼
p2SO2

pS2::p
2
O2

i:e:, 2 log pSO2
� 2 log pO2

¼ log K1 þ log pS2

K2 ¼
p2SO3

p2SO2
:pO2

i:e:, 2 log pSO2
þ log pO2

¼ � log K2 þ 2 log pSO3

This means that for fixed values of K1 and K2, the relationship
between log pSO2

and log pO2
depends also on the partial pressures of S2 and

SO3. In the figure, the lines are drawn for pS2¼ 1 atm and pSO3
¼ 1 atm: For other
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pressures, the lines are to be shifted up and down in accordance with the above
expressions. Thus, pS2 becomes large when pO2

is small and that pSO2
is large, and

pSO3
is large for large values of pSO2

and pO2
: When roasting is carried out in air,

pSO2
þ pO2

¼ 0:2 atm, the conditions during roasting are as described by the dotted
lines in the figure. First, the sulfide is roasted/converted into the oxide by reaction
(5). Then the oxide may be converted into sulfate, which by prolonged heating in air
at constant temperature again may be converted to give the oxide.

In roasting of a mixed sulfide concentrate, simultaneous reaction/conversion of
different metals will not take place because the stability regions for different metals
have different locations. Hence, during roasting of chalcopyrite (mixed Cu-Fe
sulfide) iron sulfide will first oxidize to form Fe3O4, leaving copper as
Cu2S. Continued operation transforms Fe3O4 into Fe2O3 and Cu2S into Cu2O and
then into CuO. However, the presence of iron oxide as a gangue in the concentrate
complicates roasting by forming spinel, for example, in the roasting of sphalerite,
zinc ferrite (ZnO.Fe2O3) is formed. On the other hand, depending on the temperature
of roasting basic sulfates, namely, ZnO.ZnSO4 and PbO.PbSO4, PbO.2PbSO4 and
PbO.4PbSO4 are formed in the roasting of sphalerite and galena, respectively. The
formation of these complex phases alter shape and size of predominance areas
because of lesser activity of the compound in the complex phase compared to the
activity of the pure compound. This means, a lower partial pressure of oxygen than
what is required for zinc oxide formation, would form zinc ferrite from sphalerite.
Based on a similar argument, higher partial pressures of oxygen and sulfur dioxide
are required for ZnO–ZnSO4 equilibrium when ZnO is complexed as a ferrite phase
(ZnO.Fe2O3) instead of its presence as pure ZnO. Thus, depending on the require-
ment of the process flow sheets, stability diagrams of different M–S–O systems at
different temperatures become useful in carrying out selective roasting [17].

The effect of temperature on the roasting equilibria may be given in a
two-dimensional diagram for constant values of pSO2

: The Fig. 2.2 shows
log pO2

versus 1=T plots for pSO3
¼ 1 atm and 0.1 atm. Slope of the curves giving

enthalpy of the reaction is expressed in terms of 1 mol of oxygen:

M s, lð Þ þ SO2 gð Þ ¼ MS sð Þ þ O2 gð Þ, K3 ¼
pO2

pSO2

For a fixed value of pSO3
:
∂ log pO2

∂ 1
T

� � ¼ ∂ logK3

∂ 1
T

� � ¼ ΔH3

4:575
ð2:20Þ

Figure marked with two possible roasting paths is useful in discussing the effect
of temperature on the roasting equilibria. Along the path (a) normally, as roasting
starts, the sulfide gets roasted to oxide with an increase of temperature, which may
partially get converted to sulfate on decrease of temperature toward the end of the
roasting process. On the other hand, along the path (b), sulfate first formed at low
temperature decomposes to oxide on rise of temperature due to additional heat.
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2.5 Kinetics of Roasting

Roasting of sulfides, in general, is exothermic and hence the temperature of the ore
lump remains high enough for the desired chemical reactions to occur fairly early
during the roasting process. Every particle gets oxidized from the outside, which
leads to the formation of a case of solid product and leaves a core of unchanged zone.
The required reaction occurs at the interface between these zones if the gas ratio
pO2

=pSO2
is locally higher than the equilibrium ratio for the reaction at the temper-

ature under consideration. Take a generalized case of roasting of a metal sulfide
(MS):

2MS sð Þ þ 3O2 gð Þ ¼ 2MO sð Þ þ 2SO2 gð ÞK ¼ p2SO2

p3O2

ð2:21Þ

For the above reaction to proceed, it is essential that at least three molecules of
oxygen should reach the interface to form two molecules of sulfur dioxide, that is,
JO2⊀

3
2 JSO2 . These two flux values (JO2 and JSO2Þ are controlled by the respective

diffusion coefficients and partial pressure of O2 and SO2. The diffusion coefficient of
O2 is larger than SO2 molecules, but there is always a minimum ratio of pO2

=pSO2
in

the atmosphere outside the particle. This minimum ratio has to be maintained, so as
to keep the ratio at the reaction front always higher than the equilibrium value.
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Fig. 2.2 Effect of temperature on equilibria and predominance areas in the M–S–O system at
constant pressure of SO2 gas. (From Principles of Extractive Metallurgy by T. Rosenqvist [3],
© 1974, p 250, McGraw-Hill Inc. Reproduced with the permission of McGraw-Hill Book Co.)
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As usual the reaction mechanism may occur in several stages:

1. Adsorption of oxygen at the surface of the sulfide mineral particles.
2. Capture of oxygen in the lattice of the mineral particle after release of electrons

(12 O2 ¼ O2� þ 2eÞ and the neutralization of sulfide ion on the surface by the
electrons (S2� + 2e ¼ S).

3. Chemical reaction between the adsorbed atoms of sulfur and oxygen atoms
leading to the formation of SO2.

4. Desorption of the SO2 molecule, and finally
5. Transportation of SO2 creates a vacant site on the mineral surface.

For the reaction to continue further, another sulfide ion moves to occupy the
vacant site. However, generally the interface [2] advances into the mineral to interact
with more sulfide ions. Although the role of adsorption is not very clear, it may be
helpful in decreasing the activation energy and increasing the rate of roasting. The
reaction rate is controlled by the number of oxygen molecules adsorbed per unit area
of interface, which depends on the partial pressure of oxygen as governed by the
laws of adsorption. The larger the particle, the higher will be the pO2

required to
maintain a particular flux, JO2 at the reaction interface. In case of complete oxidation
(i.e., dead roasting), attempt should be made to increase pO2

in the gaseous mixture
around the mineral particles in the last stages.

The following points must be kept in mind while carrying out roasting:

1. In case of nonuniform temperature throughout the ore lump, diffusion should be
considered going down a “chemical potential gradient” rather than a partial
pressure gradient.

2. As ore particles are not homogeneous lumps of sulfide, the presence of inert
gangue may reduce or even stop reactions.

3. Exothermicity of roasting reactions may lead to fusion or agglomeration of
particles, thereby altering the diffusion coefficients and diffusion paths and
thus, ultimately, slowing down the process.

4. Depending on operating conditions, side reactions, for example, sulfate forma-
tion, may occur in the cooler part of the outer oxide shell.

Many investigators have studied the kinetics of roasting of metal sulfides. By and
large, roasting of zinc sulfide is carried out at and above 800 �C to produce zinc
oxide [2ZnS (s) + 3O2 (g) ¼ 2ZnO (s) + 2SO2 (g)]. This is known as dead roasting.
The rate of oxidation is very slow at 700 �C. At lower temperatures [18], ZnS reacts
with SO3 to form ZnSO4 according to the reactions:

ZnS sð Þ þ 4SO3 gð Þ ! ZnSO4 sð Þ þ 4SO2 gð Þ ð2:22Þ
ZnS sð Þ þ O2 gð Þ þ 2SO3 gð Þ ! ZnSO4 sð Þ þ 2SO2 gð Þ ð2:23Þ

In the absence of SO3, sulfation does not take place when ZnS is treated with SO2

and air. Sulfates are generally stable at temperatures below 800 �C at a lower
pO2

=pSO2
ratio. Hence, sulfation of fine concentrate is restricted in a separate part of

the kiln by maintaining a lower temperature and higher SO2 in the gaseous mixture.
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A bulk of fine concentrate behaves like a single large lump against the reacting
gases. In such cases, the solid–gas contact area is increased by raking or fluidization
in order to improve the rate of roasting because gases normally penetrate the solid
particles through inter-granular routes rather than through the crystals. As the
individual crystal gets converted topochemically to the product, the radial rate of
conversion is the same all the way around. The rate of reaction decreases toward the
center of the ore particle. Hence, the rate of reaction on the inner grains (deeper into
the particles) will be determined by an entirely different mechanism from the particle
as a whole. It is most likely that a solid-state diffusion mechanism may be operative
within the grains. In the case of coarse grains, this mechanism can take control of the
reaction rate for the particle as a whole.

Natesan and Philbrook [19, 20] studied the kinetics of roasting of zinc sulfide
spherical pellets [19] and powder under suspension [20] in a fluidized bed reactor. In
the temperature range of 740–1040 �C, roasting of pellets of 0.1.6 cm diameter
according to the reaction (2.22) is controlled by gaseous transport through the
product layer of zinc oxide formed during the course of the reaction. On the other
hand, in the fluidized bed reactor for the suspended particles, the kinetics is governed
by the surface reaction at the ZnS–ZnO interface in the same temperature range.

Based on their detailed studies on roasting of covellite (CuS) in oxygen, Shah and
Khalafallah [21] have proposed the following sequence of conversion:

CuS ! Cu1:8S ! Cu2O ! CuO ! CuO:CuSO4 ! CuSO4 ð2:24Þ

Cu1.8S is considered to be a defective form of copper sulfide, known as digenite.
After establishing the sequence of roasting, the kinetics of the first [22, 23] and last
steps [24] in Eq. 2.24 was systematically investigated. The conversion of covellite
(CuS) to digenite (Cu1.8S) was studied in nitrogen [22] and oxygen [23] atmosphere
for the reactions:

In nitrogen 340� 400 �Cð Þ : 1:8 CuS sð Þ ! Cu1:8S sð Þ þ 0:4 S2 gð Þ ð2:25Þ
In nitrogen 260� 400 �Cð Þ : 1:8 CuS sð Þ þ 0:8O2 gð Þ ! Cu1:8S sð Þ þ 0:8SO2 gð Þ ð2:26Þ

In nitrogen, the reaction was found to be topochemical with the activation energy
of 24 � 2 kcal mol�1. The rate of conversion in oxygen was first order with respect
to the partial pressure of oxygen with an average apparent activation energy of
23 � 3 kcal mol�1.

Rao and Abraham [7] have reported two stages in the kinetics of roasting of
cuprous sulfide in the temperature range of 750–950 �C. The kinetics of the initial
non-isothermal stage with an activation energy of 25 kcal mol�1 is controlled by heat
and mass transport, whereas the second isothermal stage with an apparent activation
energy of about 6 kcal mol�1 is controlled by mass transport. The mass transport
involves diffusion through an outer boundary layer, diffusion through the layer
formed during a non-isothermal period, and diffusion through a product layer
formed during a continuing reaction.
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Coudurier et al. [25] conducted studies on roasting of molybdenite (MoS2) in an
experimental multiple hearth roaster and reported that the rate of reaction was
controlled by gaseous diffusion on the upper hearth and by surface reaction on the
lower hearth. Different equations developed for the upper and lower hearths were
useful in deriving optimum operating conditions by matching the heat balance with
the reaction kinetics. In conclusion, they have proposed that the kinetics of roasting
of molybdenite was controlled by gaseous diffusion in the early stages and by
surface reaction in the later stages of the reaction. Amman and Loose [26] investi-
gated the effects of temperature (525–635 �C), gas composition (5–20% oxygen),
and particle size on the oxidation kinetics of molybdenite concentrate containing
90% MoS2. They proposed a mathematical model to explain the reaction kinetics
involving diffusion of oxygen from the bulk gas phase to the solid interface,
diffusion through reaction product layer, and a first-order reaction kinetics at the
molybdenite–oxide interface with an activation energy of 35.4 kcal mol�1. This
order of activation energy simply indicates that the oxidation kinetics of molybdenite
in the temperature range of 525–635 �C is chemically controlled.

In the temperature range of 690–800 �C, lead sulfide is converted to lead sulfate:

PbS sð Þ þ 2O2 gð Þ ¼ PbSO4 sð Þ ð2:27Þ

According to Khalafallah [27], the above roasting reaction is sensitive to particle
size and obeys the following kinetic law:

1þ 2 1� z:fð Þ � 3 1� z:fð Þ23 ¼ k
4r2o

t ð2:28Þ

In Eq. 2.28, f is fraction of PbS converted into PbSO4, and z the volume of PbSO4

formed per unit volume of PbS and k, r0 and t represent, respectively, the rate
constant, initial radius of the sulfide particle, and time of reaction. From the diffusion
measurement experiments, it has been established that PbS diffuses from the inside
through the PbSO4 layer to react on the surface. The kinetics of roasting of galena
expressed by the rate Eq. 2.28 is very much similar to the well-known Gnistling-
Brounshtein [28] product layer diffusion equation.

2.6 Predominance Area Diagrams as a Useful Guide in Feed
Preparation

In the preceding paragraphs, it has been mentioned that roasting is one of the main
steps in the extraction of nickel, zinc, lead, and molybdenum from pentlandite,
sphalerite, galena, and molybdenite, respectively. Although roasting was one of
the major steps in production of copper from chalcopyrite, this step has been
eliminated in recently developed faster smelting and converting processes. In this
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section, an attempt has been made to demonstrate the usefulness of predominance
area diagrams of M–S–O systems in the production of some nonferrous metals.

Though currently not practiced, it is interesting to note how Cu–S–O and Fe–S–O
stability diagrams were used in the past for the preparation of feed for reverberatory
smelting and leaching circuit by roasting of chalcopyrite at different temperatures.
The composition of roaster products prepared for reverberatory smelting was not
critical, but it was desirable to avoid excessive oxidation of iron. The formation of
Fe3O4 or Fe2O3 led to high oxidizing conditions in the subsequent smelting slag, and
these oxidizing conditions caused an increased loss of copper in the slag. The
formation of high melting ferrites was also favored by over oxidation of the iron
minerals. Figure 2.3 that exhibits the predominance area diagram of the Fe–S–O
system at different temperatures directs that the best way to avoid over oxidation,
that is, Fe2O3 formation, was to roast at relatively lower temperatures. This is
demonstrated by the position of the roaster gas composition partial pressures square
within the Fe2(SO4)3 region at temperatures below about 600 �C.

The principal objectives of roasting prior to leaching were (a) to produce a
controlled amount of CuSO4 with the remainder of Cu being in oxide form (b) to
produce iron oxides rather than soluble iron sulfates. The latter objective minimized
contaminations of the leach liquor with iron. Figure 2.4 shows that CuSO4 formation
is favored below 677 �C, CuSO4 and CuO are favored between 677 and 800 �C, and
CuO is favored above 800 �C. Therefore, roasting to produce a mixed CuSO4/CuO
product should be carried out between 677 and 800 �C. The higher temperature
favors higher proportion of CuO. Figure 2.3 also indicates that temperature in this
range also favors the formation of insoluble iron oxides, which is the second
requirement. Thus, roasting at a temperature of 675 �C fulfilled both the objectives.

The predominance area diagram of the Zn–S–O system [13] (Fig. 2.5) at different
temperatures is useful in the preparation of feeds for smelting and leaching by
roasting sphalerite concentrates at appropriate temperatures. For the Imperial
Smelting furnace, the sphalerite concentrate is first partially roasted at 800 �C to
obtain a product with 4% sulfur. Since the blast furnace requires lumpy charge (size
varying from 2.5 to 10 cm), the resultant mass is then sintered at 1200 �C to produce
lumpy zinc oxide sinter on Dwight-Lloyd sintering machine. Since the stability
regions of both ZnSO4 and PbSO4 in the predominance area diagrams of Zn–S–O
and Pb–S–O (Figs. 2.5 and 2.6) systems shrink with an increase of temperature, the
product resulting from the roasting/sintering of sphalerite and galena concentrates at
800 �C will consist of mixed oxide (larger amount) and little sulfate (respectively,
ZnO + ZnSO4 and PbO + PbSO4).

From the Mo–S–O diagram (Fig. 2.8), it is clear that MoS2 will get converted to
MoO3 while roasting molybdenite at 700 �C. Therefore, in order to prevent melting
due to local overheating and high volatility of MoO3, the temperature is never
allowed to exceed beyond 650� C.

Shamsuddin et al. [13] have effectively demonstrated the possibility of selective
roasting of an off-grade chalcopyrite concentrate containing appreciable amounts of
sphalerite and galena making use of the predominance area diagrams of Cu–S–O,
Fe–S–O, Zn–S–O, and Pb–S–O systems.
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2.7 Problems [29–31]

Problem 2.1
a. From the data given below construct relevant portion of the predominance area

diagram of Ni–S–O system:

NiS sð Þ þ 3
2
O2 gð Þ ¼ NiO sð Þ þ SO2 gð Þ, logK1 ¼ 18:7

NiS sð Þ þ 2O2 gð Þ ¼ NiSO4 sð Þ, logK2 ¼ 21:59

NiO sð Þ þ 1
2 O2 gð Þ þ SO2 gð Þ ¼ NiSO4 sð Þ, logK3 ¼ 2:72

b. If nickel sulfide is roasted in a roaster gas containing SO2 and O2 in the
composition range 2–10% SO2 and 2–10% O2 over what portion of these
composition ranges is nickel sulfate the stable phase?

Solution
a. From the above chemical equations:

i. For the NiS�NiO equilibrium,

K1 ¼
pSO2

p
3=2
O2

or 3=2 log pO2
¼ log pSO2

� logK1

or log pO2
¼ 2=3 log pSO2

� 2=3 logK1

∴ log pO2
¼ 2=3 log pSO2

� 2=318:87 ¼ 2=3 log pSO2
� 12:58

ii. For NiS�NiSO4 equilibrium,

K2 ¼ 1
p2O2

2 log pO2
¼ � logK2

∴ log pO2
¼ �0:5 log K2 ¼ 0:5� 21:59 ¼ �10:795

iii. For NiO�NiSO4 equilibrium,

K3 ¼ 1

p
1=2
O2
:pSO2

1=2 log pO2
þ log pSO2

¼ � log K3

56 2 Roasting of Sulfide Minerals



or log pO2
¼ �2 log K3 � 2 log pSO2

∴ log pO2
¼ �2� 2:72� 2 log pSO2

¼ �5:44� 2 log pSO2

Summary of the above calculations
Equilibria logK log pO2

NiS (s) + 3/2 O2(g) ¼ NiO (s) + SO2(g) 18.87 2=3 log pSO2
�12.58

NiS (s) + 2O2(g) ¼ NiSO4(s) 21.59 �10.795

NiO (s) + 1/2O2(g) + SO2(g) ¼ NiSO4(s), 2.72 �5.44� 2 log pSO2

Figure 2.7 shows the predominance area diagram of the Ni–S–O system in terms
of log pO2

and log pSO2
:

Point 1: when pO2
¼ 1atm, log pO2

¼ 0
A horizontal line is drawn up to log pO2

¼ �20
Vertical lines are drawn at log pO2

¼ 0 and log pO2
¼ �20

Point 2: at log pO2
¼ �10:795, a vertical line is drawn

Point 3: log pO2
¼ �20

Point 4: NiS�NiO equilibrium

log pSO2
¼ 3=2 log pO2

þ logK1 at point 3, log pO2
¼ �20

¼ 3=2 �20ð Þ þ 18:87 ¼ �11:13 point 4ð Þ
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Fig. 2.7 Relevant portion of the predominance area diagram of the Ni–S–O system
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Point 5: NiS�NiO equilibrium, at point 2, log pO2
¼ �10:795

log pSO2
¼ 3=2 log pO2

þ 18:87

¼ 3=2 �10:795ð Þ þ 18:87 ¼ 2:67 point 5ð Þ

Point 6: NiO�NiSO4 equilibrium, at point 1, log pO2
¼ 0

log pSO2
¼ � logK3 � 0:5 log pO2

¼ �2:72 point 6ð Þ

b. From Fig. 2.7, we find that NiSO4 is a stable phase in the region: from
log pO2

¼ 0, that is, pO2
¼ 1 atm point 1ð Þ to log pO2

¼ �10:795, that is, pO2
¼

1:6� 10�11 atm point 2ð Þ and from log pSO2
¼ �2:72, that is, pSO2

¼
0:002 atm point 6ð Þ or SO2 ¼ 0:2% to log pSO2

¼ 2:67, that is, pSO2
¼

467 atm point 5ð Þ: This can be demonstrated by independent calculations also.

From the above calculations, we note that for NiS�NiO equilibrium:

logK1 ¼ log pSO2
� 3=2 log pO2

¼ 18:87 ð1Þ

and for NiO�NiSO4 equilibrium:

logK3 ¼ � log pSO2
� 1=2 log pO2

¼ 2:72 ð2Þ

From equations (1) and (2), we get:

log pO2
¼ �10:795, that is, pO2

¼ 1:6� 10�11 atm,

and

log pSO2
¼ 2:67, that is, pSO2

¼ 467 atm

Thus, NiSO4 is stable from pO2
¼ 1:6� 10�11 to 1 atm

log pO2
¼ 0, where log pSO2

¼ �2:72, that is, pSO2
¼ 0:002 atm or SO2 ¼ 0:2%

� �

and pSO2
¼ 0:002 to 467 atm.

Problem 2.2
From the data given below, construct the predominance area diagram of the system
Mo–S–O at 1000 K:

1. 2SO2(g) ¼ S2 (g) + 2O2(g), ΔGo
1 ¼ 173240� 34:62T cal

2. MoS2(s) ¼ Mo(s) + S2 (g), ΔGo
2 ¼ 85870� 37:33T cal

3. MoO2(s) ¼ Mo(s) + O2 (g), ΔGo
3 ¼ 140500þ 4:6T log T � 56:8T cal

4. MoO3(s) ¼ MoO2(s) + 1/2 O2 (g), ΔGo
4 ¼ 38700� 19:5T cal
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Solution
The following equilibria between compounds of Mo have to be considered:

Mo–MoO2, MoO2–MoO3, Mo–MoS2, MoS2–MoO2 and MoS2–MoO3. ΔGo vs T
equations for these equilibria may be obtained by making use of the given four ΔGo

vs T equations.

a. Mo(s) + O2(g) ¼ MoO2(s), ΔGo
a ¼ �ΔGo

3 ¼ �140500� 4:6T log T
þ56:8T cal

b. MoO2(s) + 0.5 O2(g) ¼ MoO3(s), ΔGo
b ¼ �ΔGo

4 ¼ �38700þ 19:5T cal
c. Mo(s) + 2SO2(g) ¼ MoS2(s)

+ 2O2(g),
ΔGo

c ¼ ΔGo
1 � ΔGo

2 ¼ 87370þ 2:71T cal

d. MoS2(s) + 3O2(g) ¼ MoO2(s)
+ 2SO2(g),

ΔGo
d ¼ ΔGo

2 � ΔGo
1 � ΔGo

3
¼ � 227870 � 4.6T log T + 54.09T

e. MoS2(s) + 7/2 O2(g)
¼ MoO3(s) + 2SO2(g),

ΔGo
e ¼ ΔGo

2 � ΔGo
1 � ΔGo

3 � ΔGo
4

¼ � 266570 � 4.6T log T + 73.59T

From the above ΔG vs T equations, calculated values of ΔGo
1000, log K, and log

pO2 for different equilibria are summarized below:

Equilibria ΔGo
1000 logK log pO2

Mo(s) + O2(g) ¼ MoO2(s) �97500 21.3 �21.3

MoO2(s) + ½ O2(g) ¼ MoO3(s) �19200 4.2 �8.4

Mo(s) + 2SO2(g) ¼ MoS2(s) + 2O2(g) +90080 �19.7 log pSO2
� 9:85

MoS2(s) + 3O2(g) ¼ MoO2(s) + 2SO2(g) �187580 41.0 2=3 log pSO2
� 13:66

MoS2(s) + 7/2 O2(g) ¼ MoO3(s) + 2SO2(g) �206780 45.2 2=3:5 log pSO2
� 12:91

a. Mo–MoO2 equilibrium,

Ka ¼ 1
pO2

∴ log pO2
¼ � logKa ¼ �21:3

b. MoO2–MoO3 equilibrium,

Kb ¼ 1

p
1=2
O2

∴ log pO2
¼ �2loglogKb ¼ �2� 4:2 ¼ �8:4
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c. MO–MoS2 equilibrium,

Kc ¼
p2O2

p2SO2
:

∴ log pO2
¼ 1

2
logKc þ log pSO2

¼ � 1
2
� 19:7þ log pSO2

¼ �9:85þ log pSO2

d. MoS2–MoO2 equilibrium,

Kd ¼
p2SO2

p3O2

∴ log pO2
¼ � 1

3
logKd þ 2

3
log pSO2

¼ � 41:0
3

þ 2
3

log pSO2

¼ �13:66þ 2
3
log pSO2

e. MoS2–MoO3 equilibrium,

Ke ¼
p2SO2

p3:5O2
:

∴ log pO2
¼ � 1

3:5
logKe þ 2

3:5
log pSO2

¼ � 1
3:5

� 45:2þ 2
3:5

log pSO2

¼ �12:91þ 2
3:5

log pSO2

Figure 2.8 shows the predominance area diagram of the Mo–S–O system at 1000 K.
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Construction of the Diagram
I. Draw a vertical line at logpO2

¼ 0, i.e., pO2
¼ 1 atm (Y-axis) and a horizontal line

at logpSO2
¼ 0, i.e., pSO2

¼ 1 atm (X-axis).

Draw vertical lines at logpO2
¼ �8.4 and � 21.3, respectively, demonstrating

MoO2–MoO3 and Mo–MoO2 equilibria. Mark logpO2
¼ 0 and � 40 on X-axis and

logpSO2
¼ � 25 on Y-axis.

Thus, at logpSO2
¼ �25, we have at point 1, logpO2

¼ �21.3, at point 2, logpO2
¼

�8.4 and at point 3, logpO2
¼ 0.

II. At point 4 on the vertical line exhibiting Mo–MoO2 equilibrium, consider Mo–
MoS2

equilibrium (log pO2
¼ �21.3)

log pO2
¼ �9:85þ log pSO2

or log pSO2
¼ log pO2

þ 9:85 ¼ �21:3þ 9:85 ¼ �11:45

III. At point 5, on the vertical line exhibiting MoO2–MoO3 equilibrium, consider
MoO2–MoS2 equilibrium (logpO2

¼ �8:4 Þ.

log pO2
¼ �13:66þ 2

3
log pSO2

or 2=3 log pSO2
¼ log pO2

þ 13:66 ¼ �8:4þ 13:66 ¼ 5:26

or log pSO2
¼ 3=2� 5:3 ¼ 7:95

IV. At point 6, on the vertical line exhibiting MoO3–O2 equilibrium, consider
MoS2–MoO3 equilibrium (log pO2

¼ 0Þ

log pO2
¼ �12:91þ 2=3:5 log pSO2

¼ 0

or log pSO2
¼ 22:6

V. At point 7, log pSO2
¼ �25 and log pO2

¼ 0
VI. At point 8, log pSO2

¼ �25, consider Mo–MoS2 equilibrium,

log pO2
¼ �9:85þ log pSO2

¼ �9:85� 25 ¼ �34:85 ’ 34:9
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Problem 2.3
Given the following data, construct the predominance area diagram for copper
compounds in the presence of oxygen and sulfur dioxide at 900 K.

Reactions ΔGo(cal)

2Cu(s) + ½ O2(g) ¼ Cu2O(s) �40500 � 3.92 T logT + 29.5 T

Cu2O(s) + ½ O2(g) ¼ 2CuO(s) �34950 � 6.10 T logT + 44.3 T

2Cu(s) + ½ S2(g) ¼ Cu2S(s) �34150 � 6.20 T logT + 28.7 T

2Cu2S(s) + S2(g) ¼ 4CuS(s) �45200 + 54.0 T

S2(g) + 2O2(g) ¼ 2SO2(g) �173240 + 34.6 T

SO2(g) + ½ O2(g) ¼ SO3(g) �22600 + 21.36 T

Cu(s) + 2O2(g) + ½ S2(g) ¼ CuSO4(s) �183000 + 88.4 T

SO3(g) + 2CuO(s) ¼ CuO. CuSO4(s) �49910 � 3.32 T logT + 50 1 T

Cu2O(s) + SO3(g) ¼ Cu2SO4(s) �44800 + 39.9 T

Solution
Based on the above ΔGo vs. T equations given in the problem, ΔGo

900, and logK900

for various reactions related to different compounds in the system, Cu–S–O, were
calculated. Relations between pO2

and pSO2
for various reactions, which determine

the predominant areas, are listed below:

Reaction ΔG0
900kcal logK900 log pO2

¼ f log pSO2

� �

1. 2Cu + ½ O2 ¼ Cu2O �24.37 5.92 log pO2
¼ �11:84

2. Cu2O + ½ O2 ¼ 2CuO �11.30 2.74 log pO2
¼ �5:48

3. 2CuS + O2 ¼ Cu2S + SO2 �72.75 17.66 log pO2
¼ �17:66þ log pSO2

4. Cu2S + O2 ¼ 2Cu + SO2 �46.16 11.21 log pO2
¼ �11:21þ log pSO2

5. Cu2S + 3/2 O2 ¼ Cu2O + SO2 �70.62 17.15 log pO2
¼ �11:43þ 2=3 log pSO2

6. CuS + 2O2 ¼ CuSO4 �91.89 22.31 log pO2
¼ �11:16

7. Cu2S + 3O2 + SO2 ¼ 2CuSO4 �111.03 26.96 log pO2
¼ �8:99� 1=3 log pSO2

8. Cu2O + 3/2 O2 + 2SO2 ¼ 2CuSO4 �40.41 9.81 log pO2
¼ �6:54� 4=3 log pSO2

9. CuO. CuSO4 + SO2 +½O2¼ 2CuSO4 �12.09 2.93 log pO2
¼ �5:87� 2 log pSO2

10. Cu2O + SO2 + O2 ¼ CuO. CuSO4 �28.32 6.88 log pO2
¼ �6:88� log pSO2

11. 2CuO + SO2 + ½ O2 ¼ CuO. CuSO4 �17.02 4.13 log pO2
¼ �8:26� 2 log pSO2

12. Cu2S + 2O2 ¼ Cu2SO4 �82.88 20.13 log pO2
¼ �10:07

13. Cu2O + SO2 + ½ O2 ¼ Cu2SO4 �12.27 2.98 log pO2
¼ �5:96� 2 log pSO2

14. Cu2SO4 + SO2 + O2 ¼ 2CuSO4 �28.14 6.83 log pO2
¼ �6:83� log pSO2

15. Cu2SO4 + ½ O2 ¼ CuO. CuSO4 �16.06 3.93 log pO2
¼ �7:80

Based on the above table and following the procedure outlined in problems 2.1
and 2.2, the predominance area diagram of the Cu–S–O system constructed is shown
in Fig. 2.9.

Problem 2.4
Galena is roasted at 750 �C and one atmosphere pressure in a roaster gas containing
10% SO2 and 5% O2. (a) Do you think PbSO4 is a stable phase at this temperature in
the roaster? (b) Calculate the partial pressure of SO2 required to form PbSO4 at 750 �C,

62 2 Roasting of Sulfide Minerals



if the gaseous mixture contains 1% O2. (c) What is the maximum partial pressure of
SO2 at which Pb and PbO can coexist at 750 �C without forming PbSO4. 4PbO?

Given that

SO2 gð Þ þ 1
2
O2 gð Þ ¼ SO3 gð Þ,ΔGo

1 ¼ �22600þ 21:36 T cal ð1Þ

2PbSO4 sð Þ ¼ PbSO4:PbO sð Þ þ SO2 gð Þ þ 1
2
O2 gð Þ,

ΔGo
2 ¼ 96700þ 16:81 T log T � 118:76 T cal ð2Þ

2PbO sð Þ ¼ 2Pb lð Þ þ O2 gð Þ,ΔGo
3 ¼ 106600� 51:40 T cal ð3Þ

PbSO4:4PbO sð Þ ¼ 5PbO sð Þ þ SO2 gð Þ þ 1
2
O2 gð Þ,

ΔGo
4 ¼ 95470� 52:10 T cal ð4Þ
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Fig. 2.9 Predominance area diagram of Cu–S–O system
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Solution
(a) At 750 �C (1023 K ) for the reaction: SO2 gð Þ þ 1

2 O2 gð Þ ¼ SO3 gð Þ 1ð Þ:
ΔGo

1 ¼ �22600 þ 21:36� 1023 ¼ �748:72 cals ¼ �RT lnK1

lnK1 ¼ 748:72
1:987�1023 ¼ 0:3684

∴K1 ¼ 1:445

For Eq. (1), K1 ¼ pSO3
pSO2 :pO1=2

2

pSO2
¼ 0:1 atm:pO2

¼ 0:05 atm

pSO3 existingð Þ ¼ K1:pSO2:pO1=2
2

¼ 1:445� 0:1� 0:05ð Þ1=2 ¼ 0:0323 atm

This pSO3 existingð Þ may be compared with the equilibrium pSO3
for the reaction:

2PbSO4 sð Þ ¼ PbSO4:PbO sð Þ þ SO3 gð Þ ð5Þ

K5 ¼ pSO3 equilibriumð Þ
The standard free energy change for reaction (5) can be obtained by adding

ΔGo
1 and ΔGo

2

∴ΔGo
5 ¼ ΔGo

1 þ ΔGo
2 ¼ 74100þ 16:8 T log T � 97:4 T

At 1023 K, ΔGo
5 ¼ 26189 cals ¼ �RT lnK5

ln K5 ¼ � 26189
1:987�1023 ¼ �12:884

∴K5 ¼ 2:54� 10�6 ¼ pSO3 equilibriumð Þ

Since this equilibrium pSO3
¼ 2:54� 10�6 atm is much lower than existing

pSO3
¼ 0:0323 atm in the roaster gas, PbSO4 is a thermodynamically stable phase.

(b) If the roasting gas containing 1% O2 is in equilibrium with PbSO4 and PbSO4.
PbO, pSO2

may be calculated as:

pSO2
¼ pSO3

K1:pO1=2
2

¼ 2:54� 10�6

1:445� 0:01ð Þ1=2
¼ 1:8� 10�5 atm Ans:

Since the partial pressure of SO2 (¼ 1.8 � 10�5 atm) in the roaster gas is very
low, PbSO4 will get converted into PbSO4. PbO in the presence of 1% O2.

(c) At 750�C (1023 K) for the reaction: 2PbO (s) ¼ 2Pb (l ) + O2 gð Þ K3 ¼ pO2

ΔGo
3 ¼ 106600� 51:40� 1023 ¼ 54018 cal ¼ �RT ln pO2
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log pO2
¼ �11:5422 ð6Þ

Similarly for reaction: PbSO4:4PbO sð Þ ¼ 5PbO sð Þ þ SO2 gð Þ þ 1
2 O2 gð Þ, we can

express:

log pO2
¼ �18:022� 2 log pSO2

ð7Þ

On substituting the value of log pO2
¼ �11:5422, from Eq. 6 in Eq. 7, we get:

log pSO2
¼ �3:2399,

∴pSO2
¼ 5:7� 10�4 atm Ans:

Problem 2.5
Sphalerite is roasted at 750 �C and one atmosphere pressure in a roaster gas
containing 10% SO2 and 5% O2. (a) Comment on the relative stability of ZnSO4 and
ZnO.2ZnSO4 phases at this temperature in the roaster. (b) Calculate the partial
pressure of SO2 required to form ZnO.2ZnSO4 at 750 �C, if the gaseous mixture
contains 1%O2. (c) Calculate the maximum partial pressure of SO2 at which 3 phases
Zn (l), ZnS (s), and ZnO (s) will coexist at 750 �C.

Given that

SO2 gð Þ þ 1
2
O2 gð Þ ¼ SO3 gð Þ,ΔGo

1 ¼ �22600þ 21:36 T cal ð1Þ
3ZnSO4 sð Þ ¼ ZnO:2ZnSO4 sð Þ þ SO3 gð Þ,ΔGo

2 ¼ 39281� 31:87 T cal ð2Þ
2Zn lð Þ þ O2 gð Þ ¼ 2ZnO sð Þ,ΔGo

3 ¼ �171680� 13:80 T log T þ 93:30 T cal ð3Þ

ZnS sð Þþ3
2
O2 gð Þ¼ZnO sð ÞþSO2 gð Þ, ΔGo

4¼�107070�2:30T log Tþ24:77T cal ð4Þ

Solution
From the previous calculation in problem 2.4, for the reaction:
SO2 gð Þþ 1

2O2 gð Þ¼ SO3 gð Þ, at 1023 K, K1 ¼ 1.445 and pSO3 existingð Þ ¼ 3:23�
10�2 atm

This pSO3 existingð Þ may be compared with the equilibrium pSO3
in the reaction:

3ZnSO4 sð Þ ¼ ZnO:2ZnSO4 sð Þ þ SO3 gð Þ ð2Þ
ΔGo

2 ¼ 39281� 31:87 T cal

at 1023 K, ΔGo
2 ¼ 39281� 31:87� 1023 ¼ þ7701 cal
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ln K2 ¼ � 7701
1:987� 1023

¼ �3:7886

∴K2 ¼ 2:3� 10�2 atm ¼ pSO3 equilibriumð Þ

(a) Since this equilibrium, pSO3
¼ 2:3� 10�2 atm
� �

is very close to the existing
pSO3

¼ 3:23� 10�2 atm
� �

of the roaster gas, ZnSO4 as well as ZnO.2ZnSO4

will coexist at 750 �C in the roaster at the given gas composition.
(b) If the roaster gas containing 1% O2 is in equilibrium with ZnSO4 and

ZnO:2ZnSO4, pSO2
may be calculated as:

pSO2
¼ pSO3

K:p
O1=2

2

¼ 2:3� 10�2

1:445� 0:01ð Þ1=2

¼ 0:159 atm about 16% SO2 in the gas mixtureð Þ:

Hence, the roaster gas containing 16% SO2 and 1% O2 will covert (sulfatize) ZnO
into ZnO.2ZnSO4 Ans.

(c) At 750 �C (1023 K) for the reaction: 2Zn (l) + O2 (g) ¼ 2ZnO (s), K3 ¼ 1
pO2

ΔGo
3 ¼ �118256 cals ¼ RT ln pO2

log pO2
¼ �25:3675 ð5Þ

Similarly for the reaction (4): ZnS sð Þ þ 3
2 O2 gð Þ ¼ ZnO sð Þ þ SO2 gð Þ, we can

express:

log pO2
¼ �12:6507þ 2

3
log pSO2

ð6Þ

On substituting the value of log pO2
¼ �25:3675, from Eq. 5 in Eq. 6, we get:

log pSO2
¼ �19:0773,

∴pSO2
¼ 8:37� 10�20 atm Ans:

Problem 2.6
An off-grade copper concentrate contains chalcopyrite, pyrite, sphalerite, and
galena. Referring to the predominance area diagrams of the systems: Fe–S–O
(Fig. 2.3), Cu–S–O (Fig. 2.4), Zn–S–O (Fig. 2.5), and Pb–S–O (Fig. 2.6), comment
whether selective sulfation roasting of copper and zinc is possible at about 600 �C.
Explain by listing the stable phases at different temperatures. The usual roaster gas
compositions are in the range: pSO2

¼ 10�1:5 to 10�0:5 and pO2
¼ 10�2 to 10�1atm:
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Solution
Since the roaster gas compositions of SO2 (varying from pSO2

¼ 10�1.5 to 10�0.5 atm)

and O2 (varying from pO2
¼ 10�2 to 10�1atmÞ are marked in figures, a summary of

stable phases expected to form at different temperatures can be listed by referring to
the predominance area diagrams of the systems: Fe–S–O (Fig. 2.3), Cu–S–O
(Fig. 2.4), Zn–S–O (Fig. 2.5), and Pb–S–O (Fig. 2.6).

Stable Phases Expected from the Ma
–S–O Diagrams at Different Temperatures

and Usual Roaster Gas Compositions
Temperature, (�C) Stable phases

400
550
600
650
750

CuSO4

CuSO4

CuSO4

CuSO4

CuO. CuSO4

Fe2(SO4)3
Fe2(SO4)3
Fe2(SO4)3, Fe2O3

Fe2O3

Fe2O3

ZnSO4

ZnSO4

ZnSO4

ZnSO4

ZnO.2 ZnSO4

PbSO4

PbSO4

PbSO4

PbSO4

PbSO4

aM stands for Fe, Cu, Zn, and Pb

On the basis of the information listed above, it may be concluded that during
roasting at temperatures varying from 400 to 600 �C, all the four metals form only
their sulfates except iron, which may form Fe2O3 at 600 �C. At 750 �C, copper and
zinc may be converted to their basic sulfates, CuO.CuSO4 and ZnO.2 ZnSO4. Some
of the copper may report as CuO and CuSO4 at 650 �C. Hence, selective sulfation
roasting of copper and zinc should be possible at about 600 �C. The product is
expected to contain CuSO4, ZnSO4, PbSO4, and Fe2O3, out of which the latter two
are insoluble in water.
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Chapter 3
Sulfide Smelting

Platinum, iridium, and mercury can be obtained by thermal decomposition of the
respective sulfides. Sulfides of cadmium, cobalt, molybdenum, and zinc can be
reduced with metals like calcium, magnesium, manganese, sodium, and iron but
economics does not permit large-scale production by metallothermic reduction.
Nickel sulfide cast into anode can be directly electrolyzed to deposit nickel on
cathode. The process has been successful on commercial scale for nickel but not
for copper and lead. Conventional pyrometallurgical route based on the combination
of roasting of sulfide concentrate in multiple hearth/flash/fluidized bed roasters and
subsequent reduction smelting of oxides in a blast furnace of rectangular cross-
section has been most widely adopted for production of zinc and lead. Until the very
recent past, controlled roasting, matte smelting, and converting have been the most
noteworthy method for production of blister copper from chalcopyrite concentrate.
Roasting converts most of iron sulfide into iron oxide and copper sulfide into copper
oxide/sulfate. But the roasting step has been eliminated from the flow sheet of copper
extraction in recently developed faster smelting and converting processes
[1, 2]. Smelting happens to be one of the main steps in extraction of metals from
sulfide and oxide minerals via the pyrometallurgical route. It is essentially an
operation of melting and slag/metal separation involving chemical reactions.
Smelting may be defined in two different ways. In general, any process of metal
production where metal is obtained in molten state is given the name “smelting.”
Thus, production of aluminum by electrothermic reduction of alumina dissolved in
cryolite and those of iron, lead, and zinc by carbothermic reduction of hematite and
calcined sinters (in case of lead and zinc) would fall in this category. The next level
of definition is the overall process of producing primary metals from sulfide ores/
minerals by going through a molten stage. The specific definition is the first step of
the two-step oxidation of sulfur and iron from sulfide minerals, mainly for copper
and nickel production, that is, matte smelting as against to “coverting” in which the
matte is further oxidized to produce molten copper or a higher grade nickel matte.
The two stages of the metal production operation, namely matte smelting and
converting, are related to oxygen potential in two stages as well as heat generation
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[3]. Oxygen potential does not only affect the slag chemistry (e.g., magnetite
formation) but also changes the behavior of impurities. In case, the sulfide mineral
is oxidized all the way to metal in one step many more of the impurities would join
the metal, instead of the slag and thus much larger amount of heat will be generated.
Hence, in the first stage: the “matte smelting step,” much iron, sulfur, and harmful
impurities are removed into the slag formed in that stage. The resultant matte is
separated and treated in a subsequent step, usually the converting step.

During smelting, constituents present in the charge in molten state separate into
two immiscible liquid layers, namely liquid matte or metal and liquid slag. Matte, a
mixture or solution of molten sulfides, is obtained by smelting of mixed sulfide
concentrates. Some components of the charge may appear in the flue gases. Slag
formation may be facilitated by addition of flux(es). Presence of arsenic and anti-
mony in the concentrate may lead to the formation of a third immiscible liquid layer,
known as speiss [4], which is a mixture of arsenides and antimonides of iron, cobalt,
and nickel. On the other hand, smelting of oxide concentrate under highly reducing
conditions with suitable reducing agent separates liquid metal and liquid slag into
two layers.

In general, refining is not the primary objective of smelting but conditions may be
developed by adjusting the operating variables to collect unwanted elements into
slag, speiss, or flue gases [5]. For example, copper is collected into matte in lead
smelting, cobalt into speiss in copper smelting, and sulfur into slag in iron smelting.
High-temperature operation helps quick partitioning of selected elements in different
phases but complete separation cannot be achieved. In treatment of both, the sulfide
as well as oxide concentrates, smelting facilitates liquid–liquid separation, which
may be carried out to transfer impurities into the slag phase to produce matte or metal
or a layer richer in metal values for further processing. Thus, matte smelting is a
concentrating step in the flow sheet of metal extraction from sulfide ores whereas
reduction smelting (of oxide ores and calcines) happens to be the prime extraction
step for production of primary metal, which is subjected to further refining. In both
the cases, for smooth transfer of impurities from metal to the slag phase, basicity and
fluidity (by maintaining proper viscosity and surface tension) of the slag are con-
trolled by adjusting the slag composition. Thus, the knowledge about structure,
properties, and constitution of slag becomes important in understanding the slag–
metal reactions. The next chapter is devoted to these aspects.

3.1 Matte Smelting of Chalcopyrite

Since metal sulfides are low melting compared to metal oxides, lower temperatures
are required for matte smelting. Chalcopyrite concentrate containing mainly sulfides
of copper and iron as the major components and some gangue consisting of Al2O3,
CaO, MgO, and SiO2 is first smelted with the prime objective of obtaining a liquid
matte (solution of Cu2S and FeS) containing almost all the copper present in the
charge and a slag with least copper [1, 3]. Silica is also added as a flux to produce a
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low melting (~1150 �C) and fluid slag but smelting is carried out at 1250 �C to
achieve a better rate of smelting. Significant difference in densities of the matte and
slag (respectively, 5.2 and 3.3 g cm�3) brings out clear separation between different
phases in two layers. An appropriate amount of FeS present in the matte prevents
oxidation of more valuable copper sulfide. In order to facilitate separation and
collection of droplets of matte, a slag with relatively low viscosity is desired. The
physical chemistry of the matte–slag systems is controlled by Fe, Cu, S, O, and their
sulfides and oxides. It is further influenced by the oxidation/reduction potential of
the gases used for heating and melting the charge. The following reactions occur in
the matte smelting of the chalcopyrite concentrate:

2CuFeS2þ 4� 1:5xð Þ O2 ¼ Cu2Sþ xFeS½ �matte

þ 2� xð Þ FeOþ 3� xð ÞSO2;

x depends on the grade of matte produced:

ð3:1Þ

Cu2Sþ 1:5O2 ¼ Cu2Oþ SO2 ð3:2Þ
FeS lð Þ þ Cu2O l, slagð Þ ¼ FeO l, slagð Þ þ Cu2S lð Þ ð3:3Þ

The first and foremost purpose of matte smelting is to enrich the matte by
sulfidizing the entire copper present in the charge. This is achieved by the presence
of FeS in the matte (according to reaction 3.3). The above reactions take place
because iron has higher affinity for oxygen than what copper has for oxygen. FeS
gets oxidized to FeO. Higher oxides of iron, if formed, are reduced to FeO by FeS:

10Fe2O3 lð Þ þ FeS lð Þ ¼ 7Fe3O4 sð Þ þ SO2 gð Þ ð3:4Þ
3Fe3O4 sð Þ þ FeS lð Þ ¼ 10FeO sð Þ þ SO2 gð Þ ð3:5Þ

A low-melting fayalite slag is formed according to the reaction:

2FeO lð Þ þ SiO2 sð Þ ¼ 2FeO:SiO2 lð Þ þ 8:6 kcal ð3:6Þ

Cu2O is almost completely sulfidized to join the matte phase as Cu2S because at
the smelting temperature of 1200 �C the value of the equilibrium constant for

reaction (3.3) is very high [6] K ¼ aCu2S:aFeO
aCu2O:aFeS

¼ �104
� �

. Matte smelting may be

carried out in blast or reverberatory furnaces using a considerable amount of
hydrocarbon fuels or in electric arc furnaces using electrical energy. Though rever-
beratory smelting process is slow, it permits good slag/matte separation. The quality
of matte is affected by the excess oxygen present in the furnace atmosphere. Iron in
the slag will be oxidized to iron oxide, approximately to the composition of Fe3O4,
even if the partial pressure of oxygen in the furnace atmosphere is 10�2 atm, that is,
the furnace gas containing 1% oxygen. Thus, very little sulfide is found in the slag
due to the oxidation of FeS to Fe3O4 in the presence of excess oxygen. Diffusion of
oxygen from the magnetite-rich surface to the slag-rich interface oxidizes iron in the
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matte, thereby increasing the O/Fe ratio in that phase above unity. This occurs first in
the cooler parts, on the hearth bottom where the solubility of Fe3O4 is minimum. In
adverse cases it can take place anywhere, even at the slag–matte interface. Magnetite
cannot be re-dissolved easily because of its high melting point of 1597 �C. Its
formation makes the slag highly viscous and consequently hinders the separation
of matte and slag and, therefore, continuous operation becomes very difficult. The
formation of magnetite must be avoided by maintaining a high steady temperature
and minimizing the excess oxygen in the combustion gases. It is important to note
that a discardable slag with possibly minimum copper can be produced by
(i) keeping the slag silica saturated, (ii) maintaining the furnace sufficiently hot to
make the slag reasonably fluid, and (iii) avoiding oxidizing conditions. Although
majority of plants [7] have closed down reverberatory furnaces, a brief discussion
given above would be helpful in understanding the chemistry of matte smelting.

In recent years, copper production industry has made tremendous progress in
developing more efficient and environment friendly technology incorporating
increased oxygen enrichment, larger plants, continuous process with better control,
more efficient acid plants to reduce sulfur dioxide emission, minor element recovery,
lesser labor input employing more skilled personnel, and increased recycling of
wastes [2]. These objectives led to the development of many new smelting processes
such as Suspension smelting (INCO [8]), Outotec (formerly Outokumpu [9, 10] flash
smelting units), Cyclone smelting (Contop [11] and Kivcet [12] processes), and Bath
smelting (Noranda [8], Teniente [13], and Ausmelt/Isasmelt [8, 14] processes). The
modern matte smelting processes produce high-grade mattes (defined by percent Cu
or percent Cu2S in the matte) containing nearly 70% Cu and slag with most of the
gangue minerals.

3.1.1 Suspension Smelting

The objectives of roasting and smelting can be achieved by suspension smelting in a
single unit.

3.1.1.1 Flash Smelting

Currently, flash smelting is more widely practiced for treatment of chalcopyrite
concentrates with the prime objective of better utilization of heat generated during
oxidation of sulfur present in the charge. The principal advantages of flash smelting
include low energy cost compared to reverberatory and electric furnace smelting,
high SO2 in the effluent gases, and high rate of production of high-grade liquid matte
containing 60–70% Cu. However, there is high loss of copper in the slag. Presently,
more than 50% copper matte of the total world production is produced by flash
smelting. In flash smelting, a mixture of dry fine particulate chalcopyrite concentrate
(100 μ), quartzite flux, and recycle material is blown into a smelting unit through

72 3 Sulfide Smelting



burners with oxygen or hot air or mixture of both. After entering, the ore fines get
superheated in the furnace atmosphere above the slag. The fineness provides large
surface area of contact between the ore particles and roasting gas and flux. The
reaction kinetics is improved by mixing fine particles of the concentrate with the gas
before injecting it into the smelting furnace. It is further improved by the use of
oxygen-enriched air in place of air. Use of 95% O2 makes flash smelting autogenous
because lesser heat is taken away by the flue gas with nitrogen. Thus, a major amount
of heat generated by oxidation of sulfides is utilized by the matte and slag. This
amounts to using less or no hydrocarbon to generate the required temperature of
approximately 1250 �C for matte smelting.

The sulfide particles react rapidly with oxygen with large evolution of heat
resulting in controlled oxidation of iron and sulfur present in the concentrate and
melting. The main reactions in flash smelting are summarized below:

2CuFeS2 sð Þ þ 2:5O2 ¼ Cu2S:FeSð Þmatte lð Þ þ FeO sð Þ þ 2SO2 gð Þ
þ 156:0 kcal ð3:7Þ

2CuS lð Þ þ O2 gð Þ ¼ Cu2S lð Þ þ SO2 gð Þ þ 65:2 kcal: ð3:8Þ
FeS2 lð Þ þ O2 gð Þ ¼ FeS lð Þ þ SO2 gð Þ þ 54:1 kcal: ð3:9Þ
2Cu2S lð Þ þ 3O2 gð Þ ¼ 2Cu2O lð Þ þ 2SO2 gð Þ þ 184:6 kcal: ð3:10Þ
2FeS lð Þ þ 3O2 gð Þ ¼ 2FeO sð Þ þ 2SO2 gð Þ þ 225:0 kcal ð3:11Þ
3FeO sð Þ þ 0:5O2 gð Þ ¼ Fe3O4 sð Þ þ 72:6 kcal ð3:12Þ

Since the above reactions are highly exothermic, a large amount of thermal
energy is provided for heating, melting, and superheating of the charge. The process
is continuous and product gets separated into two layers consisting of liquid matte
and liquid slag. The flue gas containing 30–70% SO2 is loaded with dust. Any
oxidized copper is reduced back to Cu2S according to the reaction (3.3). The
resulting copper matte contains copper, iron, and sulfur as its major components
with up to 3% dissolved oxygen together with minor impurities such as arsenic,
antimony, bismuth, lead, nickel, zinc, and precious metals. This matte is charged into
a side-blown Pierce–Smith converter in molten state at 1100 �C for production of
blister copper.

The two widely employed flash smelting furnaces were developed by the Inter-
national Company of Canada (INCO [15, 16]) and the Outotec [17, 18] of Finland
around the same time (1953–1955). The INCO unit based on commercial oxygen
(95% O2) is autogenous. Oxygen of the blast reacts with the chalcopyrite concentrate
to produce molten matte (55–60% Cu) and molten slag (1–2% Cu) at the smelting
temperature of 1250 �C. In both, the flash smelting unit dry concentrates from fluid
bed driers are fed to regulate uninterrupted flow of particles through the burners.
Flash smelting reactions in the INCO process produce flue gas containing 80% SO2

that can be directly used to manufacture sulfuric acid. Matte is sent to the converter
for production of blister copper and slag is recycled for copper recovery. The INCO
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flash furnace is also employed to smelt pentlandite (Ni–Cu–Co–Fe–S) concentrate
[16] to produce approximately 45% Ni–Cu–Co matte and approximately 1% Ni–
Cu–Co slag. In the INCO process, the matte grade is controlled by adjusting the ratio
[19] of the oxygen input rate to the dried charge feeding rate whereas the slag
composition by maneuvering the ratio of the rate of feeding of flux to the rate of
feeding of the dried concentrate. By this process, copper content in slag can be
lowered down below 1% which can be discarded to cut down copper recovery cost
so as to economize the overall cost of production.

The Outotec process based on the use of preheated air or preheated oxygen-
enriched air is not autogenous. Hydrocarbon or electrical energy is used to make up
the thermal deficit. These flash smelting furnaces are more widely employed as
compared to the INCO flash units because of better facilities and simplicity, such as
recovery of heat from the off gas in waste heat boilers, water cooled reaction shaft
capable of handling large amount of heat released, and single concentrate burner as
compared to four burners in the INCO furnace. The Outotec furnaces can smelt up to
3000 tons of concentrate per day. Currently, they are operated with high oxygen
blast and little hydrocarbon to produce off gas with high percentage of sulfur dioxide
for efficient conversion into sulfuric acid. Automatic control of the process produces
matte of uniform composition at high rate with low energy consumption at constant
temperature. The matte and slag compositions [19] are controlled by maneuvering
the ratios of the rate of O2 input to the concentrate feed rate and the rate of flux input
to the concentrate feed rate, respectively. Temperature is controlled by adjusting the
ratio of oxygen to nitrogen in the blast and the rate of combustion of hydrocarbon.

3.1.1.2 Cyclone Smelting

In this smelting process, a mixture of fine chalcopyrite concentrate and quartzite flux
particles with the gas stream is injected into a cyclone reactor. Since the interaction
between the particles and gas in the cyclone is much faster as compared to the flash
smelting unit, the process is more intense. The intensity of the large amount of heat
causes severe erosion of refractories and other reactor materials. On account of the
operational difficulties, cyclone smelting has not achieved commercial status.

3.1.2 Bath Smelting

In bath smelting processes, a mixture of the concentrate is either charged over a
molten bath or injected into the melt together with the oxygen-enriched air.
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3.1.2.1 Submerged Tuyere Smelting

In the submerged tuyere smelting processes developed by Noranda [20, 21] and
Teniente [20–22], concentrate is brought into contact with oxygen into a mixture of
molten matte and slag contained in a furnace. In both these processes, smelting is
carried out in long horizontal cylindrical furnaces (5 m diameter and 20 m long)
lined with magnesite chrome bricks and fitted with a horizontal row of submerged
tuyeres. The furnace can be rotated to prevent molten matte and slag entering into
tuyeres when blowing is interrupted. Oxygen-enriched air is blown through tuyeres
into high-grade molten matte (72–75% Cu) layer. In these processes matte and slag
layers are always maintained. Moist or dry concentrate is blown into the matte
through tuyeres to get better distribution of heat and concentrate, high thermal
efficiency, and lesser dust evolution. Vigorous stirring of the matte/slag bath caused
by submerged blowing expedites melting and oxidation of the charge and also
reduces deposition of solid magnetite in the furnace. About 15–20% of the total
matte smelting of copper concentrate all over the world is executed by these two
processes to produce high-grade matte (72–75% Cu), slag containing about 6% Cu,
and flue gas with 15–25% SO2. The matte is sent to the converter for production of
blister copper and the slag to a copper recovery system and the off gas to cooling,
dust recovery, and sulfuric acid plant. Almost entire heat for heating and melting the
charge is derived from oxidation of iron and sulfur present in the concentrate. In case
of additional requirement natural gas, coal, or coke may be burnt. In both the
processes matte composition is controlled by maneuvering the ratio of the rate of
oxygen input to the rate of feed of concentrate input and the slag composition is
controlled by adjusting the ratio of rate of the flux input to the rate of feed of the solid
charge input (aiming SiO2/Fe ¼ 0.65). The mechanism [19] of the process may be
summarized in the following four steps:

1. Chalcopyrite concentrate and silica flux get quickly melted after falling into the
violent matte/slag bath.

2. While entering into matte the heavier sulfide drops get oxidized by oxygen blown
and oxides of copper and iron.

3. Iron silicate slag is formed by iron oxide and silica (reaction 3.6) above the matte.
4. SO2 formed by oxidation of sulfur rises through the bath and leaves the furnace.

3.1.2.2 Ausmelt/Isasmelt—Top-Submerged Lancing (TSL) Technology

In recent years, conventional reverberatory furnaces for matte smelting of roasted
chalcopyrite concentrate have been replaced to a major extent by the flash smelting
furnaces developed by INCO and Outotec and also by the submerged tuyere
smelting furnaces introduced by Noranda and Teniente due to high rate of produc-
tion of high-grade matte and rich SO2 flue gas at lower cost. But flash smelting
suffers from the disadvantage of generating large amount of dust. In order to reduce
dust a large settling area has to be provided into the flash furnace, which increases
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the size of the unit and, hence, the cost. This problem has been solved to a great
extent by the researchers of the Commonwealth Scientific and Industrial Research
Organization (CSIRO) of Australia by developing top-submerged lancing (TSL)
technology [23, 24]. The idea of the TSL system introduced by Floyd [24] in 1970
has brought revolutionary changes in production of copper, lead, zinc, nickel, tin,
and platinum group metals. This technology has set up a new trend in pyrometal-
lurgical extraction of metals from sulfide, oxide, and complex minerals, as well as in
the recovery of metals from a variety of metallurgical wastes [25] including slag and
residues at lower operating and materials handling costs together with high rate of
production. In addition, it also reduces the cost of fuel and expenses toward pollution
control. Accumulation of all these benefits in a single unit has provided the TSL
technology a unique status. The smelting technology developed at CSIRO in 1970s
is commercially available in the name of Isasmelt/Ausmelt.

The TSL unit is based on a cylindrical furnace fitted with a central lance through
which fuel, air, and oxygen are injected into a slag bath. The chemical reactions at
the lance tip and in the region (zone) of slag–gas contact are controlled by generating
oxidizing, neutral, or reducing atmospheric conditions through the lance. In order to
remove impurities from the charge, the slag composition (normally containing CaO,
FeO, SiO2, and some Al2O3) is controlled by adding flux to attain proper viscosity at
the working temperature. As TSL is capable of treating ore lump as well as fines (dry
or wet), the feed preparation is not a serious requirement [23, 25]. The lance fitted
with the Ausmelt furnace consists of two concentric pipes. The central stainless steel
pipe (~0.5 m diameter) is used for blowing oxygen-enriched air through annulus
space whereas the inner steel pipe is employed for inserting oil or natural gas. The
outer pipe is immersed in the slag and the inner pipe is kept above the slag surface by
about 1 m. Vanes are provided for swirling the blast down the lance tip. The swirling
action created in the annulus space between the two pipes helps in cooling the lance
tip by extracting heat from the outer pipe. As a result, slag freezes on the surface of
the pipe and provides protection to the lance tip. Cooling by helical swirl vanes
causes rapid extraction of heat from the outer pipe into the blast and formation of a
protective slag coating after solidification on outer surface of the lance is the unique
feature of the Ausmelt technique. The Ausmelt furnace produces high-grade matte
and slag containing approximately 60% copper and 0.7% copper, respectively, and
off gas with about 20% sulfur dioxide.

In the Ausmelt furnace mixture of moist concentrate, flux and recycle material is
dropped (charged) into a molten slag/matte bath contained in a tall cylindrical
furnace (3.5 m diameter and 12 m height). Simultaneously, oxygen-enriched air is
blown through lance into the bath. The Ausmelt/Isasmelt smelting differs from flash
smelting because, in the former, reactions take place mainly in the bath whereas, in
the latter, it takes place above the bath. This difference causes a change in the
sequence of reactions [19], which are summarized below:

2 CuFeS2ð Þ ! Cu2Sþ 2FeSð Þmatte þ
1
2
S2 gð Þ ð3:13Þ
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2 FeOð Þslag þ
1
2
O2 gð Þ ! Fe2O3ð Þslag ð3:14Þ

FeSð Þmatte þ 3 Fe2O3ð Þslag ! 7 FeOð Þslag þ SO2 gð Þ ð3:15Þ
1
2
S2 gð Þ þ O2 gð Þ ! SO2 gð Þ ð3:16Þ

It is believed that the above process is catalyzed in the presence of the dissolved
magnetite (~5 %) in the slag. The major requirement of energy for smelting is
derived from oxidation of sulfur and iron (FeS) present in the concentrate.

The TSL technology has provided superior processes for smelting sulfide ores as
compared to the conventional processes based on combination of roasters/sinter
plants, reverberatory/blast furnaces, and electric/rotary furnaces. The conventional
processes suffer from a number of disadvantages such as high capital investments
and operating costs, low fuel efficiency, and environmental problems. On the other
hand, owing to the high rates of reactions with sufficiently high rates of heat/mass
transfer, Ausmelt technology lowers down the capital and operating costs
[25]. Depending upon the quality of the concentrate, Ausmelt furnace produces
matte containing 30–70% Cu, which is blown into blister copper in side-blown
Pierce–Smith converters.

The Ausmelt/TSL technology can also be employed in smelting of complex ores
and concentrates, which may not be successfully treated by the conventional
methods. The process has been tested on pilot plant scale to demonstrate that lead,
zinc, and copper can be recovered from a complex concentrate. In the first step of
smelting of such complex concentrates, there is fuming of volatile PbS under low
oxygen potential. There is high recovery of lead as oxide and sulfate in the fume. The
furnace bath contains Cu/Zn-rich matte and slag. In the second step, matte is
converted to blister copper whose purity depends on the extent of lead removal in
the first step. In the third step, the slag is reduced with coal to recover zinc. In the
fourth step, the lead fume produced in the first step is reduced with coal to obtain
lead bullion. Gold and silver accumulated in copper and lead are recovered by
subsequent treatments.

In recent years, a number of plants based on TSL technology have been installed
throughout the world for processing concentrates, slag and residues of copper, lead,
and zinc. More plants are under construction since TSL technology offers a number
of advantages such as low capital and operating costs, flexibility of handling
different types of feed with minimum preparation, strict environmental control,
flexibility in operating continuous, semicontinuous or batch furnaces, efficient
handling of small-scale (<100,000 tpy of feed) as well as large-scale plants (greater
than half a million tons of feed) and solution to the waste problem in metallurgical
industries such as zinc leach residue, Zn–Pb slag. The technology has better future
because with passage of time pollution abatement laws will compel for stringent
control toward emission of SO2, CO, and CO2 in atmosphere and dumping of leach
liquor, slag, and other wastes in rivers or on the ground. Furthermore, in coming
years, pressure on metallurgical industries to control dust and gaseous emission will
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increase; coke oven, blast furnaces, sinter plants, and rotary furnaces have to be
replaced keeping in mind the protection of the city, town, and agricultural produc-
tion. Toward this end, Ausmelt technology offers better alternatives.

3.2 Converting of Copper Matte

Pig iron was first refined into steel in the Bessemer converter. Impurities like carbon,
silicon, manganese, and so on get oxidized when air blast penetrates through the
molten pig iron. Oxidation being exothermic blowing raises the bath temperature
from 1300 �C to 1600 �C, the temperature suitable for steelmaking. Such a bottom-
blown converter is not suitable to convert copper matte into blister copper because
air blast oxidizes the copper produced that settles at the bottom of the converter. For
blowing copper matte, a horizontal side-blown Pierce–Smith converter is employed.

3.2.1 Pierce–Smith Converting

The copper converter is a cylindrical vessel (steel shell: ~10 m long and 4 m
diameter) lined with magnesite bricks. Air for oxidation is introduced through the
tuyeres located on side wall of the converter. To start the operation, the converter is
turned so that the tuyeres are above the molten bath level. An appropriate amount of
matte is introduced at about 1200 �C and the blast is turned on and the converter is
turned to place the tuyeres in molten matte and mouth under the hood so that the
gases are taken to the stack. The products of the converter are slag and blister copper,
produced at different stages of the process. These are poured separately from the
converter mouth by rotating it around its long axis. Large volumes of hot gases
containing 5–15% SO2 are also generated. The reactions are exothermic and the
process is autogenous.

3.2.1.1 Stages of the Converting Process

Converting operation takes place in two chemically and physically distinct stages.
Both of which involve blowing air into the molten sulfide phase.

First Stage of Blowing During the first stage, the air blast stirs the bath vigorously
and FeS is oxidized on the surface of the bubble to FeO as per the reaction:

2FeS lð Þ þ 3O2 gð Þ ¼ 2 FeO sð Þ þ 2SO2 gð Þ þ 225 kcal: ð3:17Þ
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Some copper sulfide is also oxidized as:

2Cu2S lð Þ þ 3O2 gð Þ ¼ 2Cu2O lð Þ þ 2SO2 gð Þ þ 184:6 kcal: ð3:18Þ

But Cu2O formed, gets re-sulfidized to Cu2S in the bulk by reacting with FeS
since Cu2O is less stable (by virtue of possessing less negative, ΔGo) as compared to
FeO:

Cu2O lð Þ þ FeS lð Þ ¼ Cu2S lð Þ þ FeO sð Þ þ 19:6 kcal: ð3:19Þ

The blowing causes turbulence that enhances both the rate of reaction and
recovery of Cu2S (reaction 3.19). FeO is slagged off by the quartz, which is added
as soon as blast is turned on:

2FeO lð Þ þ SiO2 sð Þ ¼ 2FeO:SiO2 lð Þ þ 8:6 kcal: ð3:20Þ

The first stage of blowing is known as the slag-forming stage because FeO is
slagged off according to the reaction (3.20). The oxidation of FeS in the matte in the
presence of silica, which is the principal source of heat in the converter, may be
described by a combined reaction (reactions: 3.17 and 3.20):

2FeS lð Þ þ 3O2 gð Þ þ SiO2 sð Þ ¼ 2FeO:SiO2 lð Þ þ 2 SO2 gð Þ þ 233:6 kcal ð3:21Þ

The activity of FeO in slag decreases in the presence of acid silica, which helps in
pushing reaction (3.21) in the forward direction to facilitate the removal of iron from
the melt. This can be explained by van’t Hoff isotherm for reaction (3.17) under
nonstandard conditions, caused by the presence of silica:

ΔG ¼ ΔGo þ RT ln
a2FeO
� �

:p2SO2

a2FeS p3O2

n o
2
4

3
5 ð3:22Þ

The second term in the above equation becomes negative because the quotient is
less than unity as aFeO is much less than unity in the presence of SiO2. Thus, the
resulting more negative value of ΔG increases the overall driving force for the
transfer of iron from molten matte to the slag. After the slag-forming stage, the
principal product is molten Cu2S (white metal, ~1200 �C) containing less than 1%
Fe. The converter is turned down, the blast is turned off, and the slag is drained into a
ladle.

During the slag-forming stage, the converter is charged with the matte several
times. The slag is tapped after every oxidation step and thus the amount of Cu2S
gradually increases.

Second Stage of Blowing In the second stage, called the copper-making stage, the
white metal (Cu2S) is oxidized to Cu2O. In this stage, there is no need for a slag

3.2 Converting of Copper Matte 79



because the white metal contains little iron to form iron oxide. The interaction
between Cu2S and Cu2O leads to the production of metallic copper and SO2

according to the reactions:

Cu2S lð Þ þ 1:5O2 gð Þ ¼ Cu2O lð Þ þ SO2 gð Þ ð3:23Þ
Cu2S lð Þ þ 2Cu2O lð Þ ¼ 6Cu lð Þ þ SO2 gð Þ ð3:24Þ

With continued blowing, the amount of blister copper goes on increasing due to
additional removal of sulfur from the white metal. The metal obtained contains 98%
Cu and is known as blister copper because bubbling of sulfur dioxide through the
melt produces blister effect. The precious metals not being oxidized are retained in
the blister. The small amount of iron left over from the first stage is oxidized at the
beginning of the second stage, producing a small amount of slag high in copper.
After the blister is tapped, this slag is left in the converter for the next operation. The
blow to blister usually lasts for 2–3 h.

3.2.1.2 Physical Chemistry of Matte Converting

The constitution diagram of the system Cu–Cu2S, shown in Fig. 3.1 indicates that at
the converting temperature of 1200 �C the copper formed initially dissolves in Cu2S,
and thus the molten metal in the converter remains as a single phase. With the
progress of oxidation, the bath separates into two phases: a Cu solution in Cu2S and
another Cu2S solution in Cu. When the amount of Cu2S in the converter lowers
down to its limit of solubility in copper, the bath again becomes a single-phase
solution of Cu2S in copper. The equilibrium constant for the reaction (3.24) is given
as:

K ¼ a6Cu:pSO2

a2Cu2O:aCu2S
ð3:25Þ

If the mutual solubility of the reactants is neglected K may be expressed in terms
of the equilibrium partial pressure of SO2 (i:e:,K ¼ pSO2

Þ. The reaction will proceed
as long as partial pressure of SO2 in the gases above the molten bath in the converter
is less than the equilibrium pressure. The partial pressure of SO2 will not exceed
0.21 atm (air contains 21% O2 and one molecule of O2 produces one molecule of
SO2) even if the entire oxygen of the blast is fully used. The respective values of the
equilibrium constant, K ¼ pSO2

� �
for the reaction (3.24) 1.14, 10.99, and 55.12 atm

at 900 �C, 1100 �C, and 1300 �C, indicate that the reaction producing metallic
copper may begin at as low as 900 �C. However, it is definitely faster at the
converting temperature of 1250 �C. Since toward the end of the converting
operation aCu2O and aCu reach a constant value (unity), pSO2

is proportional to aCu2S
(Cu2S remaining in blister copper).
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The oxidation stops when pSO2
has reached a value slightly above 1 atm. If the

reaction has to proceed further, the bubbling of SO2 should overcome the atmospheric
pressure and the hydrostatic pressure of the molten metal. The total pressure is greater
than 1 atm even on the surface of the molten bath and some sulfur will therefore be
always left in the resultant blister. The mechanism of converting operation may be
discussed with the aid of Cu–S phase diagram in the following steps [19]:
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Fig. 3.1 (A) Copper–sulfur equilibrium phase diagram showing the converting reaction path (a, b,
c, d, 1200 �C). (B) Sketch of the Peirce–Smith converter and its two immiscible liquids, (b) and (c),
during the copper-making stage of converting (From Extractive Metallurgy of Copper by W. G.
Davenport et al. [19], © 2002, p 135, Elsevier Science Ltd. Reproduced with the permission of
Elsevier Science Ltd. (B) Originally from E. F. Peretti [26] with the permission of Discussion
Faraday Society)
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1. The white metal Cu2S contains 20% S (point a, in the Fig. 3.1A). During the
second stage of blowing, S is lowered from 20% to 19.6% at 1200 �C (point b)
according to the reaction:

Cu2Sþ xO2 ! Cu2S1�x þ xSO2 ð3:26Þ

Thus, initially we have a sulfur deficient white metal but no metallic copper.

2. Continued blowing of air causes appearance of a second liquid phase, that is,
blister copper containing 1.2% S (point c). This is because the average compo-
sition of the liquid is now in the liquid–liquid miscibility gap region. The blister
copper phase is denser than S-deficient Cu2S and hence, it sinks to the bottom of
the converter.

3. Further blowing of air results in additional S being removed from the system and
the amount of blister copper increases at the expense of the white metal according
to the overall reaction:

Cu2S lð Þ þ O2 gð Þ ¼ 2Cu lð Þ þ SO2 gð Þ ð3:27Þ

As long as the combined average composition of the system is within the
immiscibility range, the converter contains both white metal (19.6% S) and blister
copper (1.2% S). Only the proportions change.

4. With the continued decrease of sulfur from the melt the sulfide phase disappears
and hence the converter contains only molten copper with approximately 1%
S. For the final removal of sulfur by further blowing the operator has to be
extremely careful in preventing over oxidation of copper to Cu2O because there
is no sulfur to re-sulfidize Cu2O back into Cu2S. The entire converting cycle from
start-to-finish takes 6–12 h [19] and the metal obtained contains 98–99% copper.

Early experiments of blowing copper matte in bottom-blown Bessemer converter
were unsuccessful because the liquid copper was cooled to such an extent that it froze
in the tuyeres by the incoming air. The side-blown (Pierce–Smith) converter blows air
into the sulfide (matte) phase rather than into the blister copper (Fig. 3.1B). Appendix:
A.1 presents various steps in extraction of copper from chalcopyrite concentrate.

3.3 Continuous Converting

In Pierce–Smith converting operation, the vessel has to be rotated while charging
and tapping to keep the tuyeres above the melt. Hence, it is a batch process, which
has to be discontinued intermittently that causes difficulties in the collection of SO2.
These limitations led to the development of continuous converting processes by
Noranda, Kennecott/Outotec, and Mitsubishi.
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3.3.1 Noranda Continuous Converting Process

A rotary furnace is employed in Noranda continuous converting [27] process which
is the further development of the Noranda submerged tuyere smelting. Molten matte
and scrap are charged through a large mouth and the off gas is directed into a hood/
acid plant through another opening. Flux and coke are fed through a hole. The
converter is operated continuously by maintaining layers of molten copper, matte
(predominantly Cu2S) and slag and blowing O2-enriched air through tuyeres and
collecting off gas containing nearly 20% SO2. Blister copper and slag are tapped
intermittently.

Molten matte containing 65–70% Cu, 5–10% Fe, and 20–24% S, on pouring into
the converter, joins the matte lying between molten copper and the molten slag.
O2-enriched air oxidizes the matte. The slag and metal formation reactions may be
represented as:

3 FeSð Þmatte þ 5O2 blastð Þ ! Fe3O4ð Þslag þ 3SO2 gð Þ ð3:28Þ
Fe3O4ð Þslag þ FeSð Þmatte ! FeOð Þslag þ SO2 gð Þ ð3:29Þ
2FeO lð Þ þ SiO2 sð Þ ! ð2FeO:SiO2Þslag lð Þ ð3:30Þ

Molten copper is produced by oxidation of Cu2S:

Cu2Sð Þmatte þ O2 ! 2Cu lð Þ þ SO2 gð Þ ð3:31Þ

The resultant molten slag and molten copper rises and falls above and below the
tuyeres to join the slag and molten copper layers, respectively. Blister copper
containing 1.3% S and slag with a high percentage of Cu (about 10%) are tapped
intermittently. The high oxygen potential required in this converting process for the
production of copper is responsible for high residual copper in the slag.

3.3.2 Kennecott–Outotec Flash Converting Process

The Outotec continuous converting [28] process is the subsequent development of
the Outotec flash smelting. Its combination with Kennecott’s Solid Matte Oxygen
Converting concept has popularized the Kennecott–Outotec Flash Converting Pro-
cess [29]. Such a converting unit was first installed in 1995 in Utah, USA with the
help of Kennecott Copper. In this process, the flash smelting furnace matte
containing about 70% Cu is first granulated to about 0.5 mm size and then crushed
to 50 microns and dried. The dried matte powder mixed with limestone is blown with
80% O2-enriched air continuously into a flash furnace, which is similar in design to
the Outotec flash smelting furnace. Copper is produced according to the following
overall reaction by appropriate adjustment of oxygen supply:
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Cu2Sþ FeSð Þmatte þ O2 blastð Þ ! Cu lð Þ þ Fe3O4ð Þcalcium ferrite slag þ SO2 gð Þ ð3:32Þ

The flash converting unit produces (i) molten copper containing 0.2% S and
0.3% O, (ii) molten calcium ferrite slag containing approximately 16% CaO and
nearly 20% Cu, and (iii) off gas loaded with 35–40% SO2. The molten copper and
slag are intermittently tapped and sent, respectively, to the refinery to electrodeposit
copper and a water-granulation plant to produce slag-granules to be recycled to the
matte smelting furnace. The off gas is subjected to de-dusting before being
transported to the sulfuric acid plant. The calcium ferrite slag having lesser tendency
to foam and being capable of absorbing magnetite/hematite while maintaining better
fluidity than the fayalite slag is necessary because the oxygen potential required to
produce the copper phase in the presence of a slag in a continuous process oxidizes
iron to higher oxides.

Copper metal and SO2 gas are formed below the slag layer according to the
following reactions:

Cu2Sð Þmatte þ 2 Cu2Oð Þslag ! 6Cu lð Þ þ SO2 gð Þ ð3:33Þ
Cu2Sð Þmatte þ 2 CuOð Þslag ! 4Cu lð Þ þ SO2 gð Þ ð3:34Þ

Cu2S may also interact with Fe3O4 present in the molten calcium ferrite slag to
produce copper and FeO:

Cu2Sð Þmatte þ 2 Fe3O4ð Þslag ! 2Cu lð Þ þ 6FeOþ SO2 gð Þ ð3:35Þ

As SO2 evolution causes slag foaming in Outotec flash converting accumulation
of Cu2S is avoided by maneuvering the ratio of O2 input rate to the matte feeding rate
toward oxidizing. This setting favors the formation of Cu2O instead of Cu2S. In the
absence of Cu2S, slag foaming is minimized. The productivity of the Kennecott–
Outotec flash converter is two to three times larger than the Pierce–Smith converter.
The process is simple and efficient for oxidation of matte and collection of dust and
off gas, hence, useful in sorting out the environmental problems to a major extent.
However, it is not suitable for melting copper scrap and it also requires solidification
of the matte followed by granulation and crushing, which increase energy
consumption.

3.3.3 Mitsubishi Continuous Converting Process

In the Mitsubishi continuous converting [30, 31] process, O2-enriched air is blown
through downward lances on the surface of slag–matte–molten copper bath
contained in a 12.5 m diameter converter. Molten matte continuously fed into the
converter through an opening immediately spreads out across the molten copper bath
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and pushes the slag toward the overflow notch. Five to ten vertical lances, each
consisting of two concentric pipes, are inserted from the roof of the converter. The
central pipe is used to blow air along with CaCO3 flux and recycle materials whereas
O2-enriched air is blown through the annulus space between the two pipes. The outer
pipe is kept above the liquid bath by 0.5–0.7 m and it is lowered when its tip is
consumed. The central pipe is placed only up to the roof surface. The outer pipe is
continuously rotated to prevent it being jammed by slag/metal splashing. Flux and
recycled materials get mixed with O2-enriched air at the end of the central pipe. The
mixture impinging on the surface of the molten bath forms emulsion of molten
copper–matte–slag–gas, which enhances solid–liquid–gas reactions to form new
copper and new slag on account of matte consumption. In the Mitsubishi converter
reactions between matte, flux, and oxygen may be represented as:

3 FeSð Þmatte þ 5O2 gð Þ ! Fe3O4ð Þslag þ 3SO2 gð Þ ð3:36Þ
CaOð Þflux þ Fe3O4ð Þslag ! molten calcium ferrite slag ð3:37Þ
Cu2Sð Þmatte þ O2 gð Þ ! 2Cu lð Þ þ SO2 gð Þ ð3:38Þ

Copper droplets descend through the copper layer and, thus, molten copper
underflows through the siphon. On the other hand, slag droplets push the slag
layer to overflow through the slag notch. Metallic copper oxidized as Cu2O joins
the fluid calcium ferrite slag. The off gas containing 25–30% SO2 passes through a
waste heat boiler, electrostatic precipitator and wet gas cleaning system and is finally
treated in a sulfuric acid plant. Such a converter can produce 400–900 tons of copper
per day. Viscosity of the Mitsubishi converter slag is low due to the formation of
ternary low melting slag in the presence of CaO.

In all the continuous converting processes discussed above, a great deal of
attention has to be paid for maintenance of the refractory lining and tap holes to
prevent rapid erosion because of the constant presence of molten copper (dense and
fluid) and calcium ferrite slag in the converter.

3.4 Direct Copper Extraction from Concentrate

From the above discussions, it is evident that production of copper from sulfide
concentrates involves two major steps, namely, smelting and converting. These steps
are chemically similar because both derive heat from the oxidation of sulfur and iron
and discard iron in slag by fluxing FeO with silica. These common features encour-
aged extractive metallurgists to carry out smelting and converting in one furnace.
Since 1974, copper-producing industries have been involved in developing contin-
uous processes for production of copper and lead from sulfide ores in a single unit
combining roasting/smelting and converting (and if possible refining also) with the
prime objective of reducing the materials handling, energy consumption, capital and
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operating costs. In order to achieve these objectives, idealized requirements like unit
separated into smelting, converting, and oxidizing zones; high reaction rates by
increasing the area of contact between reactants by using fine ore particles; autog-
enous processing by use of oxygen; smooth separation of slag and metal by
facilitating movement of the two liquids in opposite directions; recovery of valuable
metals from fumes and slag cleaning; production of chemicals; and enhancement in
the reaction kinetics by lancing to provide turbulence, have to be fulfilled. In this
context several attempts were made on pilot plant scale for production of copper
directly from chalcopyrite concentrate by processes known as WORCRA (Australia)
and Noranda (Canada). However, these processes could not achieve commercial
status due to the high loss of copper into slag. Cost of recovery of this copper is high
because a large amount of slag is generated in treatment of chalcopyrite concentrate
having relatively higher percentage of iron. The high copper slag in WORCRA
[derived from the first three alphabets of the inventor, H. K. Worner [32] and CRA
(Conzinc Riotinto of Australia Limited)] process is treated with low-grade matte by
moving two liquids in opposite directions to reduce copper content from the slag to
about 0.5–1%. In the Noranda [33] process slag is solidified and then subjected to
ore dressing to recover most of the copper. Noranda submerged-tuyere process
produced copper directly from chalcopyrite concentrate for several years but cur-
rently it produces only high-grade matte [34] (72–75% Cu). In order to reduce the
cost of recovery of copper from the slag, chalcocite (Cu2S) and bornite (Cu5FeS6)
concentrates having lesser iron as compared to chalcopyrite are more suitable for
direct conversion. Such a process has been developed by Outotec but Mitsubishi
process is more versatile in the treatment of variety of copper concentrates including
chalcopyrite.

3.4.1 Outotec Blister Flash Smelting Process

In this process smelting of chalcocite/bornite concentrates in the presence of flux and
recycle materials by blowing O2-enriched air produces molten copper (99% Cu,
0.04–0.9% S, 0.01% Fe and 0.4% O), slag (14–24% Cu), and off gas (15–25% SO2).
Use of highly O2-enriched air blast generates enough heat to melt the entire charge.
The process is autothermal as well as continuous. The temperature of the furnace is
controlled by adjusting the extent of O2-enrichment of the blast and the rate of
combustion of fossil fuel. Direct production of copper from the chalcocite/bornite
concentrates may be chemically represented as per the reaction:

Cu2S chalcociteð Þ=Cu5FeS6 borniteð Þ þ O2 blastð Þ þ SiO2ð Þflux
! Cu lð Þ þ FeO:Fe3O4:SiO2ð Þslag þ SO2 gð Þ ð3:39Þ

Oxygen supply is regulated to produce metallic copper instead of Cu2S or
Cu2O. Depending on the supply of oxygen, the smelting furnace produces a mixture
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of over oxidized Cu2O (from the outside) and under oxidized Cu2S (from the inside).
The interaction of the two over oxidized and under oxidized fractions produce
molten copper, molten slag, and gas according to the reactions:

Cu2Sð Þmatte þ 2 Cu2Oð Þslag ! 6Cu lð Þ þ SO2 gð Þ ð3:40Þ
Cu2Sð Þmatte þ 2 CuOð Þslag ! 4Cu lð Þ þ SO2 gð Þ ð3:41Þ
Cu2Sð Þmatte þ 2 Fe3O4ð Þslag ! 2Cu lð Þ þ 6FeOþ SO2 gð Þ ð3:42Þ

The net reaction (3.41) is controlled by (i) analyzing the percent copper in the slag
and percent sulfur in molten copper and (ii) adjusting the ratio of oxygen input in the
blast to the concentrate feed rate. The copper content in the slag can be reduced by
decreasing the O2/concentrate ratio, whereas the ratio of the flux to the concentrate
input rate controls the overall composition of the slag. Possibility of slag foaming is
avoided by operating the smelting furnaces with high O2/concentrate ratio, which
also eliminates building up of Cu2S layer. Molten matte layer formed between
molten copper and molten slag gives rise to the formation of SO2 gas according to
the reactions (3.40), (3.41), and (3.42). However, in the absence of Cu2S layer, high
percent of copper is transferred into the slag (as Cu2O) because reaction (3.40)
responsible for elimination of Cu2O formed cannot take place.

From the smelting furnace slag is transferred to an electric slag cleaning furnace
where it is allowed to settle for about 10 h under a thick layer of coke. During the
settling period, copper oxides present in the slag get reduced to metallic copper.
Some magnetite also gets reduced first to FeO and then to Fe.

Iron joins the reduced copper melt. The above procedure lowers down copper in
slag from 14% to about 0.6% at Glogow in Poland [35] whereas at Olympic Dam
[36], it is reduced from 24% to 4%. For further reduction of copper content in the
slag, methods based on solidification/comminution/flotation has to be adopted.

In the recently developed Outotec blister flash smelting unit, under operation at
Zambia and China, a chalcopyrite concentrate blend with copper matte [37] is
processed. In this way, the problem of lower Cu/Fe ratio in chalcopyrite (CuFeS2)
has been solved because mixing increases this ratio to 2, which is equivalent to what
chalcocite, Cu2S has. However, the Outotec process will probably be restricted to the
treatment of chalcocite and bornite for direct conversion to metallic copper because
of the high cost involved in the reduction and recovery of copper from the slag.

3.4.2 Mitsubishi Process

Chalcopyrite with higher iron content generates larger amount of slag on smelting
and, hence, is not suitable for the Outotec process. Larger occurrence of chalcopyrite
(CuFeS2) as compared to chalcocite (Cu2S) and bornite (Cu4FeS6), problem of
copper recovery from slag and diversified benefits of direct conversion of
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concentrates into molten copper encouraged Mitsubishi Materials Corporation [30],
Japan, to develop a continuous process for treatment of chalcopyrite to produce
metallic copper directly. The Mitsubishi process involves a system of three furnaces
for smelting, slag cleaning, and converting. These furnaces are connected in series,
where molten matte and slag flow from one to another under gravity. This arrange-
ment offers benefits like treatment of variety of copper sulfide concentrates including
chalcopyrite, simpler recovery of copper from slag, collection of high SO2 off gas,
and lesser materials handling.

The smelting furnace has nine vertical lances made of two concentric pipes (of 5
and 10 cm diameter) for charging from top. The charge consisting of dried concen-
trate, silica flux, and recycle materials is fed through the central pipe of the lance and
O2-enriched air (55% O2) is blown through the annulus space between the two pipes.
The outer pipe is continuously rotated to prevent from jamming. The central pipe is
terminated at the furnace roof whereas the outer pipe is extended downward and held
above the molten bath by about 0.7 m. The charge interacts with the blast at the exit
of the central pipe. The solid–gas mixture impinging on the surface of the molten
bath forms a matte–slag–gas foam/emulsion [19]. A tremendous increase in the
availability of surface area to the reacting species markedly increases the rate of
reaction between the liquids, solids, and gas. The resulting products, matte (65–70%
Cu), and iron silicate slag flow continuously through the tap hole to the electric slag
cleaning furnace. It is held for about 1–2 h in an elliptical 3600 kW electric furnace
with three or six electrodes to allow adequate separation of the matte and slag into
two layers. The off gas loaded with 20–25% SO2 is directed to the sulfuric acid plant
after passing through a waste heat boiler, electrostatic precipitator, and a wet gas
cleaning unit. The slag is electrically heated to 1250 �C to attain proper fluidity for
efficient settling and separation of the matte droplets from the slag. In order to
minimize the loss of copper in the slag, liquid matte/slag system is held for longer
time in the slag cleaning furnace. From the electric furnace matte continuously
underflows into the converting furnace and the slag overflows through a tap hole
to the slag granulating plant.

The converting furnace that continuously receives matte from the electric slag
cleaning furnace is also charged with copper scrap and anode. O2-enriched air
(30–35% O2) along with limestone flux and granules of converter slag are blown
on the surface of the matte to produce molten copper (with approximately 0.7% S),
molten slag (14% Cu), and off gas (25–30% SO2). The matte continuously flowing
into the converter spreads over the molten copper layer present and reacts with
oxygen supplied through lances to form FeO and molten copper according to the
reactions:

2 FeSð Þmatte þ 3O2 ! 2 FeOð Þslag þ 2SO2 gð Þ ð3:43Þ
Cu2Sð Þmatte þ O2 ! 2Cu lð Þ þ SO2 gð Þ ð3:44Þ
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FeO and Cu formed may undergo further oxidation:

3FeOþ 0:5O2 ! 2 Fe3O4ð Þslag ð3:45Þ
2Cu lð Þ þ 0:5O2 ! Cu2Oð Þslag ð3:46Þ

CaO formed by decomposition of limestone forms a low-melting slag with Cu2O,
FeO, and Fe3O4:

CaOþ Cu2Oþ FeOþ Fe3O4 ! CaO � Cu2O� FeO� Fe3O4ð Þslag ð3:47Þ

The converting operation in the Mitsubishi process requires the use of CaO-based
slag [38] because SiO2 cannot absorb the magnetite and wustite formed under the
high oxygen potential required to form metallic copper. In the absence of CaO, the
solid magnetite crust stops further converting operation. In the Mitsubishi process,
15–20% CaO [19] in the slag [12–16% Cu (60% as Cu2O and rest Cu), 40–55% Fe
(70% Fe3+ and rest Fe2+) and 15–20% CaO] has been found optimum for the
converting operation. The higher residual sulfur in copper (about 0.7%) produced
by this method as compared to that obtained from the Pierce–Smith converter
(0.02% S) can be reduced by increasing the percentage of oxygen in the blast. But
this will lead to the transfer of more copper into slag as Cu2O. Hence, an optimum
higher oxygen in the blast is used to eliminate building up of Cu2S matte layer in
order to avoid foaming (as practiced in Outotec blister smelting process). This is
ensured by the presence of less than 0.7% S in the molten copper produced. Copper
is continuously transferred to one of the two anode furnaces and slag is sent to a
water-granulated plant. Off gas is directed to sulfuric acid plant via waste heat boiler,
electrostatic precipitator, and a wet gas cleaning unit. The off gases from smelting
and converting furnaces are mixed before entering into the electrostatic precipitator.

Although in the Mitsubishi process, continuous copper making is carried out in a
unit consisting of smelting, electric slag cleaning, and converting furnaces, the
process is simple and efficient for recovery of copper from the slag. The process is
capable of treating different types of concentrates including low iron chalcocite and
bornite as well as high iron chalcopyrite with less material handling, but it suffers
from the disadvantage of collecting off gas from two furnaces and poor refractory
life. However, with the aid of recent innovations in the Mitsubishi process, life of the
furnace lining has enhanced from 2 to 4 years [39].

3.5 Matte Smelting of Galena

In the hearth process, lead is obtained by the roast-reduction [40] of sintered galena
concentrate at 800–900 �C. Air blown into the furnace hearth through the tuyeres
oxidizes lead sulfide, which interacts with the remaining lead sulfide according to the
reaction:
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2PbO lð Þ þ PbS lð Þ ¼ 3Pb lð Þ þ SO2 gð Þ ð3:48Þ

Since the above reaction leading to the formation of metallic lead has resemblance
with the production of blister copper in the Pierce–Smith side-blown converter due
to the interaction of Cu2O formed by blowing the white metal (Cu2S), the hearth
process is categorized under matte smelting. The free energy change for the reaction
is negative at temperatures above 960 �C, smelting is carried out at relatively higher
temperatures (1100–1200 �C) in excess of air to achieve a reasonable rate of
production. The metallic lead trickles through the charge to the bottom. Major
steps in extraction of lead from galena concentrate is shown in Appendix: A.2.

In a blast furnace, a charge consisting of sinter (obtained from the Dwight Lyod
sintering machine), coke, limestone, and quartz is smelted in excess of air at
1100–1200 �C. The resulting products separate in four distinct layers depending
on specific gravity. These are collected in the furnace hearth, from top to bottom,
slag (sp. gr. 3.6), matte containing copper and other elements (sp. gr. 5), speiss
(FeAs4 + impurities: sp. gr. 6), and lead bullion (sp. gr. 11). The bullion is refined for
removal of impurities and recovery of precious metals.

In recent years, the environment protection laws directing/regulating control of
emission of lead fumes into the atmosphere have encouraged development of cleaner
and less energy-intensive processes. In this regard the Ausmelt TSL process is quite
attractive. Both high (50–75% Pb) and low (<50% Pb)-grade galena concentrate can
be treated by the Ausmelt process [23] to produce lead bullion in two stages.
Smelting of high-grade concentrate in the first stage produces lead bullion in contact
with high lead molten slag containing 60–75% lead at relatively low temperature
(950–1000 �C). The fume containing about 11% lead is recycled to the furnace.
Sphalerite (ZnS), generally associated with galena (PbS), also gets oxidized to ZnO.
The overall reactions are:

PbS lð Þ þ O2 gð Þ ¼ Pb lð Þ þ SO2 gð Þ ð3:49Þ
2ZnS sð Þ þ 3O2 gð Þ ¼ 2ZnO sð Þ þ 2SO2 gð Þ ð3:50Þ

The slag containing a significant amount of zinc and lead is subjected to further
reduction and fuming in another furnace to transfer most of the lead to the bullion.
This is the second stage of operation. When the lead level of the slag approaches
2–5%, reduction of ZnO starts producing zinc vapors. The slag from the second-
stage operation is discarded because it contains much less lead and zinc.

Smelting of low-grade concentrate does not produce lead bullion directly due to
the high-temperature requirements to obtain fluid slag and low activity of lead in the
system. In this case, the first stage involves fuming of lead due to the high vapor
pressure of PbS. A high sulfur potential in the bath is ensured by smelting the
concentrate under reducing conditions. In the second step, the fumed lead obtained
as a fine oxide/sulfate dust containing 70% lead is pelletized and reduced with coal
lump to produce bullion and a discard slag. The metal is tapped continuously or
periodically.
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Ausmelt technology has gained prominence in the lead–zinc industries because of
the development of efficient and flexible pyrometallurgical reactors with better
environmental performance by reducing number of intermittent tapping by intro-
ducing a three-stage smelting/slag reduction/slag cleaning process. The process
under operation at Hindustan Zinc Ltd. [41] produces 50,000 tons of lead bullion
per year by smelting about 85,000 tons of lead concentrate containing 60% lead, 4%
zinc, and 0.15% silver. A thorough knowledge of thermodynamics of the Pb–PbS–
PbO system concerning reaction (3.49) and other competitive reactions (mentioned
below) has been useful in the development of the three-stage process:

PbS lð Þ þ O2 gð Þ ! Pb½ �bullion lð Þ þ SO2 gð Þ
PbS lð Þ þ 3=2 O2 gð Þ ! PbOð Þslag lð Þ þ SO2 gð Þ ð3:49aÞ
PbS lð Þ ! PbS gð Þ ð3:49bÞ
PbO lð Þ ! PbO gð Þ ð3:49cÞ
Pb½ � lð Þ ! Pb gð Þ ð3:49dÞ

Thus, lead can enter in any phase (metal, slag, fume) but its concentration in slag and
fume can be controlled by restricting the competitive reactions (3.49a–3.49d). Lead
in the bullion is maximized by adjusting the operating variables. Low temperature
reduces lead entry into the fume whereas high partial pressure of oxygen will reduce
fume formation by lowering the activity of PbS, which has the highest vapor
pressure. However, higher pO2

will increase lead concentration in the slag by forming
PbO according to the reaction (3.49a).

In the modified process [41], reduction of PbO, accumulated in the slag, is carried
out by lead concentrate containing PbS instead of carbon by generating conditions
for the reaction (3.48) to proceed in the forward direction. Production of lead by the
old hearth process is based on this principle.

In the slag cleaning step, lead and zinc are removed from the slag. This is
achieved by reducing PbO and ZnO by addition of coal. Temperature is increased
to 1300 �C to promote fuming. Lead and zinc in the fume get re-oxidized in the post
combustion zone. The modified process aims to discard slag with 0.5 and 3.0 wt% of
lead and zinc, respectively.

The current problem of inadequate supply of Pb–Zn concentrate due to lower
mining output and higher demand of lead and zinc metals has forced smelters to
develop a suitable technology to recover lead and zinc from scrap, residues, and
fumes along with the primary feed (the concentrate). In this context, the TSL
Technology may be considered as an alternative because it can process a variety
of feed materials at low capital and operating costs with minor environmental
pollution. Furthermore, it can be easily incorporated into the existing flow sheet.
After charging the solid feed from the furnace top, the partial pressure of oxygen can
be precisely controlled in steps to generate conditions to separate valuables and
nonvaluables into metal and slag, respectively, and volatiles into fumes The
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appropriate knowledge [42] of the slag phase equilibria, activities of Pb, Zn, PbO,
and ZnO in the multicomponent slag system: SiO2–CaO–FeO–PbO–ZnO and kinet-
ics of transfer of species from the slag to the metal (and vice versa) has been useful in
development of the process.

The technology invented by Queneau and Schuhmann [43, 44] and developed by
Lurgi has gained prominence as the QSL process. It is a continuous and direct lead-
making process that allows carrying out roast-reduction smelting of galena concen-
trate and carbon reduction of lead oxide slag [45] in a single reactor (a long
horizontal-cylindrical converter). A bath of molten lead bullion is maintained
below the slag layer contained in the converter. Green pellets prepared from a
mixture of concentrate, recycle flue dust, and fluxes are charged into the oxidation
zone of the reactor. There is rapid oxidation of sulfide in the molten bath at 950�–
1000 �C by submerged injection of oxygen to form lead bullion, lead oxide slag, and
sulfur dioxide gas. The lead oxide slag continuously flows through the reduction
zone of the vessel and is reduced by submerged injection of pulverized coal. In this
zone temperature gradually increases from 1000 �C to 1250 �C. The secondary
bullion joins the primary bullion and is tapped continuously. The slag from the
reduction zone passes through a settling zone and continuously tapped and water
granulated.

3.6 Smelting of Pentlandite (Nickel–Copper–Iron Sulfide)

3.6.1 Matte Smelting of Pentlandite

The pentlandite [(NiFe)9S8], a nickel ore containing 1–3% Ni, is a mixture of
sulfides of nickel and copper. Mineral processing produces a nickel sulfide concen-
trate containing sulfides of copper, iron, and cobalt, together with silver, platinum,
and some arsenide and siliceous gangue. Both pyrometallurgical and hydrometal-
lurgical methods have been adopted for production of nickel from sulfide/oxide ores.
A flow sheet based on pyrometallurgical route practiced by the International Nickel
Company of Canada for treatment of pentlandite is presented in Appendix: A.3a.
Currently, about 50% of the world’s sulfide concentrates are smelted by the Outotec
flash smelting process [46] to produce nickel matte containing Ni3S2, Cu2S, and FeS.
Major amount of FeS is oxidized to FeO and SO2, and FeO is slagged off with silica
whereas SO2 joins the flue gases. Basically, similar characteristics of sulfides of
copper and nickel pose problems in their separation, which is achieved in several
steps.
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3.6.2 Converting of Nickel Matte

The normal extraction procedure of partial roasting, smelting, and converting as adopted
in treatment of chalcopyrite renders pentlandite concentrate into a product which cannot
be easily separated. Contrary to the production of blister copper by Cu2S–Cu2O
interaction (Cu2S + 2Cu2O ¼ 6Cu + SO2) and lead bullion by PbS–PbO interaction
(PbS + 2PbO ¼ 3Pb + SO2), Ni3S2–NiO interaction does not produce nickel because
the free energy change for the reaction [Ni3S2 (matte) + 4NiO (formed during partial
blowing of the matte)¼ 7Ni + 2SO2] is positive (ΔG� ¼ + 21 kJ at 1200 �C). Instead, a
Ni3S2–Cu2S matte and Cu–Ni alloy containing precious metals are produced by the
converting operation. During the converting operation as per normal practice, heat is
derived by the oxidation of FeS present in the matte to FeO, which is slagged off by
the addition of quartz. The three products Ni3S2, Cu2S, and Cu–Ni alloy are
separated by a cumbersome procedure comprising of extremely slow controlled
cooling (from 1100 �C to 400 �C in 3 days), grinding, magnetic separation to collect
Cu–Ni alloy, followed by froth flotation to separate Ni3S2 and Cu2S. For production
of nickel, Ni3S2 may be cast into anodes and directly electrolyzed in a diaphragm cell
separating anolyte and catholyte in order to prevent deposition of impurities, namely,
Co and Fe, which are close to Ni in the electrochemical series. Precious metals join
the anode slime along with sulfur. While following the pyrometallurgical route,
Ni3S2 is roasted to NiO (Ni3S2 + 7/2O2¼ 3NiO + 2SO2), which is then reduced with
carbon or hydrogen into crude nickel [NiO + C (or H2) ¼ Ni + CO (or H2O)]. The
impure nickel is refined by the carbonyl process (see Chapter 10).

Nickel matte containing Ni3S2, Cu2S, and FeS cannot be directly blown into
nickel in a Pierce–Smith side-blown converter. The conversion of molten copper
matte into blister copper in the horizontal side-blown converters (discussed in Sect.
3.2.1) practiced throughout the world became a challenge to nickel metallurgists.
Earlier, nonferrous metallurgists dreamed and tried to achieve the direct conversion
of molten nickel sulfide matte into metallic nickel but all the efforts were a waste
only. Hence, there was a strong opinion in the metallurgical world that blowing of
nickel sulfide to nickel in a converter was not feasible [47, 48]. Nevertheless, the
dream was kept alive by INCO’s Research Department in Canada. INCO pursued
this apparent desire intermittently, for a period of about 40 years. Based on some
promising studies conducted in the early 1940s, it was finally realized that for
successful operation the fundamental requirement was to use a turbulent bath as
generated in a top-blown rotary converter. Application of this principle resulted in
conversion of nickel sulfide to nickel containing less than 0.02% S. Tonnage tests
were conducted during 1959–1960 in an experimental Kaldo converter using oxygen
of 96% purity. The combined effect of turbulence and pure oxygen at high temper-
ature of 1600 �C made the process autogenous even in the 3 ton unit employed.
Thus, it has taken long time to understand that Ni3S2–NiO interaction leading to the
formation of metallic nickel is endothermic and hence does not take place at the
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converting temperature of 1250 �C at which blister copper is produced in a Pierce–
Smith converter by Cu2S–CuO interaction. Development of Top-Blown Rotary
Converter (TBRC) for direct conversion of nickel matte into nickel is the outcome
of about 40 years of extensive research [49, 50] carried out at the Noranda Research
Centre and the International Nickel Company in Canada.

3.6.2.1 Physicochemical Aspects of Direct Conversion of Molten Nickel
Sulfide into Nickel

The essential difficulty encountered in converting nickel sulfide is the formation of
solid nickel oxide. The appearance of massive quantities of this refractory material
(melting point over 1900 �C) in a conventional side-blown converter brings the
process to a halt. If the characteristic dry, NiO-rich slag is allowed to build up while
surface blowing, oxygen efficiency is reduced, thereby causing the bath to cool and
precipitate still more NiO until the blowing is stopped. Nickel oxide has rather
limited thermodynamic stability at high temperature. At 1650 �C, approximately 3%
CO in a CO–CO2 gas mixture will theoretically reduce NiO to liquid nickel at aNiO¼
0.6. Yet it is difficult to reduce this dry slag by a controlled atmosphere because NiO
forms a number of high melting materials, for example, silicates, aluminates, spinels,
and solid solutions like NiO–MgO with the refractory lining. These compounds and
solid solutions increase the stability of NiO. It is important to note that the stable
refractory oxides physically interfere with the reduction process.

Hence, successful conversion of nickel sulfide into nickel requires strict control of
the amount of NiO formed. The mechanism of conversion can be discussed in terms
of the following reactions:

½ O2 gð Þ ¼ O½ � ð3:50Þ
Ni lð Þ þ ½ O2 gð Þ ¼ NiO sð Þ ð3:51aÞ
Ni lð Þ þ O½ � ¼ NiO sð Þ ð3:51bÞ
S½ � þ O2 gð Þ ¼ SO2 gð Þ ð3:52aÞ
S½ � þ 2 O½ � ¼ SO2 gð Þ ð3:52bÞ
S½ � þ 2NiO sð Þ ¼ 2 Ni lð Þ þ SO2 gð Þ ð3:52cÞ
Ni3S2 lð Þ þ 4NiO sð Þ ¼ 7 Ni lð Þ þ 2SO2 gð Þ ð3:53Þ

For conversion of Ni3S2 to metallic nickel the following points must be considered:

1. The tendency to form NiO cannot be avoided because reaction (3.51a) is
spontaneous at 1650 �C even when aNi¼ 0.6 and pO2

¼ 0.35 mm Hg.
2. If reactions (3.52a) and (3.52b) are very much faster as compared to (3.51a) and

(3.51b), they would effectively prevent the formation of NiO by preferentially
consuming the available oxygen. If this is not the case, the only remaining hope
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is that reaction (3.52c) would proceed at a rate comparable to the rate of
formation of NiO and thus prevent undue accumulation of NiO.

3. The relative kinetics of these reactions have not been studied but it is clear that at
some point in the process, reactions (3.52a, 3.52b, and 3.52c) would become
diffusion limited with respect to sulfur while reactions (3.51a and 3.51b) could
proceed without hindrance.

4. It is therefore inevitable that the system eventually becomes saturated with
oxygen and continued addition of significant quantities of free oxygen results
in the accumulation of prohibitive amounts of NiO.

5. When the oxygen containing blast is stopped, further desulfurization may be
achieved only by reactions (3.52b) and (3.52c). A hot stream of neutral or even
slightly reducing gas may be used to remove SO2 from the system.

6. From a thermodynamic viewpoint reaction (3.52c) governs the final elimination
of sulfur. For analysis, reactions (3.52c) and (3.53) should be considered
simultaneously.

7. The degree to which reaction (3.52c) will desulfurize the melt depends on the
temperature and pSO2

.
8. Experience shows that desulfurization proceeds rapidly down to the neighbor-

hood of 1% S and then slows down extensively.
9. Table 3.1 illustrates the rapid drop in pSO2

at sulfur content below 1% and the
beneficial effect of high temperature at low S content.

10. It is clear that final desulfurization at atmospheric pressure by reaction (3.52b) or
(3.52c) is practicable only above 1600 �C.

When converting has just begun and sulfur content of the bath is still high (20%)
it is possible to operate at a temperature of about 1380 �C. The temperature must be
increased as sulfur is eliminated so as to reach at least 1600 �C when sulfur has
decreased to below about 5%; otherwise, NiO will accumulate. It is possible and
advantageous to derive most of the required heat from combustion of sulfur. It is
estimated that reaction (3.52a) releases about 1480 kcal kg�1 of sulfur oxidized at
1650 �C. If the necessary oxygen is supplied as air at 15.5 �C about 1930 kcal are
required to heat it to 1650 �C resulting in a net deficit of 450 kcal kg�1 of sulfur
oxidized. On the other hand, if 95% commercial O2 is used, a net surplus of
1040 kcal kg�1 of sulfur is realized. Hence, the use of tonnage oxygen makes the
process commercially attractive. If final desulfurization is to be affected by reaction

Table 3.1 Calculated equi-
librium values of pSO2

over
Ni–S–O melts saturated
with NiOa

Approximate wt % S

Calculated pSO2
(atm)

1500 �C 1600 �C 1700 �C
0.1 0.005 0.0 13 0.025

0.5 0.025 0.063 0.11

1 0.05 0.13 0.19

2 0.1 0.21 –

aReproduced from P. E. Queneau et al. [50] with the permission of
The Minerals, Metals & Materials Society
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(3.52b) or (3.52c), the heat must be supplied by an external source, as reaction
(3.52c) consumes about 2200 kcal kg�1 of sulfur eliminated. In addition to keeping
the system sufficiently hot, it is important that the molten bath be well mixed.

The conversion of white metal to blister copper is much less critical in this respect
because the miscibility gap in the Cu–Cu2S system ensures that a phase of roughly
constant sulfur content is presented (or exposed) to the blast throughout most of the
process. As the copper-rich phase is produced, it sinks to the bottom of the converter
and remains away from the blast, thus minimizing oxidation of the metal. Contrary to
this, when nickel sulfide is converted to nickel, the bath becomes a single phase of
decreasing sulfur content. If it is not thoroughly mixed, the region of the bath
exposed directly to the blast may be temporarily depleted in sulfur, permitting
reactions (3.51a) and (3.51b) to proceed preferentially. The precipitation of the
finely dispersed NiO increases the viscosity of that part of the bath and further
reduces the rate of mixing. The converter is rotated in order to improve the interac-
tion between Ni3S2 and NiO (reaction 3.53) leading to the formation of nickel. Thus,
the converter is very much similar to the Kaldo converter employed for steel
production. In this way the Rotary Top-Blown Converter (TBRC) that made a
place in the steel industry had a greater impact in nonferrous industry.

It is rather unfortunate that despite extensive researches conducted during
1940–1980 with enormous expenses on the development of TBRC at the Noranda
Research Center the process failed to attain commercial status in other countries.
Still, the conventional method of extraction of nickel from pentlandite incorporating
partial roasting, smelting as discussed above and presented in Appendix: A.3a, is
practiced on commercial scale.

Treatment of nickel sulfide concentrate by Ausmelt TSL process is carried out in
two steps [23, 46]. The first step produces a low-grade matte and a discardable slag
whereas the second step treats the matte to either a high-grade matte (>70% Cu/Ni)
with low iron and high sulfur or a high-grade matte with low iron and sulfur.

3.7 Rate of Smelting and Converting Processes

Chaubal and Sohn [51] studied the effect of temperature on the overall kinetics of
oxidation of chalcopyrite in the absence of heat and mass-transfer effects up to1150
K. According to them the pore-blocking model was applicable with an activation
energy of 71 kJ mol�1 in the temperature range: 754 K–873 K and 215 kJ mol�1

below 754 K and the kinetics of oxidation in the initial stage was dominated by the
rate of vaporization of sulfur. However, oxidation of the decomposition product
above 873 K followed power-law kinetics. The rate of vaporization of sulfur adopted
power-law kinetics with an activation energy of 208 kJ mol�1. From their studies,
Chaubal and Sohn [51] have concluded that the rate of oxidation of chalcopyrite
follows first-order rate kinetics with respect to oxygen concentration and is inversely
proportional to the square root of the particle size over the entire range of temper-
ature studied.
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From the preceding paragraphs in Sects. 3.2–3.6, it is clear that the major
reactions in sulfide smelting and converting steps are the oxidation of sulfur and
iron. As these process steps are carried out at sufficiently high temperatures, the
chemical reactions are very fast, and hence, the overall rate of the process is
invariably controlled by mass transfer of reactants between different phases. On
the other hand, in the bath smelting processes designed for operation under gas–
liquid mass transfer, the rate is controlled by the rate of supply of oxygen-containing
gas which is dependent on factors, such as heat generation and removal, erosion of
refractories, gas injection, and melt splashing. These considerations led to the
development of larger, intense, and continuous pyrometallurgical processes involv-
ing continuous flow of materials contrary to the older batch processes working under
near-equilibrium conditions.

3.8 Problems [52–54]

Problem 3.1
A copper ore having the following composition (wt%) on dry basis: Cu-8.8, S-36.6,
SiO2-19.0, Al2O3-5.6, Fe-29.7, and CaO-0.3, was roasted down to a sulfur content of
6.8%. Assuming that (i) 5% of the copper is converted to CuO and the remainder
remains un-oxidized as Cu2S, (ii) the iron oxidized forms only Fe2O3 and the rest
remains as FeS, and (iii) the flue gases coming out of the roaster analyze: SO2-2.61,
SO3-0.27, CO2-0.12, O2-17.20, and N2-79.0% (by volume). Calculate for 1000 kg of
raw ore:

(a) The weight and analysis of the roasted product.
(b) The volume of the gases.
(c) The volume of air supplied and the percent excess that of theoretically required.

Solution
(a) Let x be the weight of the roasted product.

Hence, amount of S in the product ¼ 0.068 x kg
Amount of Cu that gets converted into CuO (1000 kg base) ¼ 0.05�88 ¼ 4.4 kg
∴ Amount of CuO ¼ 80

64 � 4:4 ¼ 5:5 kg
Hence the amount of Cu as Cu2S ¼ 88 – 4.4 ¼ 83.6 kg
∴ Amount of Cu2S ¼ 160

128 � 83:6 ¼ 104:5 kg
The rest of S will report in FeS and will determine the weight of FeS.
Hence, the S remaining in Cu2S ¼ 104.5 � 83.6 ¼ 20.9 kg
Since the roasted product contains 0.068 x kg of S
∴ Amount of S in FeS ¼ 0.068 x � 20.9
∴ Amount of FeS ¼ 88

32 � ð0.068 x – 20.9)¼ 0.187 x �57.5

Hence, amount of Fe ¼ 56
88 � 0:187 x� 57:5ð Þ ¼ 0.119 x � 36.6

∴ Fe as Fe2O3 ¼ 297 – (0.119 x – 36.6) ¼ 333.6 � 0.119 x
∴ Amount of Fe2O3 ¼ 160

112 � 333:6� 0:119 xð Þ ¼ 477 – 0.170 x
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Since sum of all the compounds in the roasted ore ¼ x
∴ x ¼ 5.5 + 104.5 + (0.187 x �57.5) + (477 – 0.170 x) + 190 + 56 + 3
Hence, x ¼ 792 kg
∴ Composition of the roasted product:

CuO ¼ 5.5 kg ¼ 0.7%
Cu2S ¼104,5 kg ¼ 13.2%
FeS ¼ 0.187 x �57.5 ¼ 90.5 kg ¼ 11.4%
Fe2O3 ¼ 477 – 0.170 x ¼ 342.5 kg ¼ 43.2%
SiO2¼190 kg ¼ 24.0%
Al2O3 ¼56.0 kg ¼ 7.1%
CaO ¼ 3.0 kg ¼ 0.4%.

(b) Since the amount of S entering the gases is known, the volume of gases may be
calculated from their S content. The flue gases contain 2.88% (SO2 + SO3), each
of which contains 32 kg of S in 22.4 m3 of the gas.

∴ S in each m3 of gas ¼ 32
22:4 � 0:288 ¼ 0:0411 kg

Hence, the total weight of S entering the gases ¼ 366 – (0.068� 792) ¼ 312.2 kg
∴ Cubic meters of dry gas ¼ 312:2

0:0411 ¼ 7610 Ans.

(c) Amount of nitrogen in gases ¼ 7610 � 0.798 ¼ 6070 m3

∴ Volume of air supplied ¼ 6070
0:79 ¼7690 m3

The volume of excess air may be calculated from the free oxygen content of the
gases.

O2 in gases ¼ 7610 � 0.172 ¼ 1309 m3

∴ Excess air supplied ¼ 1309
0:21 ¼ 6233 m3

Air required ¼ 7690 – 6233 ¼ 1457 m3

∴ Percent excess air supplied ¼ 6233
1457 ¼ 427% Ans.

Problem 3.2
In the first stage of blow 30 tons matte containing 42% Cu was charged into a
Pierce–Smith copper converter. The slag carrying 28% SiO2, 63% FeO, and 4%
CuO was generated by adding an ore as the flux having 7% Cu, 16% Fe, 5% S, and
49% SiO2. After pouring the first slag additional matte of the same weight as the FeS
which was oxidized from the first matte was charged. If the time of the blister–
forming stage is 2 h, calculate the following:

1. The total weight of the flux used and the total weight of the slag produced.
2. The weight of the blister copper formed, assuming it to be as pure Cu.
3. The cubic meters of blast used.
4. The total blowing time and the volume of the blast supplied per minute.

(atomic weights: Cu-64, O-16, Fe-56, S-32, Si-28)

98 3 Sulfide Smelting



Solution
Weight of Cu2S in the first charge ¼ 30,000 � 0.42 � 160

128

� � ¼ 15,750 kg
(¼ 12,600 kg Cu)

∴Weight of FeS in the first charge ¼ 30,000 – 15,750 ¼ 14,250 kg (¼ wt of the
second matte).

Wieght of Cu2S in the second matte charged¼ 14,250� 0.42� 160
128

� �¼ 7480 kg
(¼ 5985 kg Cu)

∴ Weight of FeS in the second matte charged ¼ 14,250 – 7480 ¼ 6770 kg
Total weight of FeS ¼ 14,250 + 6770 ¼ 21,020 kg
∴ Weight of FeO ¼ 21,020 � 72

88

� � ¼ 17,190 kg
Available SiO2 in the flux: flux contains 7% Cu and 16% Fe.
Equivalent Cu2S ¼ 0.07 � 160

128

� � ¼ 0.0875, and FeO ¼ 16 � 72
56

� � ¼ 0.206

Hence, SiO2 for FeO ¼ 0.206 � 28
63

� � ¼ 0.092
SiO2 available ¼ 0.49 – 0.092 ¼ 0.398
SiO2 required for FeO in the matte ¼ 17,190 � 28

63

� � ¼ 7640 kg

Weight of the flux used ¼ 7640
0:398 ¼ 19,200 kg Ans (1)

Weight of the slag made¼ 19, 200�0:49
0:28 ¼ 33,600 kg Ans. (1)

Total weight of copper in the matte 12,600 + 5985 ¼ 18,585 kg
Cu in the flux ¼ 19,200 � 0.07 ¼ 1340 kg
∴Total Cu in the matte and flux ¼ 18,585 + 1340 ¼ 19,925 kg
CuO in the slag ¼ 33,600 � 0.04 ¼ 1344 kg
∴ Cu in the slag ¼ 1344 � 64

80

� � ¼ 1075 kg
Hence, weight of the blister produced ¼ 18,585 + 1340 – 1075
¼ 18,850 kg Ans. (2)
Flux contains 5% S and 7% Cu.
S with Fe in the flux ¼ 0.05 – 0.07 � 32

160

� � ¼ 0.05 – 0.014 ¼ 0.036

Weight of FeS ¼ 0.036 � 88
32

� � � 19,200 ¼ 1900 kg
∴Total FeS oxidized ¼ 14,250 + 6770 + 1900 ¼ 22,920 kg
Formation of SO2 gas: 2FeS + 3 O2 ¼ 2FeO + 2SO2

and Cu2S + 3O2 ¼ 2CuO + 2SO2

Total O2 required in slag-forming stage ¼ 3�22:4
176 � 22, 920.+ 2�22:4

128 � 1070
¼ 9125 m3

In the blister-forming stage: Cu2S + O2 ¼ 2Cu + SO2

O2 required in blister-forming stage ¼ 22:4
128 � 18, 850 ¼ 3300 m3

Grand total of O2 required ¼ 9125 + 3300 ¼ 12,425 m3

∴ Blast used ¼ 12, 425
0:21 ¼ 59,170 m3 Ans. (3)

Total time of blow ¼ 12, 425
3300 � 2 ¼ 7.53 h

∴ Volume of the blast supplied per minute ¼ 59, 170
7:53�60 ¼ 131 m3 Ans. (4)
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Problem 3.3
When air blow is stopped in the Pierce–Smith converter at 1200 �C blister copper
contains 1 wt% oxygen. What is the residual sulfur in the blister if the partial
pressure of SO2 in the melt is one atmosphere? The free energy changes for relevant
reactions are given below:

1
2 S2 gð Þ þ O2 gð Þ ¼ SO2 gð Þ,ΔGo

1 ¼ �60, 870 cal:
O2 gð Þ ¼ 2 %O½ �Cu,ΔGo

2 ¼ �27, 730 cal:
1
2 S2 gð Þ ¼ %S½ �Cu,ΔGo

3 ¼ �19, 720 cal:

Solution
Reaction to be considered: [%S]Cu + 2[%O]Cu¼ SO2(g)

ΔGo ¼ ΔGo
1 � ΔGo

2 � ΔGo
3 ¼ �60, 870� �27, 730ð Þ � �19, 720ð Þ

¼ �13,420 cal
¼ �RT lnK

lnK ¼ ΔGo

RT ¼ 13, 420
1:987�1473 ¼ 4:585

K ¼ 98.02

For the above equation, K ¼ pSO2
%S½ �: %O½ �2 ¼ 1

%S½ �: %O½ �2

Residual sulfur: %S½ � ¼ 1
K: %O½ �2 ¼ 1

98:02: 1½ �2 ¼ 0:0102% Ans.

Problem 3.4
Toward the end of the second stage of converting copper matte at 1150 �C, both solid
FeO and Cu2O begin to float on the surface of blister copper. Calculate the lowest
attainable level of iron (in wt%) in the molten copper at 1150 �C.

Given:-
Cu2O sð Þ ¼ 2 Cu lð Þ þ 1

2 O2 gð Þ,ΔGo
1 ¼ 46, 700þ 3:92 T : log T � 34:1 T cal

FeO sð Þ ¼ Fe γð Þ þ 1
2 O2 gð Þ,ΔGo

2 ¼ 63, 310� 15:62 T cal
log γoFe sð Þ in Cuð Þ ¼ 4430

T � 1:41

Solution
The reaction under question: Cu2O(s) + Fe(γ) ¼ FeO(s) + 2 Cu (l)

ΔGo ¼ ΔGo
1 � ΔGo

2 ¼ �16610þ 3:92 T : log T � 18:48 T cal

At 1150 �C (1423K), ΔGo ¼ � 25,318 cal, K ¼ 7744 and γoFe ¼ 50:5

K ¼ aFeO:a2Cu
aCu2O:aFe

¼ 7744

Since FeO and Cu2O float as solids and in blister copper wt% Cu > 99.7% Cu,
aFeO ¼ aCu2O ¼ aCu ¼ 1
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∴aFe ¼ 1
K

¼ 0:000129

As aFe ¼ γoFe:xFe, xFe ¼ 0:000129
50:5 (i.e., concentration of Fe in Cu is extremely low)

At infinitely dilute concentration of the solute Fe, wt% Fe is negligible as
compared to the wt% of Cu ~100% and according to Eq. (1.78a) we can write:

wt%Fe ¼ xFe:100:MFe

MCu

∴wt%Fe ¼ xFe � 100� 55:85
65:54

¼ 0:000129� 100� 55:85
50:5� 63:54

¼ 2:2� 10�4

Thus the lowest attainable level of iron in the molten copper at 1150 �C is
2.2 10�4 % . Ans.

Problem 3.5
The Raoultian activity coefficient of PbO (γoPbOÞ in FeO–SiO2–PbO slag at infinite
dilution is 0.10, whereas the Raoultian activity coefficient of FeO in a slag
containing 55% FeO, 7% FeO1.5, 37% SiO2, and some other unspecified oxides
(including PbO with average molecular weight of 70) is 0.76. This slag is in
equilibrium with a matte containing 10% FeS, 89% Cu2S, and 1.0% PbS at
1200 �C. Considering the matte to be an ideal molecular solution of the FeS–
Cu2S–PbS system, calculate the % Pb content of the slag from the following data:

Pb (l) + ½ O2 (g) ¼ PbO (l), ΔGo¼ �46,930 + 20.20 T cal
Pb (l) + ½ S2 (g) ¼ PbS (l), ΔGo¼ �37,580 + 19.12 T cal
Fe (γ) + ½ O2 (g) ¼ FeO (l), ΔGo¼ �54,890 + 10.55 T cal
Fe (γ) + ½ S2 (g) ¼ FeS (l), ΔGo¼ �24,250 + 5.50 T cal

At. wt Pb-207.21, Fe-55.85, Cu-63.54, S-32.06, Si-28.09.

Solution
Assuming that slag and matte do not mix, FeS of the matte interacts with PbO of the
slag at the interface to convert PbO into PbS which moves into the matte. Likewise,
when FeO of the slag interacts with PbS of the matte to convert PbS into PbO. This
PbO will move into slag.

The slag composition is required in terms of mole fraction. Consider 100 g of slag.

xFeO ¼ number of moles of FeO
number of moles of FeOþ FeO1:5 þ SiO2 þMOð Þ

¼ 55=71:85
55

71:85 þ 7
79:85 þ 37

60:09 þ 1
70

¼ 0:7655
1:4832

¼ 0:5161

Therefore,

3.8 Problems 101

https://doi.org/10.1007/978-3-030-58069-8_1#Equ78


aFeO ¼ γFeO xFeO ¼ 0:76� 0:5161 ¼ 0:3922 ð1Þ

(This activity is a function of slag composition only.) In order to calculate % Pb in
the slag, aPbO is expressed according to Henry’s law in dilute solution: aPbO ¼ k (%
Pb)slag

xPbO ¼ %PbO=223:21

%FeO
71 85

þ%FeO1:5

79:85
þ%SiO2

60:09
þ%MO

70

¼ %PbO
223:21� 1:4832

ð2Þ

On the other hand, we can express:

%PbOð Þslag ¼ %Pbð Þslag �
207:21þ 16

207:21

� �

Hence Eq. (2) can be modified as:

xPbO ¼ %PbOð Þslag
223:21� 1:4832

¼ %Pbð Þslag
223:21� 1:4832

� 207:21þ 16
207:21

� �

¼ %Pbð Þslag
207:21� 1:4832

aPbO ¼ γoPbO:xPbO ¼ 0:10� %Pbð Þslag
207:21� 1:4832

%Pbð Þslag ¼ 3073 aPbO ð3Þ

Similarly, we can calculate mole fractions of FeS and PbS in the matte. Consider
100 g of matte (contains 10% FeS, 89% Cu2S, and 1% PbS).

Number of moles of FeS ¼ 10/87.91 ¼ 0.1137
Number of moles of Cu2S ¼ 89/159.14 ¼ 0.5593
Number of moles of PbS ¼ 1/239.27 ¼ 0.0042

∴xFeS ¼ number of moles of FeS
number of moles of FeSþ Cu2Sþ PbSð Þ

¼ 0:1137=0:6777 ¼ 0:1679 ¼ aFeS

ð4Þ

and xPbS ¼ 0:0042=0:6772 ¼ 0:0063 ¼ aPbS ð5Þ

(since matte forms an ideal solution, ai ¼ xi)
The free energy change for the sulfide-oxide interaction at the interface:
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PbS (l, in matte) + FeO (l, in slag) ¼ FeS (l, in matte) + PbO (l, in slag)
ΔGo ¼ ΔGo

FeS þ ΔGo
PbO � ΔGo

PbS þ ΔGo
FeO

� �
¼ [�24,250 + 5.50 T + (� 46,930 + 20.20 T)] – [�37,580 + 19.12 T +

(�54,890 + 10.55 T)]
¼ 21,290 – 3.97 T cal

ΔGo
1473 ¼ 21290� 3:97� 1473 ¼ 15, 442 cal

¼ � RT lnK
lnK ¼ � 15, 442

1:987�1473 ¼ �5:276
K ¼ 5.11 �10�3

and

K ¼ aFeS:aPbO
aPbS:aFeO

¼ 5:11� 10�3 ð6Þ

Substituting the values of aFeO¼ 0.3922 (1), aFeS¼ 0.1679 (4) and aPbS¼ 0.0063
(5) in Eq. (6)

0:1679� aPbO
0:0063� 0:3922

¼ 5:11� 10�3

aPbO ¼ 7:52� 10�5 ð7Þ

From Eqs. (7) and (3) we get
(%Pb)slag ¼ 3073 � aPbO ¼ 3073 � 7.52 � 10�5 ¼ 0.2312 Ans.
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Chapter 4
Metallurgical Slag

Along with valuable metals, pyrometallurgical methods of extraction also produce
an appreciable proportion of a relatively unwanted material called slag. The slag
comprising simple and/or complex compounds consists of solutions of oxides from
gangue minerals, sulfides from the charge or fuel, and, in some cases, halides added
as flux. Slag being immiscible and lighter than the metallic phase, it covers the
metallic bath. The specific gravity of slag ranges between 3 and 4 as compared to 5.5
for sulfide matte and 7–8 for iron and steel. The slag cover protects the metal and
matte from oxidation and prevents heat losses due to its poor thermal conductivity.
In an electric furnace, slag may be employed as a heat resistor. It protects the melt
from contamination from the furnace atmosphere and from the combustion products
of the fuel. In pyrometallurgy, slags play a very important role in carrying out a
number of physical and chemical functions.

In primary extraction, slag accepts gangue and unreduced oxides, whereas in
refining, they act as a reservoir of chemical reactant(s) and an absorber of extracted
impurities. In order to achieve these objectives, slag must possess certain optimum
level of physical properties, such as low melting point, low viscosity, low surface
tension, high diffusivity, and chemical properties, such as basicity, oxidation poten-
tial, and thermodynamic properties. The required properties of slag are controlled by
the composition and structure. Hence, understanding of the physicochemical prop-
erties of slags has become extremely essential to meet a steadily increasing demand
of better-quality steels in terms of lower impurity contents (ultralow sulfur, as low as
0.001 wt%S in line-pipe and hydrogen-induced corrosion-resistant steel), better
internal quality (i.e., inclusion free), and mechanical properties in terms of strength,
toughness, and workability under extreme forming conditions.
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4.1 Structure of Oxides

As most of the slag contains oxides as a major fraction, knowledge about the
structure of pure oxides becomes essential in understanding the structure of slag.
Majority of slags are formed by solution of mixed oxides and silicates, sometimes
with aluminates, phosphates, and borates. Relative dimensions of cations and anions
and the type of bonds between them are important factors in controlling the structure
of pure oxides.

In solid oxides, metallic cations are surrounded by oxygen anions in a three-
dimensional network. According to Pauling’s [1] first law, in a close-packed struc-
ture, each cation should be surrounded by a maximum number of oxygen anions
called the coordination number (CN). This number depends on the relative sizes and
charges of cations and anions. The atomic radii of the elements in each column of the
periodic table increase from top to bottom because the number of electron shells
increases. But in a row, the atomic radii decrease from left to right since each
electron of the given shell is attracted by a larger number of protons in the nucleus.
Removal of electron(s) from atoms produces cations whereas addition produces
anions. In the case of ions, the radius does not depend only on the radius of the
corresponding atom but also on its charge. The radii of cations are much smaller than
those of anions. Table 4.1 lists the radii of some common ions.

From Table 4.1 it is evident that on losing three electrons, the Fe3+ cation with
more charge is smaller than the ion Fe2+ that is formed by losing two electrons. Thus,
the Rc/Ra ratio as well as the CN control the structural arrangement of the ions.
Hence, from simple geometrical considerations, the ionic structure of the oxide can
be established. Table 4.2 illustrates the structural dependency on the CN and Rc/Ra

ratio. Oxides with larger cations (from Ca2+ to Mg2+) have an octahedral structure
with a CN of 6, whereas oxides with smaller cations (Al3+, Si4+, and P5+) have a

Table 4.1 Ionic radiia

Cations Ca2+ Mn2+ Fe2+ Fe3+ Mg2+ Al3+ Si4+ P5+

Rc (Ǻ) 0.93 0.80 0.75 0.60 0.65 0.50 0.41 0.35

Anions O2� S2� F�

Ra (Ǻ) 1.40 1.84 1.36
aFrom Fundamentals of Metallurgical Processes by L. Coudurier et al. [2],© 1978, p 184, Pergamon
Press Ltd. Reproduced with the permission of Pergamon Press Ltd

Table 4.2 CN, Rc/Ra ratio
and structure of solid oxidesa

Structure CN Rc/Ra Examples

Cubic 8 1–0.732 –

Octohedral 6 0.732–0.414 CaO, MgO, MnO, FeO

Tetrahedral 4 0.414–0.225 SiO2, P2 O5, Al2O3

Triangular 3 0.225–0.155 –

aFrom Fundamentals of Metallurgical Processes by L. Coudurier
et al. [2], © 1978, p 185, Pergamon Press Ltd. Reproduced with
the permission of Pergamon Press Ltd
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tetrahedral structure. In the case of SiO2, four O
2- ions provide the frame of the

tetrahedron and the smaller Si4+ ion is situated within the frame (as shown in
Fig. 4.1). Since the neighboring cations (Si4+) are mutually repellent, according to
Pauling’s second law, the interval between two Si4+ ions should be maximum.
Hence, the joining of two silica tetrahedra must occur at each vertex to produce a
three-dimensional hexagonal network structure (Fig. 4.2a). In this arrangement of
joining, each silicon atom has bonding with four atoms of oxygen and each oxygen
atom has bonds with two atoms of silicon. In the solid state, this results in a structural
formula of (SiO2)n or simply SiO2. The major covalent bond between silicon and
oxygen is very strong, which makes silica a refractory material. Silica is a common
constituent of most slags.

From the hexagonal network structure of silica, it is evident that two tetrahedra
join at the vertex by one oxygen atom (one O2� ion). During melting, the network of
silica is destroyed and in the liquid phase the bonds between ions are broken by
thermal agitation. With increasing temperature, bonds are broken one by one with
gradual decrease in viscosity. Initially, with only a few bonds broken, large anions

Fig. 4.1 Silica tetrahedron
of four O2� ions and one Si4+

ion (From Chemical
Metallurgy by J. J. Moore
[3], © 1990, p. 157,
Butterworth Heinemann Ltd.
Reproduced with the
permission of Butterworth
Heinemann Ltd.)

(b)(a)

Fig. 4.2 Structure of silica. (a) solid and (b) liquid (From Fundamentals of Metallurgical Processes
by L. Coudurier et al. [2], © 1978, p 186, Pergamon Press Ltd. Reproduced with the permission of
Pergamon Press Ltd.)
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such as (Si4O10�
13 ) are formed together with a small amount of Si4+ cations. With

passage of time, more bonds break to produce smaller anions, for example, Si3O8�
10

with further increase in Si4+ cations. Finally, at a very high temperature when all the
joints are broken, all tetrahedra will be separated from each other to produce an equal
number of anions (SiO4�

4 ) and cations (Si4+). The structure of molten silica is shown
in Fig. 4.2b. It is important to note that the passage from completely solid silica to a
viscous liquid takes place in several steps with no well-defined fusion point but
merely a gradual change from infinite viscosity to measurable values.

4.1.1 Classification of Oxides

There are two principal types of bonds found in crystals: electrovalent and covalent.
In the former type, one or more electrons are transferred from the metal to the oxygen
atom. This results in transforming the metal into a cation and oxygen into an anion,
O2�. The Coulomb or attractive force between cations and anions decreases with
decrease of charges on them and increase of distance between ions of opposite
charges. The bonding force between the cation and the O2� anion can be expressed
as follows:

F ¼ zþz�e2

Rc þ Rað Þ2 ð4:1Þ

where z+ and z� represent the valence of the cation and the anion, respectively, Rc

and Ra are radii of cations and anions, and e is the electron charge.
The alkali metals with larger ionic radii, which belong to the first column of the

periodic table, carry a smaller number of unit charge compared to the elements in the
subsequent columns. Hence, the electrovalent bonding force according to Eq. 4.1 is
relatively small. The bond strength further decreases because it is shared between a
larger number of oxygen anions due to larger size of alkali cations and, hence, larger
CN. The bonding force or the attractive force between cations and anions (which is
proportional to the ratio: z/(Rc + Ra)

2) is listed in Table 4.3.
The central elements between alkali metals and halogens are of intermediate size.

As they neither lose nor gain peripheral electrons easily as compared to elements
located at the extremities, bonding with oxygen is mainly covalent. The bond
strength between atoms forming a covalent molecule is very large, and high tem-
perature is required to destroy such bonds. In case of smaller bond strength, covalent
oxides such as CO2 and SO2 are gaseous. However, oxides exhibit varying pro-
portions of both ionic and covalent bonding in slags. The ionic fraction of the bond
shown in Table 4.3 decreases from sodium oxide to phosphorus oxide. Hence, each
oxide has an ionic bond fraction and a covalent bond fraction. The ionic fraction
happens to be a measure of the tendency to dissociate into simple ions in the liquid
state. From the table, it is also evident that the fraction decreases approximately at
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the same rate as the attractive force between the ions increases. In the last group of
oxides, namely, TiO2, SiO2, and P2O5, bonding is mainly covalent and the
electrovalent proportion is strong due to small cations carrying higher charge with
a CN of 4. On account of these factors, the bonding between cations and O2� anions
is strong. These simple ions combine to form complex anions such as SiO4�

4 and
PO3�

4 , leading to the formation of a stable hexagonal network in slag systems.
Hence, they are classified as “network formers” or “acid oxides.” For example:

SiO2 þ 2O2� ¼ SiO4�
4 ð4:2Þ

P2O5 þ 3O2� ¼ 2 PO3�
4

� � ð4:3Þ

The first group of oxides in Table 4.3 with high ionic fraction form simple ions on
heating beyond the melting point or when incorporated into a liquid silicate slag. For
example:

CaO ¼ Ca2þ þ O2� ð4:4Þ
Na2O ¼ 2Naþ þ O2� ð4:5Þ

Each O2� ion is capable of breaking one of the four bonds between two tetrahedra
by putting itself at the joint as shown in Fig. 4.3. As they destroy the hexagonal
network of silica by breaking the bond, they are called “network breakers” and also
as “basic oxides.”

Table 4.3 Type of bonding and bond fraction between cations and O2� a

Oxide
z

RcþRað Þ2
Ionic fraction
of bond

Coordination number Nature of the
OxideSolid Liquid

Na2O 0.18 0.65 6 6–8
BaO 0.27 0.65 8 8–12
SrO 0.32 0.61 8 Network breakers
CaO 0.35 0.61 6 or
MnO 0.42 0.47 6 6–8 Basic oxides
FeO 0.44 0.38 6 6
ZnO 0.44 0.44 6
Mgo 0.48 0.54 6
BeO 0.69 0.44 4
............. ............. ............. ............. ............. ..............................
Cr2O3 0.72 0.41 4
Fe2O3 0.75 0.36 4 Amphoteric oxides
Al2O3 0.83 0.44 6 4–6
............. ............. ............. ............. ............. ..............................
TiO2 0.93 0.41 4 Network formers
SiO2 1.22 0.36 4 4 or
P2O5 1.66 0.28 4 4 Acid oxides
aFrom Fundamentals of Metallurgical Processes by L. Coudurier et al. [2],© 1978, p 187, Pergamon
Press Ltd. Reproduced with the permission of Pergamon Press Ltd
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Oxides of metals exhibiting variable valences, for example, Fe2+ and Fe3+, show
both basic as well as acidic characteristics. As the cation of the lower valence state
happens to be larger, the metal–oxygen bonding in the corresponding oxide will be
more electrovalent (ionic) and hence this oxide will be more basic than an oxide of
higher valence. For example, out of the two oxides of iron, FeO is basic and Fe2O3 is
acidic. Oxides such as Fe2O3, Cr2O3, and Al2O3 are known to be amphoteric [2] due
to their dual characteristics because they behave like acids in basic slag and as bases
in acid slag.

The scale of attraction between elements and oxygen given in Table 4.3 is a
function of the size of ions and their charges. It should not be mistaken for affinity of
the element for oxygen. It must be noted that affinity is a thermodynamic property of
the molecule and not of the crystal.

4.2 Structure of Slag

It is well known that most of the slags are silicates. When a basic oxide is
incorporated into the hexagonal network of silica, it forms two simple ions as
presented according to Eqs. 4.4 and 4.5. Formation of O2� ions breaks the three-
dimensional Si-O network, which has been demonstrated in Fig. 4.3. The fraction of
basic oxide, expressed as a O/Si ratio, plays an important role in destroying the
number of Si-O joints. The effect of the addition of a basic oxide on the structure of
silicates is evident from Table 4.4. Depending on the O/Si ratio of the silicates, a
variety of structures are produced. For example, kaolinite, a hydrated silicate of
aluminum, Al2 Si2O5(OH)4 or Al(OH)3.AlO(OH).2SiO2 with O/Si ¼ 5/2, has a
lamellar structure in which the elementary silica tetrahedra are united in a

2–

+

– –

Fig. 4.3 Schematic
representation of breaking
of a common oxygen bond
in the silica tetrahedra in the
presence of a basic oxide
(From Chemical Metallurgy
by J. J. Moore [3], © 1990,
p 159, Butterworth
Heinemann Ltd.
Reproduced with the
permission of Butterworth
Heinemann Ltd.)
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two-dimensional plane. The broken vertices of the tetrahedra combine with alumi-
num octahedra. On destruction of two vertices in each tetrahedron pyroxene, MgO.
SiO2 with O/Si ¼ 3/1, exhibits a fibrous structure as shown in Fig. 4.4.

All the silica tetrahedra are separated from each other by Fe2+ ions on breakage of
all the four vertices in solid fayalite, Fe2SiO4 (with O/Si ¼ 4), which is an iron
silicate. Unlike silica, silicates have a well-defined fusion point with moderate
viscosity. With the weaker electrovalent bonds between simple cations and complex
anions, SiO4�

4 break first. With increase of temperature, the solid silicate structure
completely disappears. Structures of solid and molten fayalite are shown in Fig. 4.5a
and b, respectively.

Table 4.4 Role of O/Si ratio in the structure of silicatesa

O/
Si Formula Structure

2/1 SiO2 Silica tetrahedra form a perfect three dimensional hexagonal network

5/2 MO.2SiO2 One vertex joint in each tetrahedron breaks to produce a two-dimensional
lamellar structure.

3/1 MO.SiO2 Two vertex joints in each tetrahedron break to produce a fibrous structure

7/2 3MO.2SiO2 Three vertex joints in each tetrahedron break

4/1 2MO.SiO2 All the four joints break
aFrom Fundamentals of Metallurgical Processes by L. Coudurier et al. [2],© 1978, p 189, Pergamon
Press Ltd. Reproduced with the permission of Pergamon Press Ltd

Fig. 4.4 Fibrous structure of a pyroxene (From Fundamentals of Metallurgical Processes by
L. Coudurier et al. [2], © 1978, p 189, Pergamon Press Ltd. Reproduced with the permission of
Pergamon Press Ltd.)

Iron atom

Oxygen atom

(upper vertex)

Oxygen atom

(lower vertex)

(a) (b)

Fig. 4.5 Structure of fayalite: (a) solid (b) liquid. (From Fundamentals of Metallurgical Processes
by L. Coudurier et al. [2], © 1978, p 190, Pergamon Press Ltd. Reproduced with the permission of
Pergamon Press Ltd.)
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While analyzing the structure of aluminate and phosphate slags, one should note
that dissociation of Al2O3, P2O5, and B2O3 provides Al

3+, P5+ and B3+ and O2� ions.
These cations can substitute Si4+ in the silica tetrahedral network if the anion/cation
ratio is adjusted to maintain electro-neutrality. Replacement of Si4+ with Al3+

reduces the electron field strength and the attraction between Al3+ and O2�, whereas
such a replacement with P5+ increases the attraction between P5+ and O2� [3]. This
leads to the decrease in the activity of basic oxides on addition of Al2O3, SiO2, and
P2O5.

Basic oxides show high mobility in liquid state due to reduction in the force of
attraction compared to that of the solid state. These basic oxides are more ionic in the
liquid state. In contrast, ionic characteristics of silicates do not increase in liquid state
because liquid silicates retain their complex nonionic three-dimensional structure for
a longer duration. The linkage between SiO4�

4 �O2� �M2þ is much stronger [3] as
compared to that between M2+ and O2� in liquid melt containing SiO2 and a basic
oxide, MO.

4.3 Properties of Slag

The knowledge of the following chemical and physical properties of slag is useful in
optimizing conditions for recovery of the metal values and transfer of impurities
from the metal to the slag phase during extraction and refining.

4.3.1 Oxidizing Power of Slag

Oxidizing power means the ability of the slag to take part in smooth transfer of
oxygen from and to the metallic bath. The metallic bath in iron and steelmaking
contains impurities that may be either more or less noble compared to the main
constituent iron. During refining of pig iron, the less noble ones as compared to iron
will oxidize much faster as compared to iron and are transferred to the slag phase as
oxides. The more noble impurities will oxidize less readily and remain in the metallic
phase. However, some of the stable oxides joining the slag phase may not be able to
supply oxygen to the metallic bath due to their strong bonding with oxygen.
Therefore, the oxidizing power of the slag depends on the activity of the iron
oxide present in the slag. An additional explanation on the oxidizing power will
be given under the section on state of oxidation of slags.
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4.3.2 Basicity of Slag

The concept of basicity requires an understanding about the nature of the different
oxides present in the slag. From the above discussion, it is clear that oxides are
mainly divided into two groups: acids and bases. In aqueous solutions, base accepts
one or more protons whereas acid provides proton(s). In slag systems, an acid oxide
forms a complex anion by accepting one or more O2� anions whereas a basic oxide
generates O2� anion(s):

base ⇄ acidþ O2� ð4:6Þ

For example, SiO2 (and P2O5, CO2, SO3 etc.) is an acid oxide because it accepts
O2� anions to form a complex silicate anion as per the reaction:

SiO2ð Þ þ 2 O2�� �
⇄ SiO4�

4 ð4:7Þ

On the other hand, basic oxides such as CaO, Na2O, MnO, and so on generate
O2� anions:

MnOð Þ ⇄ Mn2þ þ O2� ð4:8Þ

The amphoteric oxides such as Al2O3, Cr2O3, and Fe2O3 behave as acids in the
presence of base(s) or bases in the presence of acid(s) according to the following
chemical reaction (4.9) and (4.10), respectively:

Al2O3ð Þ þ O2�� �
⇄ 2 AlO�

2

� � ð4:9Þ
Al2O3ð Þ ⇄ 2 Al3þ

� �þ 3 O2�� � ð4:10Þ

A slag containing just sufficient O2� anions to make each tetrahedron of the acid
oxide independent of the rest is called a neutral slag. A slag containing 33.3 mol%
SiO2, corresponding to the composition 2CaO.SiO2 in the CaO-SiO2 system is
neutral. From Eqs. 4.7 and 4.4, it is clear that one molecule of SiO2 is neutralized
by two molecules of CaO by forming two cations of calcium (Ca2+) and one complex
silicate anion SiO4�

4

� �
which in turn forms one molecule of calcium orthosilicate

(2CaO.SiO2). Thus, depending on the percentage of SiO2 being more than, equal to,
or less than 33.3 mol%, the slag is acid, neutral, or basic. Similarly, three molecules
of CaO will neutralize one molecule of P2O5 (and Al2O3) by forming calcium
orthophosphate (3CaO.P2O5) and calcium orthoaluminate (3CaO.Al2O3),
respectively.

Different methods have been suggested to express basicity index. Ionic theory
[2, 3] expresses basicity as the excess of O2� anions in 100 g of slag:
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nO2� ¼ nCaO þ nMgO þ nMnO þ . . .� 2nSiO2 � nAl2O3 ::� 3nP2O5 ð4:11Þ

The degree of depolymerization of the silica network can be expressed as the ratio of
the number of nonbridging oxygen atoms to the number of tetrahedrally coordinated
atoms of silicon (i.e., NBO/T) [4, 5]. Thus, basicity may be considered as a slag
structure index [4, 5] because it is dependent on the number of free oxygen anions
(nO2�Þ, which is related to the activity of free oxygen anions in the slag. As aO2�

cannot be measured experimentally and the ionic scale is not useful in industrial
practice, basicity index has been defined in several different ways. The index is
generally defined as the ratio of the total weight percent of the basic oxides to the
total weight percent of the acid oxides. In a binary slag, for example, CaO–SiO2, the
basicity index (b) is given as:

b ¼ wt%CaO=wt%SiO2 ð4:12Þ

Depending on the composition of the slag, the index may take into account the
difference in the relative strength between bases. The basicity index [2] of a complex
slag consisting of CaO, MgO, SiO2, and P2O5, employed in dephosphorization of
steel, is estimated according to the expression:

b ¼ wt%CaOþ 2
3 wt%MgO

wt%SiO2 þ wt%P2O5
ð4:13Þ

MgO is a weaker base as compared to CaO. Moore [3] has suggested the
following expression for calculation of the index:

b ¼ no: of moles of basic oxides� 3� no: of moles of Al2O3 þ P2O5ð Þ
2� no: of moles of SiO2

ð4:14Þ

The ratio, b, is so adjusted that it is less than, equal to, or greater than unity for
acid, neutral, or basic slag, respectively.

For a complex slag comprising CaO, MgO, SiO2, and P2O5, the basicity index
may be further modified on the assumption that concentration of CaO and MgO are
equivalent on molar basis. Converting this concentration in weight percent, CaO
equivalent of MgO becomes 1.4 � wt% MgO ¼ wt% CaO. On molar basis, ½ P2O5

is equivalent to SiO2; hence, in terms of wt% SiO2, the equivalent of P2O5 would be
0.84 � %P2O5 ¼ %SiO2. Thus, basicity index [6] is given as:

b ¼ wt%CaOþ 1:4 wt%MgO
wt%SiO2 þ 0:84 wt%P2O5

ð4:15Þ
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As composition of most of metallurgical slag is close to neutral, the amphoteric
oxides are not included while calculating basicity.

4.3.3 Sulfide Capacity of Slag

Slag plays an important role in extraction and refining of metals, particularly in iron
and steelmaking. From the viewpoint of sulfur removal from pig iron, the chemistry
of sulfur in silicate slags becomes interesting. Sulfide is soluble in silicate melts but
elemental sulfur does not dissolve to any appreciable extent. The chemical reaction
leading to transfer of sulfur may be represented as:

1
2
S2 gð Þ þ O2�� � ¼ 1

2
O2 gð Þ þ S2�

� � ð4:16Þ

K ¼ aS2�ð Þ
aO2�ð Þ

pO2

pS2

� �1
2

¼ xS2� :γS2�ð Þ
xO2�ð Þ

pO2

pS2

� �1
2

ð4:17Þ

where pO2
and pS2 represent the partial pressure of oxygen and sulfur in the gaseous

phase, respectively. From the above equation it may be concluded that for a fixed
pressure of sulfur in the gas phase, the sulfide sulfur decreases as oxygen pressure
increases. The sulfur affinity of a slag, presented as molar sulfide capacity is defined
by the equation:

C0
S ¼ xS2�ð Þ pO2

pS2

� �1
2

¼ K:
xO2�ð Þ
γS2�ð Þ ð4:18Þ

Richardson and Fincham [7] were first to introduce the concept of sulfide capacity of
a slag for assessing the extent of desulfurization according to the reaction (4.16). A
more useful term weight percent sulfide capacity [6, 7] for a technologist is defined
as:

CS ¼ %Sð Þ pO2

pS2

� �1
2

ð4:19Þ

Thus, under similar conditions, a slag with a high CS will definitely hold sulfur
more strongly than the other with a low CS and, hence, will prove to be a better
desulfurizer in a metallurgical process. Richardson [8] has further pointed out that
the sulfide capacity of a slag is proportional to the thermodynamic activity of the
basic oxide in the slag. Considering the fact that the sulfide capacity of SiO2, Al2O3,
TiO2, and CaF2 is close to zero, Nilsson et al. [9] have defined a modified sulfide
capacity function in the following manner:
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CM
S ¼ CS

aMxO
¼ wt%S

aMxO

pO2

pS2

� �1
2

ð4:20Þ

The modified function, characteristic of each binary slag system, has been helpful
in developing mathematical models [10] which can estimate the sulfide capacities in
multicomponent systems. In view of the above-mentioned importance of the sulfide
capacity data in steelmaking, Seetharaman and coworkers [11–17] have determined
sulfide capacities of many binary, ternary, and multicomponent oxide melts. In
general, sulfide capacity enhances with increase of temperature and basicity. The
sulfide capacity of CaO–SiO2–MgO–Al2O3–TiO2 slag [14] decreases with the
increase of TiO2 content at higher temperatures, whereas the effect was insignificant
at a lower temperature. MgO beyond 5% increases the sulfide capacity of this slag.
MgO and MnO increase the sulfide capacities of CaO–Al2O3–SiO2–MgO, CaO–
Al2O3–SiO2–MnO and CaO–Al2O3–SiO2–MgO–MnO slags [15] in a low SiO2

concentration range. Both basicity and temperature enhance the sulfide capacities
of CaO–MgO–Al2O3–SiO2–CrOx slags [17] in the temperature range 1550–
1625 �C. The sulfide capacity increases by the addition of CrOx up to 5% but
decreases on further increase of the CrOx content.

4.3.4 Electrical and Thermal Conductivity

Molten silica is a poor electrical conductor. However, its conductivity increases to a
great extent by addition of basic oxides, for example, CaO, FeO, or MnO as flux.
This increase is due to the formation of ions. The conductivity values serve as a
measure of degree of ionization of the slag. The electrical conductivity of slags
depends on the number of ions present and the viscosity. Thus, conductivity will be
greater in the liquid state and further increases with the temperature.

In general, thermal conductivity of slags is very low but heat losses are much
higher due to convection. The knowledge about thermal conductivity is essential, not
only in development of heat and mass-transfer models but also in optimization of the
pyrometallurgical processes. The addition of basic oxides (network breakers) to
silicate melts consisting of polymeric silicate anions, SiO4�

4 gradually causes disin-
tegration of the silicate network. However, the addition of Al2O3 (an oxide of
amphoteric characteristic) to a basic slag polymerizes the slag melt. Mostaghel
et al. [18] have reported that the effective thermal conductivity of the industrial
iron-based slag increases by the addition of Al2O3 up to 15%. This is attributed to the
formation of strong Al–O covalent bonds. Kang and Morita [19] have carried out
systematic thermal conductivity measurements of CaO–Al2O3–SiO2 slags. Erickson
and Seetharaman [20] have observed a significant increase in the effective thermal
conductivity on addition of Al2O3 to a slag with a constant CaO/SiO2 molar ratio and
also on addition of SiO2 to a slag with the CaO/Al2O3 molar ratio of 2.59, but there
was very little effect of SiO2 in a slag of 4.42 molar ratio.
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4.3.5 Viscosity

Viscosity being one of the most important properties of slag melts does not only
control the heat and mass transfer but also affects the kinetics of reactions at the slag/
matte/metal interfaces [21, 22]. It depends on the composition of the polymeric
complex ions present in the slag system. The viscosity, η, of a slag of the given
composition decreases exponentially with increase of temperature according to the
Arrhenius equation:

η ¼ A exp Eη=RTð Þ ð4:21Þ

where A is a constant and Eη is the activation energy for viscous flow of the slag.
However, decrease is small due to the large value of activation energy. Eη decreases
rapidly on the addition of a basic oxide or halide as flux in molten silica. Basic oxides
or halides with large ionic bond fraction are more effective in reducing viscosity than
those with smaller bond fraction by breaking bonds between the silica tetrahedra.
The first addition of flux to silica to the extent of 15 % has a far greater effect in
decreasing the activation energy. This trend for the addition of CaO, Na2O, and CaF2
in silica is shown in Fig. 4.6. Na2O and CaF2 have a greater ionic bond fraction as
compared to CaO.

Silica serves as a flux for basic slags in the same way as basic oxides do in acid
slags. Figure 4.7 presents the effect of CaO/SiO2 ratio and temperature on viscosities
of acid and basic blast furnace slags of various compositions. From these figures it is
noted that the lowest viscosity is found with a CaO/SiO2 ratio of approximately 1.35,
which is the eutectic composition at this temperature. It is also inferred that viscosity
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Fig. 4.6 Effect of the addition of a flux on the activation energy of a slag (From Fundamentals of
Metallurgical Processes by L. Coudurier et al. [2],© 1978, p 191, Pergamon Press Ltd. Reproduced
with the permission of Pergamon Press Ltd)
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decreases rapidly with temperature for both basic as well as acid slags. However,
basic slags with higher melting points are more sensitive to temperature. This
indicates that activation energy for viscous flow of basic slags is much lower than
for acid slags. Use of CaF2 as flux is more effective in reducing viscosity of basic
slags than that of acidic slags. This may be due to the ability of F� ions to break the
hexagonal network of silica and the low melting point of undissociated CaF2:

⋮Si� O� Si⋮ð Þ þ F�ð Þ ¼ ⋮Si�ð Þ þ F� Si⋮ð Þ ð4:22Þ

The effect of MgF2 is markedly larger than that of CaF2.
Al2O3 being an amphoteric oxide behaves as a network breaker (basic in nature)

in acid slags (Al2O3 ¼ 2Al3+ + 3O2�) and network former (acid character) in basic
slags (Al2O3 + O2� ¼ Al2O4

2�). Addition of Al2O3 in the latter case replaces silica
tetrahedra. Figure 4.8 shows isoactivity curves at 1600 �C and indicates that addition
of Al2O3 to a basic slag increases the viscosity by acting as a network former
whereas in acid slag it reduces viscosity due to its dual character. In industrial
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practice if viscosity decreases slowly with rise in temperature, the slag is called a
long slag (acid slags) whereas in the case of short slag (basic), viscosity decreases
rapidly. According to Moore [3] a reduction in the viscosity of acid slags due to
increase of temperature and addition of basic oxides is related to the electrostatic
force of attraction between cation and anion complexes. A stronger force lowers the
sensitivity of the slag to reduce viscosity by these changes. Surface properties of
slags are affected by different additions. Viscosity is controlled by the movement of
large anions. During steelmaking, highly viscous slag, for example, in the acid
Bessemer process, does not take part in refining reactions; it only acts as a sink for
oxide products. Such a dry slag can be easily separated from the steel melt. In all
other steelmaking processes, slags with low viscosity are fluid and act as sink as well
as take part in refining processes. Such thin or wet slags are helpful in improving the
mass transport and, consequently, the rates of reaction.

Since the knowledge of viscosity is essential for modeling of high-temperature
pyrometallurgical processes, extensive researches have been directed during the past
few decades [23–32] to collect data on viscosities of slags of different compositions
over a range of temperatures. It is surprising to note that despite exhaustive work,
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Fig. 4.8 Isoviscosity curves for CaO–SiO2–Al2O3 slags at 1600 �C, viscosity in poise and
composition in weight percent (From Fundamentals of Metallurgical Processes by L. Coudurier
et al. [2], © 1978, p 194, Pergamon Press Ltd. Reproduced with the permission of Pergamon Press
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many controversies regarding the structure and properties of slags still remain
unresolved.

It is interesting to record here the effect of composition on viscosity of a few slag
systems. Mostaghel et al. [21] have reported that viscosity of an industrial zinc-
copper slag increases by addition of 5–15% alumina due to progressive polymeri-
zation of the melt because alumina behaves as a network former. Kowalczyk et al.
[33] conducted studies on viscosity measurement of copper slag obtained from
chalcocite concentrate smelting. Park et al. [34] have studied the viscous behavior
of FeOx–Al2O3–SiO2 copper smelting slags. Vidacak et al. [35] have reported a
decreasing trend in viscosity with the increase of FeO content from 10 to 33% in
Al2O3–CaO–FeO slags.

4.3.6 Surface Tension

In addition to viscosity, the knowledge of surface tensions of slag melts is also useful
in optimizing mass-transfer conditions in bath smelting processes. Slag/metal inter-
facial tensions have played significant roles in enhancing the efficiency of many
processes concerning metal production. Studies on dynamic interfacial tensions have
been useful in understanding the mechanisms of slag–metal reactions due to the
changes in surface tensions during the course of extraction. Thus, generation of
accurate thermochemical and thermophysical data becomes necessary for develop-
ment of appropriate extrapolation models [36, 37].

Surface properties of a slag and metal bath play an important role in iron and
steelmaking. The high rates of reaction in basic oxygen converters is due to the
physical conditions of the metal, slag, and gaseous phases in the converter. The
theories regarding rapid reaction rates rely heavily on the formation of slag–metal
emulsion and slag foams, leading to the creation of the large required reaction
surface. Both these phenomena are governed by the surface properties [6] of the
oxide and metal bath, which are controlled by composition and temperature. The
most important feature of emulsion and foam is the considerable increase of the
interfacial area [38] between the two phases leading to the high rate of reaction.

As surface tension is the work required to create a unit area of the new surface, the
necessary energy for emulsifying a liquid or a gas in another liquid increases with
increasing surface tension value. In a similar manner, energy is liberated when the
interfacial area decreases. The decrease in the interfacial area is associated with a
corresponding decrease in the total surface energy. The destruction of an emulsion is
always a spontaneous process, called self-destruction. Hence, a low interfacial
tension favors both the formation and retention of emulsion. On this basis, slag/
metal and slag/gas systems are not suitable for emulsification because of the high
equilibrium slag/metal interfacial tension [6], 800–1200 erg cm�2 as compared to
about 40 erg cm�2 for a water/mineral oil interface. The value is also high for a slag/
gas interface (400–600 erg cm�2) as compared to 73 erg cm�2 for a water/gas
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interface. However, the slag/metal interfacial tension is considerably lowered to
1/100 of the equilibrium value due to mass transfer.

From the surface tension data for pure oxide [6], it is found that ionic octahedral
oxides with high CN and NaCl structure, in liquid state, have very low viscosity and
high surface tension; for example, for FexO in equilibrium with solid iron at 1420 �C,
η ¼ 0.3 p and σ ¼ 585 erg cm�2; for Al2O3 at 2100 �C, η ¼ 0.5 p and σ ¼ 690 erg
cm�2; and for CaO at the melting point, η < 0.5 p and σ >585 erg cm�2. On the other
hand, liquid oxides with low coordination of central atom with an oxygen atom
(tetrahedral oxides–network formers) have high viscosity and low surface tension;
for example, for SiO2, η ¼1.5�105 p at 1942 �C and σ ¼ 307 erg cm�2 at 1800 �C;
for B2O3, η¼ 300 p at 1000 �C and σ ¼ 82 erg cm�2 at 1000 �C. Addition of SiO2 or
P2O5 to a basic oxide lowers [3] the surface tension due to the absorption of a thin
layer of anions, that is, SiO4�

4 and PO3�
4 on the surface. Vishkarev et al. [39] have

reported lowering of surface tension of FexO by excess oxygen. Thus, excess oxygen
seems to be moderately surface-active in FeO.

4.3.7 Diffusivity

There is very limited information about diffusion coefficients in liquid oxides. The
interdiffusion coefficient of oxygen with FeO has been established as 4� 10�4cm2s�1

at 1550 �C. It decreases drastically with the increase of Fe3+ concentration due to the
formation of Fe3+ – O2� complexes. Addition of network-forming covalent oxides,
such as SiO2, P2O5, and B2O3 in oxides such as FeO, NiO, CaO, and MnO reduces
conductance, which is controlled by the movement of small cations. Diffusivity data
are scarce as well as conflicting. Silicon diffuses very slowly because it is locked
covalently in the large slow-moving anions [8]. Aluminum is the next slowest to
diffuse as it is built into the anions. Calcium being the smallest ion is expected to
diffuse most rapidly but oxygen diffuses much faster than calcium. Richardson [8] has
reported that it is possible that oxygen moves faster by splitting away from and
recombining with the slow moving silicate ions; however, one expects the larger
oxygen ion to move slowly as compared to calcium. The self-diffusion coefficients of
Si, Al, and Ca in CaO–Al2O3–SiO2 melt are consistent [40].

4.4 Constitution of Metallurgical Slags

From the preceding paragraphs, we understand that slags are molten mixture of
oxides and silicates, sometimes phosphates and borates. As the major constituents of
iron blast furnace slag are SiO2, CaO, and Al2O3, the slag system is represented by a
ternary phase diagram of SiO2–CaO–Al2O3. The melting points of SiO2, CaO, and
Al2O3 lie between 1700 and 2600 �C but are lowered by addition of other
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components. Melting points below 1400 �C are found in two regions (i) mixtures
with 40–70% SiO2 and 10–20% Al2O3 and (ii) mixtures with about equal quantities
of lime and alumina and about 10% SiO2. Most iron blast furnace slags fall within
the first region, whereas the second region corresponds to the lime aluminate slags
formed in the smelting of high alumina ores with lime. In addition to the three main
constituents, SiO2, CaO, and Al2O3, the iron blast furnace slags may contain variable
amounts of magnesia, manganese oxide, and titanium oxides. The behavior of
magnesia and manganese oxide is similar to that of lime but they have lesser affinity
for SiO2 and Al2O3.

There is no appreciable change in the melting point of a slag with high SiO2 on
replacement of some lime by equal amounts of MgO or MnO. However, the melting
point decreases in case of slag with lower SiO2 [41]. For example, the melting point
of Ca2SiO4 is lowered by several hundred degrees by replacing about 10% CaO by
the same amount of MgO. Based on this finding, dolomite is occasionally added to
lower the melting point in blast furnaces to produce a slag with about 10% MgO.
MnO also lowers the melting point in the orthosilicate range but it is less effective as
compared to MgO. However, addition of TiO2 in slags exhibits an entirely different
behavior. With CaO, TiO2 (melting point 1842 �C) forms a stable compound,
CaTiO3, which is partially immiscible with molten SiO2. Addition of TiO2 to
CaSiO3 slag lowers the melting point, extending a low-melting-slag area to a eutectic
composition with 80% TiO2 and 20% CaO melting at 1460 �C. In smelting of
ilmenite, titania slags are generated by reduction of iron.

The major constituents of steelmaking and nonferrous slags are SiO2, CaO, and
FeO but some Fe2O3 is also present [2, 42]. In refining of steel and production of
copper, lead, tin, and nickel by pyrometallurgical methods, conditions are much
more oxidizing as compared to what prevails in the iron blast furnace. Hence, a part
of iron after oxidation joins the slag phase. In addition, the slag may contain variable
amounts of MgO, MnO, Al2O3, P2O5, ZnO, and so on, depending upon the metal
production under question. Acid steelmaking slag often contains some MnO,
whereas MgO and P2O5 are present in basic steelmaking slags. Copper and lead
slags may contain some ZnO and tin slags contain PbO. All slags may contain some
Al2O3. MnO, MgO, and ZnO, which behave like CaO and form silicates. P2O5 like
SiO2 is acidic in nature and forms stable compounds with lime and is less stable with
FeO. In the ternary system CaO–FeO–P2O5, high stability of Ca3P2O8 and Ca4P2O9

gives rise to a range of liquid immiscibility between liquid calcium phosphate and
liquid iron oxide.

The Kennecott-Outotech flash converter [43] and Mitshibishi continuous con-
verter [44] for production of blister copper use silica-free slags based on CaO flux.
The reasons for the use of calcium ferrite slag has been explained in Sects. 3.3.2 and
3.3.3. In the Mitsubishi process for direct conversion of concentrates into metallic
copper, CaO-based CaO�Cu2O�FeO�Fe3O4 slag [45] plays an important role in
the converting operation because SiO2-based slag cannot absorb magnetite and
wustite formed under the high oxygen potential required to form metallic copper.
The appropriate knowledge [46] of the slag-phase equilibria, activities of Pb, Zn,
PbO, and ZnO in the multicomponent slag system, SiO2–CaO–FeO–PbO–ZnO, and
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kinetics of transfer of species from the slag to the metal (and vice versa) have been
useful in development of the Ausmelt process for the production of lead from low- as
well as high-grade galena concentrates.

From a discussion point of view, the SiO2–CaO–FeO ternary system seems
interesting in steelmaking. Presently, major production of steel is based on basic
processes, and hence, it will be more appropriate to discuss some aspects of physical
chemistry of basic steelmaking slags in the following paragraphs.

4.4.1 State of Oxidation of Slag

The oxidizing or reducing power of a slag refers to its capacity to participate in the
transfer of oxygen to and from the metallic bath. In iron and steelmaking, the
metallic bath contains iron as the principal component and other elements that are
more or less noble than iron. More noble elements will oxidize less readily than iron
during the refining of pig iron and, consequently, will be found in the metallic phase.
Less noble elements are easier to oxidize as compared to iron and will be found to a
large extent in the slag as oxides. However, these oxides may be so stable that they
are not able to supply oxygen to the metallic bath and, hence, the oxidizing power of
the slag depends on the activity of the iron oxide present in the slag. The equilibrium
between oxygen dissolved in the metal and iron oxide dissolved in the slag is
explained as:

FeOð Þ lð Þ ¼ Fe½ � lð Þ þ O½ � ð4:23Þ

Where [ ] denotes the element dissolved in the metallic phase and ( ) represents
the constituent/ion present in the slag.

K ¼ aFe
aO½ �
aFeOð Þ ¼

aO½ �
aFeOð Þ in a low alloy steel melt aFe½ � ¼ 1ð Þ

��
ð4:24Þ

Thus, the activity of oxygen in the melt, [aO] is proportional to the activity of FeO
in the slag (aFeO). At 1600 �C liquid iron saturated with pure FeO dissolves 0.23% O,
that is, when aFeO¼ 1.

Hence,K ¼ aO½ � ¼ f O½ �wt%O ¼ f O½ � %O½ � ð4:25Þ
assuming f O½ � ¼ 1ð Þ, K ¼ aO½ � ¼ %O½ � ¼ 0:23 maximum solubilityð Þ ð4:26Þ

In the presence of slag-forming oxides, solubility of oxygen decreases and [%O]
is accordingly modified as:

K ¼ aO½ �
aFeOð Þ ð4:27Þ
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aO½ � ¼ K:a FeOð Þ ¼ 0:23:aFeO ð4:28Þ

Thus, from Eqs. 4.26 and 4.28 we can write:

%O½ � ¼ 0:23:aFeO ð4:29Þ

where aFeO is the activity of FeO in the coexisting slag relative to pure liquid FeO.
The oxygen content of steel estimated from slag composition, assuming slag–

metal equilibrium is about 2–3 times [47] more than determined by vacuum fusion
analysis of the metal sample. In all steelmaking processes, the oxygen content of the
steel during refining or at tap is high when the total (FeO) content of the slag is high.
This simply indicates the possibility of oxidation of Fe2+ into Fe3+. If the slag is not
in equilibrium with the metal, due consideration should be given to this aspect. For a
given oxygen potential, the ratio Fe3+/Fe2+ changes markedly with the composition
of the slag. For example, at 1550 �C the ratio [47] in different melts is as follows:

1. in case of lime-saturated melts � 0.33,
2. silica-saturated iron silicate melt � 0.02 and
3. complex basic slag < 0.3.

However, in actual steelmaking practice, the ratio varies between 0.3 and 0.5.
This high ratio indicates that the state of oxidation in steelmaking slags is much
higher than that anticipated from slag–metal equilibrium. For the BOF and BOH
practices [47], the oxygen content of the steel, estimated from the Fe2O3 content of
the slag, is within 0.1–0.4% and for BOH roof lancing, it is 0.4–1.0%. This may be
compared with the value of 0.23% in liquid iron saturated with liquid iron oxide.
When the calculated value is greater than 0.23, the slag must be oxidizing to the
metal.

On the basis of the evidence cited above, it is concluded that the oxygen activity
of steelmaking slags is much greater [47] than that of the steel during refining and at
the time of tapping. This noticeable difference in the state of oxidation of slag and
metal is, of course, a desirable feature for rapid oxidation of impurities during
steelmaking without over oxidation of the steel. In the bottom-blown Bessemer
process, the FeO content of the slag is in the range of 6–12%, which is about half
that for BOH and BOF processes. This difference is not surprising because in BOH
and BOF furnaces, slag is exposed to a more severe oxidizing atmosphere. The
difference in the state of oxidation of the slag in these processes has an important
bearing on the dephosphorization of steel.

The activity data have been determined for a variety of slag compositions
and have been usefully compiled in the form of isoactivity curves in the
pseudoternary systems. The ternary phase diagram [48]
(CaO + MnO + MgO) � (SiO2 + P2O5) � (FeO + Fe2O3) as shown in Fig. 4.9,
can be used to know aFeO in the normal range of steelmaking temperatures. For
comparison, an alternative diagram [49] of CaO–SiO2–FeO is also given in
Fig. 4.10. Both the figures indicate that for any given FeO content, its activity
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shall be maximum for the composition close to the line joining the FeO apex to the
orthosilicate 2CaO.SiO2 composition due to the high preferential attraction between
CaO and SiO2. Increase in SiO2 concentration tends to form iron silicate, whereas
increase in CaO tends to form ferrite, Ca2SiO4. Thus, aFeO reduces as composition
changes away from the orthosilicate line on either side. A slag with b ¼ 2, thus, has
maximum oxidizing power for any FeO content. In practice, however, slags with a
much higher basicity are required for effective removal of phosphorus and sulfur
during refining.

The basicity and oxidizing power of a slag are independent properties. In practice,
basicity is generally related to lime content and oxidizing power to the FeO con-
centration in the slag although the latter is also a base. Thus, the slag can be of any
basicity and any oxidizing power provided requirements regarding viscosity, ther-
mal conductivity, surface tension, and so on are properly met. In basic steelmaking,
slag can be highly basic and highly oxidizing or highly basic and highly reducing. In
acid steelmaking, the slag being silica saturated has practically no basicity but it is
highly oxidizing.

When a ferrous slag (CaO–SiO2–FeO) is melted in equilibrium with metallic iron,
the iron is mostly in a divalent state, but some trivalent iron is also present. A pure
wustite melt in equilibrium with iron contains about 10% Fe2O3. Fe2O3 content
decreases on addition of SiO2 and becomes insignificant beyond Fe2SiO4. But
addition of lime to the wustite melt increases the Fe2O3 content to about 20%.
Thus, silica stabilizes divalent iron oxide, whereas lime stabilizes trivalent iron
oxide. Hence, at a steelmaking temperature of 1600 �C, the range of molten slags
extends from pure wustite melt across the diagram [48] to compositions around
CaSiO3, and borders on the acid side by saturation with solid silica and on the basic
side by saturation with solid lime and solid Ca2SiO4. The lowest melting points are
found with about equal amounts of silica and iron oxide and 10–20% lime, melting
below 1100 �C. There are two areas of particular interest in steelmaking:

A. Slags practically saturated with silica and with very little lime cover the acid
steelmaking slags, which are melted in silica lined furnaces, and

B. Slags practically saturated with solid lime or solid Ca2SiO4 cover the basic steel-
making slags. It may be melted in magnesite or dolomite-lined furnaces.

Acid steelmaking slags marked as (A) in Fig. 4.11 are very similar to copper and
lead smelting slags, shown by areas (C) and (D). These nonferrous slags contain
more Fe2O3 because smelting is carried out under more oxidizing conditions in the
absence of metallic iron. Some lime is added to increase the fluidity of the slag. The
composition range of these slags are shown in Fig. 4.11 by their projections into the
FeO–CaO–SiO2 and FeO–Fe2O3–SiO2 systems.

FeO–Fe2O3–SiO2 slag [42] is produced during matte smelting of chalcopyrite
concentrate in reverberatory furnace, whereas FeO–CaO–SiO2 slags are used in the
Kennecott-Outotec Flash Converting Process [43] and in the Mitsubishi Continuous
Copper Converting Process [44].
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4.5 Slag Theories

Activities of various constituents present in the slag are required for characterization
of the slag. As experimental measurement is difficult at high temperature due to the
corrosive nature of slag systems, several theories have been developed for the
estimation of activities and other thermodynamic properties of the slag constituents.
All the theories are based on certain assumptions which limit their application in
actual slags. The important theories may be classified into ionic and molecular
theories. However, no theory is universally applicable in all types of slags. Hence,
the activity of a component needs to be determined experimentally by a method
based on the equilibrium between metal, slag, and atmosphere.

4.5.1 Ionic Theories

Herashymenko [50, 51], Temkin [52], Flood [53, 54], and Masson [55, 56] have
made important contributions toward the development of ionic theories of slag. Only
a brief mention of each will be given here; details can be obtained from references
[2, 3, 50–56].

4.5.1.1 Temkin Theory

This theory is based on the assumptions that components of slag solutions are
completely dissociated into ions. There is no interaction between ions of the same
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charge; hence, there exists a state of complete randomness. There is mixing of
cations (i+) on cation sites and anions ( j�) on anion sites. Thus, slag consists of
two separate sets of ideal solutions of cations and anions. Due to complete dissoci-
ation, all the ionic species in the slag are known. Based on this hypothesis, the
dissociation of component ij present in the slag can be expressed as:

ij ¼ iþ þ j� ð4:30Þ

K ¼ aiþ :aj�

aij
ð4:31Þ

At equilibrium, ΔGo ¼ 0, ∴ K ¼ 1 (ΔGo ¼ � RT lnK)
Since cations and anions form two different sets of ideal solutions:

aiþ ¼ xiþ and aj� ¼ xj� ð4:32Þ

∴K ¼ xiþ :xj�

aij
¼ 1 ð4:33Þ

oraij ¼ xiþ :xj� ð4:34Þ

It is assumed that the above relation holds good at various molar fractions of the
component ij present in the slag solution. In general, Ca2+, Mg2+, Fe2+, SiO4�

4 , PO3�
4 ,

Al2O2�
4 , Fe2O4�

5 , O2�, and so on are present in slag solutions. The fraction of the
O2� anion and activity of the oxide in solution can be calculated by making use of
Eqs. 4.11 and 4.34, respectively. Application of these equations will be illustrated in
some problems.

4.5.1.2 Flood Theory

Flood, Forland, and Grjotheim [53, 54] have further extended Temkin’s theory by
considering equilibria between ions or compounds dissolved in the slag and ele-
ments dissolved in the metallic phase. It assumes ideal behavior for ions in slag and
nonideal for elements in metal. For example, the sulfur–oxygen equilibrium between
slag and metal may be represented in the following manner:

S½ � þ O2�� � ¼ S2�
� �þ O½ � ð4:35Þ

K ¼ aS2�ð Þ: aO½ �
aS½ �: aO2�ð Þ ð4:36Þ

As slag and metal phases exhibit ideal and nonideal behavior, respectively, K is
expressed as:
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K ¼ xS2�ð Þ: f O:%O½ �
f S:%S½ �: xO2�ð Þ ¼ K 0g fð Þ ð4:37Þ

where K 0 ¼ xS2�ð Þ: %O½ �
xO2�ð Þ: %S½ � (the apparent equilibrium constant)

and g fð Þ ¼ f O½ �
f S½ � ð4:38Þ

when Henry’s law is obeyed:

f O½ � ¼ 1 ¼ f S½ � ð4:39Þ
hence K ¼ K 0 ð4:40Þ

Moore [3] has discussed the application of Flood’s Theory in complex slags
containing sulfides and oxides of Na and Ca and in the phorphorus–oxygen equi-
librium between metal and slag in iron and steelmaking.

4.5.1.3 Masson theory

In order to calculate the activity of a basic oxide in a silicate slag, Masson [55, 56]
has developed a theory to account for more complex anions compared to SiO4�

4 .
Masson considers slags as complex solutions containing polymeric silicate anions.
The character and quantity of basic oxide present in the slag control the degree of
polymerization. Thus, in a highly basic slag, silica is present mainly as SiO4�

4

whereas less basic slag contains SiO4�
4 , Si2O6�

7 , Si3O8�
10 . . . . . . . . . . SinO

2 nþ1ð Þ�
3nþ1ð Þ

anions in equilibrium with each other. The equilibria between these complex anions
can be expressed as follows:

SiO4�
4 þ SiO4�

4 ¼ Si2O
6�
7 þ O2� K1 ¼

xSi2O6�
7 :xO2�

xSiO4�
4
xSiO4�

4

ð4:41Þ

Si2O
6�
7 þ SiO4�

4 ¼ Si3O
8�
10 þ O2� K2 ¼

xSi3O8�
10 :

xO2�

xSi2O6�:
7
xSiO4�

4

ð4:42Þ

Si3O
8�
10 þ SiO4�

4 ¼ Si4O
10�
13 þ O2�K3 ¼

xSi4O10�:
13

xO2�

xSi3O8�:
10
xSiO4�

4

ð4:43Þ

In the above equations K1, K2, K3 are corresponding equilibrium constants. The
mole fraction of each of the subsequently generated polymeric silicate anion by
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addition of a silica tetrahedron can be estimated as follows by assuming,
K1 ¼ K2 ¼ K3¼ K. Hence,

xSi2O6�
7

¼
K: xSiO4�

4

xO2�
xSiO4�

4
ð4:44Þ

xSi3O8�
10

¼
K: xSi2O6�

7

xO2�
xSiO4�

4
¼ K2

xSiO4�
4

xO2�

� �2
:xSiO4�

4
ð4:45Þ

xSi4O10�
13

¼
K: xSi3O8�

10

xO2�
xSiO4�

4
¼ K3

xSiO4�
4

xO2�

� �3
:xSiO4�

4
ð4:46Þ

where K is the composite equilibrium constant and, hence, the total silicate anions
may be obtained as

X
Nsilicate anions ¼ xSiO4�

4
þ xSi2O6�

7
þ xSi3O8�

10
þ . . . . . . . . . x

SinO
2 nþ1ð Þ�
3nþ1ð Þ

ð4:47Þ

¼ xSiO4�
4

1þ K
xSiO4�

4

xO2�

� �
þ K

xSiO4�
4

xO2�

� �2
þ K

xSiO4�
4

xO2�

� �3
þ . . . ::

" #
ð4:48Þ

¼
xSiO4�

4

1� K
xSiO4�

4
xO2�

h i ð4:49Þ

(assuming y ¼ K
xSiO4�

4
xO2�

h i
and summing the series: 1þ yþ y2 þ y3 þ . . . . . .þ

yn ¼ 1
1�yð Þ if y < 1)

According to Temkin theory:

X
Nsilicate anions ¼ 1� xO2� ð4:50Þ

(when there are only silicate and O2� ions present)
From Eqs. 4.49 and 4.50 we get

1� xO2�ð Þ 1�
K xSiO4�

4

xO2�

� �
¼ xSiO4�

4

∴xSIO4�
4

¼ 1� xO2�

1� K þ K=xO2�

� �
ð4:51Þ

Form the chemical analysis of slag the mole fraction of SiO2 can be expressed as:
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xSiO2 ¼
nSiO2

ntotal oxide

¼ nSiO2

nSiO2 þ nMO freeð Þ þ nMO silicateð Þ
ð4:52Þ

From the knowledge of the equivalent number of moles of SiO2 required to
produce each of the above complex silicate polymeric anions as well as the total
number of oxides (SiO2 + basic oxides) Eq. 4.52 may be expressed as:

xSiO2 ¼
xSiO4�

4
þ 2 xSi2O6�

7
þ 3 xSi3O8�

10
þ . . . . . . . . .

xO2� þ 3 xSiO4�
4
þ 5 xSi2O6�

7
þ 7 xSi3O8�

10
þ . . . . . . . . .

ð4:53Þ

By using appropriate chemical reactions such as (4.41), (4.42), (4.43) and
assuming a composite equilibrium constant, K, instead of K1, K2, K3 and so on,
fractions of other silicate anions can be calculated. A general expression [3] may be
written as:

x
SinO

2 nþ1ð Þ�
3nþ1ð Þ

¼ K
xSiO4�

4

xO2�

� �n�1

:xSiO4�
4

ð4:54Þ

Combining the above Eqs. 4.41, 4.42, 4.43, 4.51 and 4.53 and making use of
suitable expressions of the sum of infinite series
(1þ 2yþ 3y2 þ . . . . . . ¼ 1

1�yð Þ2 and 3þ 5yþ 7y2 þ 9y3 þ . . . . . . : ¼ 3�y
1�yð Þ2, one can

evaluate xO2� by the expression relating xSiO2 (by chemical analysis) with K and xO2� :

xSiO2 ¼ 1

3� K þ xO2�
1�xO2�

þ K K�1ð Þ
x
O2�

1�x
O2�

þK

ð4:55Þ

If K is known, xO2� can be calculated. Hence, activity of the basic oxide, MO can
be calculated by the Temkin relationship: aMO ¼ xM2þ :xO2�ð Þ.

There is reasonable agreement between the activity values calculated for a
number of basic oxides, CaO, FeO, MnO, and the experimentally determined values.
However, the theory is not applicable to all slag systems due to oversimplified
assumption of the composite constant (K ¼ K1 ¼ K2 ¼ K3 etc.). The equilibrium
constant for more complex polymeric anions are definitely different from those for
Si2O6�

7 and Si3O8�
10 . Further, this theory considers only linear chains but some cyclic

chains may exist with more complex polymeric anions. Similarly, to the Temkin and
Flood theories, Masson’s theory also assumes ideal behavior for cations and anions
separately. The possibility of ion interaction cannot be ignored in actual solutions.
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4.5.2 Molecular Theory

According to Schenck [57], the molecular theory assumes ideal behavior for all the
molecules present in slag. Without forming ions, simple oxides such as CaO, MnO,
FeO, Fe2O3, Al2O3, and SiO2 either associate to form complex molecules such as
Ca2SiO4, CaAl2O4, and Ca4P2O9 or remain as free compounds. This makes it
necessary to consider all possible molecules existing in the slag system. For exam-
ple, in a ternary slag system of CaO–MnO–SiO2, eight molecules MnO, CaO,
CaSiO3, Ca2SiO4, MnSiO3, Mn2SiO4, Ca2Si2O6, and Ca4Si2O8 may exist. This
requires a set of the following eight equations to calculate the mole fraction of
each compound as under:

1: MnOþ SiO2 ¼ MnSiO3;K1 ¼ xMnSiO3=xMnO:xSiO2 ð4:56Þ
2: 2MnOþ SiO2 ¼ Mn2SiO4; K2 ¼ xMn2SiO4=x

2
MnO:xSiO2 ð4:57Þ

3: CaOþ SiO2 ¼ CaSiO3; K3 ¼ xCaSiO3=xCaO:xSiO2 ð4:58Þ
4: 2CaOþ SiO2 ¼ Ca2SiO4;K4 ¼ xCa2SiO4=x

2
CaO:xSiO2 ð4:59Þ

5: 2CaOþ 2SiO2 ¼ Ca2Si2O6;K5 ¼ xCa2Si2O6=x
2
CaO:x

2
SiO2

ð4:60Þ
6: 4CaOþ 2SiO2 ¼ Ca4Si2O8;K6 ¼ xCa4Si2O8=x

4
CaO:x

2
SiO2

ð4:61Þ
7: Ca4Si2O8 ¼ Ca2Si2O6 þ 2CaO;K7 ¼ xCa2Si2O6 :x

2
CaO=xCa4Si2O8 ð4:62Þ

8: Ca4Si2O8 ¼ 2 Ca2SiO4ð Þ; K8 ¼ x2Ca2SiO4
=xCa4Si2O8 ð4:63Þ

Assuming ideal behavior for all the compounds participating in the above equa-
tions the equilibrium constants have been expressed in terms of mole fractions. From
the mass balance the number of moles of CaO, MnO, and SiO2 can be expressed as:

nCaO ¼ nCaO freeð Þ þ nCaSiO3 þ 2nCa2SiO4 þ 2nCa2Si2O6 þ 4nCa4Si2O8 ð4:64Þ
nMnO ¼ nMnO freeð Þ þ nMnSiO3 þ 2nMn2SiO4 ð4:65Þ
xSiO2 ¼ nSiO2 freeð Þ þ nMnSiO3 þ nMn2SiO4 þ nCaSiO3 þ nCa2SiO4 þ 2nCa2Si2O6

þ 2nCa4Si2O8 ð4:66Þ

Although the molecular theory is applicable in certain slag systems, assumption
of ideal solution behavior is not true in all the slags. Furthermore, the equilibrium
constants relating the mole fractions of different molecules are not often known with
a certain degree of accuracy. Winkler and Chipman [58] have applied this theory to
calculate activities of CaO and FeO in a complex slag used in dephosphorization of
steel.

134 4 Metallurgical Slag



4.6 Problems

Problem 4.1
For a slag containing (weight percent) CaO – 50%, MnO – 8%, FeO – 25%, and
SiO2 – 17% calculate (a) the excess base of slag assuming species 2MO.SiO2,
(b) oxygen ion concentration of the slag, and (c) activity of FeO

Solution
Slag composition

Species wt% mol%
CaO 50 54.6
MnO 8 6.9
FeO 25 21.2
SiO2 17 17.3

a. Excess base ¼ CaO + FeO + MnO – 2(SiO2) ¼ (54.6 + 6.9 + 21.2) –

2 � 17.3 ¼ 48.1 mol

b. nO2� ¼ nCaO þ nFeO þ nMnO � nSiO2

¼ 0:546þ 0:212þ 0:069� 2� 0:173

¼ 0:481
xO2� ¼ nO2�

nO2�þnSiO4�
4

¼ 0:481
0:481þ0:173 ¼ 0:888

c. xFe2þ ¼ 0:212
0:827 ¼ 0:256

aFeO ¼ xFe2þ :xO2� ¼ 0:888� 0:256 ¼ 0:227 Ans:

Problem 4.2
Calculate the activity of MnO in a slag of the following composition (molar
fraction):

CaO–0.34, MgO–0.11, FeO–0.31, MnO–0.14, SiO2–0.02, Al2O3–0.04 and
Fe2O3–0.04.

Solution
According to Temkin’s theory activity of a basic oxide in a highly basic slag is given
by the expression:

aMnO ¼ xMn2þ :xO2�

xMn2þ ¼ nMnO

nMnO þ nCaO þ nMgO þ nFeO

¼ 0:14
0:14þ 0:34þ 0:11þ 0:31

¼ 0:14
0:90

¼ 0:155
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SiO4�
4 , Al2O2�

4 and Fe2O4�
5 anions are formed by the reactions (as the slag is

highly basic amphoteric oxides Al2O3 and Fe2O3 act as acids, that is network
former).

SiO2 þ 2O2� ¼ SiO4�
4

Al2O3 þ O2� ¼ Al2O
2�
4

Fe2O3 þ 2O2� ¼ Fe2O
4�
5

nO2� ¼ nMnO þ nCaO þ nMgO þ nFeO � 2nSiO2 � nAl2O3 � 2nFe2O3

¼ 0:14þ 0:34þ 0:11þ 0:31� 2� 0:02� 0:04� 2� 0:04 ¼ 0:74

xO2� ¼ nO2�

nO2� þ nSiO4�
4
þ nAl2O2�

4
þ nFe2O4�

5

¼ 0:74
0:74þ 0:02þ 0:04þ 0:04

¼ 0:74
0:84

¼ 0:88

∴aMnO ¼ xMn2þ :xO2� ¼ 0:155� 0:88 ¼ 0:137 Ans:

Problem 4.3
Calculate the activity of MgO in a slag of the following mole fractions:

CaO–0.44, MgO–0.10, FeO–0.12, Na2O–0.08, Fe2O3–0.06, Al2O3–0.08, SiO2–

0.02, and P2O5–0.10.

Solution
As the slag is highly basic all the species are completely dissociated into ions. Acidic
oxide such as SiO2 and P2O5 as well as amphoteric oxides such as Fe2O3 and Al2O3

will form ions such as SiO4�
4 , PO3�

4 , Fe2O4�
5 and Al2O2�

4 :

According to Temkin rule: aMgO ¼ xMg2þ :xO2�

xMg2þ ¼ nMgO

nMgO þ nCaO þ nFeO þ 1=2nNa2O

¼ 0:10
0:10þ 0:44þ 0:12þ 0:04

¼ 1
7

SiO4�
4 , Al2O

2�
4 andFe2O

4�
5 anions are formed by the reactions

SiO2 þ 2O2� ¼ SiO4�
4

P2O5 þ 3O2� ¼ 2PO3�
4

Al2O3 þ O2� ¼ Al2O
2�
4

Fe2O3 þ 2O2� ¼ Fe2O
4�
5

nO2� ¼ nCaO þ nMgO þ nFeO þ nNa2O � 2nSiO2 � 2nFe2O3
� nAl2O3 � 3nP2O5

¼ 0:44þ 0:10þ 0:12þ 0:08� 2� 0:02� 2� 0:06� 0:08� 3� 0:10

¼ 0:74� 0:54 ¼ 0:20
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xO2� ¼ nO2�

nO2� þ nSiO4�
4
þ nFe2O4�

5
þ nAl2O2�

4
þ nPO3�

4

¼ 0:20
0:20þ 0:02þ 0:06þ 0:08þ 0:05

¼ 20
41

∴aMgO ¼ xMg2þ :xO2� ¼ 1
7
� 20
41

¼ 20
287

¼ 0:07Ans:

Form the above problems, it is clear that Temkin’s theory is applicable in highly
basic slags when all the ions in the slag are known. Only in strongly basic slags are
simple SiO4�

4 anions formed. In acid slags, there is a possibility of formation of
complex anions, such as Si2O6�

7 , Si3O8�
10 , and so on.

Problem 4.4
A slag of the following fraction molar composition: MgO–0.25, FeO–0.25, CaO–
0.10 and SiO2–0.40 contains higher order polymeric silicate anions. Assuming the
equilibrium constant for the formation of these silicate anions to be unity, calculate
the mole fraction of oxygen and silicate ions in the slag.

Solution
xSiO2 ¼ 0.4 and K¼ 1; since higher silicate anions are present, according to Masson’s
theory (Eq. 4.55) we have:

xSiO2 ¼ 1

3� K þ xO2�

1� xO2�
þ K K � 1ð Þ

x
O2�= 1�x

O2�ð Þ þ K

0:4 ¼ 1
3� 1þ x

O2�= 1�x
O2�ð Þ

xO2� ¼ 0:33

∴xsilicate ions ¼ 1� 0:33 ¼ 0:67 Ans:

Problem 4.5
If K1 � 1¼ K1 � 2 ¼ ‐ ‐ ‐ ‐ ‐ ¼ K1 � n ¼ 0.163 for a binary silicate melt containing
MO and SiO2, calculate, (a) the ionic fraction of O2� in the melt at the maximum
ionic fraction of xSIO4�

4
and (b) the mole fraction of SiO2 in the melt under the

condition mentioned in part (a).

Solution
a. To determine xO2� when xSIO4�

4
has its maximum value, we may use Eq. 4.51,

derived earlier:

xSIO4�
4

¼ 1� xO2�

1þ K 1
xO2�

� 1
� 	

Differentiating xSIO4�
4
with respect to xO2� and equating the result to zero to calculate

xO2� at the maximum of xSIO4�
4
:
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dxSiO4

dxO2�
¼

�1 1þ K 1
xO2�

� 1
� 	h i

� 1� xO2�ð Þ �K

xO2�ð Þ2
� �

1þ K 1
xO2�

� 1
� 	h i2 ¼ 0

or K � 1ð Þ x2O2� 2KxO2� þ K ¼ 0

∴xO2� ¼ 2K �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4K2 � 4 K � 1ð ÞK

p
2 K � 1ð Þ ¼ K � ffiffiffiffi

K
p

K � 1

Since K ¼ 0.163 (given), xO2� ¼ 0:288 and� 0:677 invalidð Þ

∴xO2� ¼ 0:288 when xSIO4�
4
is maximum Ans:

b. At the maximum value of xSIO4�
4
the binary silicate has an orthosilicate composi-

tion of 2MO.SiO2, that is, xSiO2¼ 0.333. However, it can also be obtained from
Eq. 4.55 by substituting K ¼ 0.163 and xO2� ¼ 0:288

xSiO2 ¼ 1

3� K þ xO2�
1�xO2�

þ K K�1ð Þ
x
O2�= 1�x

O2�ð ÞþK

xSiO2 ¼ 0:333 Ans:

Problem 4.6
Derive a relationship between the activity of PbO and the mole fraction of PbO for
PbO–P2O5 melts when K1�1 ¼ K1�2 ¼ . . .. . .. . . .. ¼ K1�n ¼ K ¼ 0.

Solution
The relationship between aPbO and xPbO in PbO–P2O5 melts when
K1�1 ¼ K1�2 ¼ . . .. . .. . . .. ¼ K1�n ¼ K ¼ 0

According to Temkin aPbO ¼ xPb2þ :xO2�

Considering the reaction 2PO3�
4 ¼ P2O4�

7 þ O2�

K ¼
xP2O4�

7 : xO2�

x2
PO3�

4

¼ 0

Thus, the melt consists of only cations: Pb2+and anions: PO3�
4 and O2�

∴xPb2þ ¼ 1 and xP2O4�
7
þ xO2� ¼ 1

aPbO ¼ xPb2þ :xO2� ¼ xO2�
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xO2� ¼ nO2�

nO2� þ nPO3�
4

From the ionic theory nO2� ¼ nPbO � 3nP2O5 and nPO3�
4

¼ 2nP2O5

∴aPbO ¼ xO2� ¼ nO2�

nO2� þ nPO3�
4

¼ nPbO � 3nP2O5

nPbO � 3nP2O5 þ 2nP2O5

¼ nPbO � 3nP2O5

nPbO � nP2O5

Dividing numerator and denominator by nPbO þ nP2O5, we get

aPbO ¼ xPbO � 3xP2O5

xPbO � xP2O5

xP2O5 ¼ 1� xPbOð Þ

¼ xPbO � 3 1� xPbOð Þ
xPbO � 1� xPbOð Þ ¼ 4xPbO � 3

2xPbO � 1
Ans:

Problem 4.7
(a) Show that the activities of salts AY2 and BX (where A and B are, respectively,

divalent and univalent cations and X and Y are univalent anions) in a salt
mixture: AY2 � BX, are given as aAY2 ¼ xA2þ :x2Y� and aBX ¼ xBþ .xX� , where
xA2þ , xY� , xBþand xX�are ionic fractions.

(b) Construct an activity (aAY2 , aBX and aBY) vs. mole fraction (xAY2 ¼ 1:0 to
xBX ¼ 1.0) diagram for the Temkin ideal salt mixtures.

Solution
(a) According to Temkin’s theory, fused salt mixtures of AY2 and BX are solutions,

which are completely dissociated into ions. There is no interaction between ions
of the same charge and the state may be that of complete randomness. Hence,
solution of salts may be assumed to be constituted of two ideal solutions; one of
cations: A2+, B+ and another of anions: X�, Y�.

The heat of mixing of an ideal solution is zero, that is, ΔHM, id ¼ 0 and in case of
random mixing, entropy of mixing, ΔSM, id ¼ � R ∑ xilnxi.

Hence for the above system, we have:

ΔSM,id ¼ �R nA ln xA þ nB ln xB þ nX ln xX þ nY ln xYð Þ ð1Þ
ΔGM,id ¼ ΔHM,id � TΔSM,id ¼ RT nA ln xA þ nB ln xB þ nX ln xX þ nY ln xYð Þ ð2Þ
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The mole fractions of anions and cations in the above system of salt mixture,
AY2 and BX, comprising two ideal solutions can be expressed as:

xA ¼ nA
nA þ nB

, xB ¼ nB
nA þ nB

, xX ¼ nX
nX þ nY

, xY ¼ nY
nX þ nY

∴ΔGM ¼ RT nA ln
nA

nA þ nB

� �
þ nB ln

nB
nA þ nB

� �
þ nX

nX
nX þ nY

� �
þ nY ln

nY
nX þ nY

� �� �
ð3Þ

The partial molar free energy of mixing of the salt AY2 can be expressed as:

G
M
AY2

¼ ∂ΔGM

∂nAY2

� �
¼ RT ln aAY2 ð4Þ

It may be noted that dnAY2 ¼ 1
2 dnY ¼ dnA

∴
∂ΔGM

∂nAY2

� �
nB,nX

¼ ∂ΔGM

∂nA

� �
nB,nX ,nY

þ ∂ΔGM

1
2∂nY

 !
nB,nX ,nA

or
∂ΔGM

∂nAY2

� �
nB,nX

¼ ∂ΔGM

∂nA

� �
nB,nX ,nY

þ 2
∂ΔGM

∂nY

� �
nB,nX ,nA

ð5Þ

Differenting Eq. 3 with respect to nA at constant nB, nX, nY

∂ΔGM

∂nA

� �
nB ,nX ,nY

¼ RT ln
nA

nA þ nB

� �
þ nA

d
dnA

ln
nA

nA þ nB

� �� �
þ nB

d
dnA

ln
nB

nA þ nB

� �� �� �

ð6Þ

On differentiation of appropriate terms, we get:

d
dnA

ln
nA

nA þ nB

� �� �
¼ nB

nA
1

nA þ nBð Þ
d
dnA

ln
nB

nA þ nB

� �� �
¼ � 1

nA þ nBð Þ

Substituting these values in Eq. 6 we get:

∂ΔGM

∂nA

� �
nB,nX ,nY

¼ RT ln
nA

nA þ nB

� �
þ nA:

nB
nA

1
nA þ nBð Þ � nB:

1
nA þ nBð Þ

� �

¼ RT ln
nA

nA þ nB

� �
¼ RT ln xA ð7Þ

Similarly,
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∂ΔGM

∂nY

� �
nA,nB ,nX

¼ RT ln
nY

nX þ nY

� �
þ nY

d
dnY

ln
nY

nX þ nY

� �� �
þ nX

d
dnY

ln
nX

nX þ nY

� �� �� �

ð8Þ

We have: d
dnY

ln nY
nXþnY

� 	h i
¼ nX

nY
1

nXþnYð Þ
and d

dnY
ln nX

nXþnY

� 	h i
¼ � 1

nXþnYð Þ
Substituting these values in Eq. 8 we get:

∂ΔGM

∂nY

� �
nA,nB,nX

¼ RT ln
nY

nX þ nY

� �
þ nY :

nX
nY

1
nX þ nYð Þ � nX :

1
nX þ nYð Þ

� �

¼ RT ln
nY

nX þ nY

� �
¼ RT ln xY ð9Þ

From Eqs. 5, 7 and 9 we get:

∂ΔGM

∂nAY2

� �
nB,nX

¼ RT ln xA þ 2RT ln xY ¼ RT ln xAx
2
Y ð10Þ

From Eqs. 4 and 10 we can write: aAY2 ¼ xA2þ :x2Y� ¼ xA:x2Y
Following the same procedure and noting that for the salt BX we can write:

G
M
BX ¼ ∂ΔGM

∂nBX

� �
nA,nY

¼ RT ln aBX ð11Þ

and dnBX ¼ dnB ¼ dnX

and
∂ΔGM

∂nBX

� �
nA,nY

¼ ∂ΔGM

∂nB

� �
nA,nY ,nX

þ ∂ΔGM

∂nX

� �
nA,nB,nY

ð12Þ

Differentiating Eq. 3 with respect to nB at constant nA, nX, nY.

∂ΔGM

∂nB

� �
nB ,nX ,nY

¼ RT nA
d
dnB

ln
nA

nA þ nB

� �� �
þ ln

nB
nA þ nB

� �
þ nB

d
dnB

ln
nB

nA þ nB

� �� �� �

ð13Þ

On differentiation of appropriate terms, we get:

d
dnB

ln
nA

nA þ nB

� �� �
¼ nB

nA

1
nA þ nBð Þ

d
dnB

ln
nB

nA þ nB

� �� �
¼ � 1

nA þ nBð Þ
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Subtituting these values in Eq. 13 we get:

∂ΔGM

∂nB

� �
nA,nX ,nY

¼ RT ln
nB

nA þ nB

� �
þ nA:

nB
nA

1
nA þ nBð Þ � nB:

1
nA þ nBð Þ

� �

¼ RT ln
nB

nA þ nB

� �
¼ RT ln xB ð14Þ

Similarly,

∂ΔGM

∂nX

� �
nA,nB,nY

¼ RT ln xX ð15Þ

From Eqs. 12, 14 and 15, we can write:

∂ΔGM

∂nBX

� �
nA,nY

¼ RT ln xB þ RT ln xX ¼ RT ln xBxX ð16Þ

Comparing Eqs. 11 and 16 we can write:

aBX ¼ xB:xX

(b) The formation of the salt BY in equilibrium with A2+, B+, X� and Y� ions present
in the fused salt mixture may be considered because B+ and Y�are monovalent.
Following the above procedure, the activity of BY can be obtained in terms of
their ionic fractions.

G
M
BY ¼ ∂ΔGM

∂nBY

� �
nA,nY

¼ RT ln aBY ð17Þ

and
∂ΔGM

∂nBY

� �
nA,nY

¼ ∂ΔGM

∂nB

� �
nA,nY,nX

þ ∂ΔGM

∂nY

� �
nA,nY ,nX

¼ RT ln xB þ RT ln xY ¼ RT ln xBxY

∴aBY ¼ xB:xY

Further, we want to calculate the activities of AY2, BX and BY in the salt mixture.
According to Temkin we can write:

aBX ¼ xB:xX

¼ nB
nA þ nB

� �
nX

nX þ nY

� �

¼ nBX
nAY2 þ nBX

� �
nBX

nBX þ 2nAY2

� �
¼ xBX

nBX
nBX þ 2nAY2

� �
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Dividing numerator and denominator by nAY2 þ nBXð Þ we get:

aBX ¼ xBX

nBX
nAY2þnBX

nBX
nAY2þnBX

þ 2
nAY2

nAY2þnBX

� 	
2
4

3
5 ¼ xBX

xBX
xBX þ 2xAY2

� �
¼ x2BX

1þ xAY2

� �
ð18Þ

Making use of Eq. 18, we calculate and list the value of aBX for different values of
xAY2 :

xAY2 0 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
aBX 1 0.860 0.736 0.533 0.377 0.257 0.167 0.10 0.053 0.022 0.005 0

Similarly, aBY ¼ xB. xY

¼ nB
nA þ nB

� �
nY

nX þ nY

� �

¼ nBX
nAY2 þ nBX

� �
2nAY2

nBX þ 2nAY2

� �
¼ xBX

2nAY2

nBX þ 2nAY2

� �

Dividing numerator and denominator by nAY2 þ nBXð Þ we get:

aBY ¼ xBX

2nAY2
nAY2þnBX

nBX
nAY2þnBX

þ 2
nAY2

nAY2þnBX

� 	
2
4

3
5 ¼ xBX

2xAY2

xBX þ 2xAY2

� �

¼ xBX
2xAY2

1þ xAY2

� �
ð19Þ

Making use of Eq. 19 we calculate and list the value of aBY for different values of
xAY2 :

xAY2 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
aBY 0 0.164 0.267 0.323 0.343 0.333 0.300 0.247 0.178 0.095 0

and aAY2 ¼ xA:x2Y

¼ nA
nA þ nB

� �
nY

nX þ nY

� �2

¼ nAY2

nAY2 þ nBX

� �
2nAY2

nBX þ 2nAY2

� �2

¼ xAY2

2nAY2

nBX þ 2nAY2

� �2

Dividing numerator and denominator by nAY2 þ nBXð Þ we get:
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aAY2 ¼ xAY2

2nAY2
nAY2þnBX

nBX
nAY2þnBX

þ 2
nAY2

nAY2þnBX

� 	
2
4

3
5
2

¼ xAY2

2xAY2

xBX þ 2xAY2

� �2

¼ 4x3AY2

1þ xAY2ð Þ2
" #

ð20Þ

Making use of Eq. 20 we calculate and list the value of aAY2for different values of
xAY2 :

xAY2 0 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

aAY2 1 0.0005 0.003 0.022 0.064 0.131 0.222 0.338 0.475 0.632 0.808 1.0

Variation of activity of AY2, BX, and BY with composition is shown in Fig. 4.12.

Problem 4.8
Calculate the activities of CaCl2 and KBr in a salt mixture containing 40 mol% KBr.

Solution
Based on the above derivation, we can write expressions for the activity of CaCl2,
KBr, and KCl in the CaCl2–KBr salt mixture as:

1.0

0.8

0.6

0.4

0.2

0.0
0.0 0.2 0.4 0.6 0.8 1.0

AY2BX xAY2

aAY2

aBY

aBX

A
ct

iv
it

y

Fig. 4.12 Variation of activity of AY2, BX and BY with composition
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aCaCl2 ¼
4x3CaCL2

1þ xCaCl2ð Þ2
" #

, aKBr ¼ x2KBr
1þ xCaCl2

� �
and aKCl ¼ xKBr

2xCaCl2
1þ xCaCl2

� �

In the given problem xKBr ¼ 0:4 and xCaCl2 ¼ 0:6

aCaCl2 ¼
4� 0:6ð Þ3
1þ 0:6ð Þ2

" #
¼ 0:3375

aKBr ¼ 0:4ð Þ2
1þ 0:6

� �
¼ 0:10

aKCl ¼ 0:4
2� 0:6
1þ 0:6

� �
¼ 0:30 Ans:

Problem 4.9
Calculate the activity of NaCl, NaBr and KCl in a fused salt mixture: NaCl-KBr
containing 40 mol% NaCl.

Solution
According to the Temkin rule the fused salt mixture contains Na+, K+, Cl�, and Br�

ions:

aNaCl ¼ xNaþ :xCl�

¼ nNaþ
nNaþ þ nKþ

� �
nCl�

nCl� þ nBr�

� �

¼ nNaCl
nNaCl þ nKBr

� �
nNaCl

nNaCl þ nKBr

� �
¼ xNaCl:xNaCl ¼ x2NaCl

Similarly, aKBr ¼ x2KBr

aNaBr ¼ xNaþ :xBr�

¼ nNaþ
nNaþ þ nKþ

� �
nBr�

nBr� þ nCl�

� �

¼ nNaCl
nNaCl þ nKBr

� �
nKBr

nKBr þ nNaCl

� �
¼ xNaCl:xKBr

Similarly, aKCl ¼ xNaCl. xKBr
In the given mixture: aNaCl ¼ x2NaCl ¼ 0:42 ¼ aKBr ¼ 0:16
and aNaBr ¼ xNaCl. xKBr ¼ 0.4 � 0.6 ¼ aKCl ¼ 0.24 Ans.
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Chapter 5
Reduction of Oxides and Reduction
Smelting

A number of metals are produced from oxide minerals. Iron, manganese, chromium,
and tin are exclusively obtained from oxide ores. Rich ores, for example, hematite,
pyrolusite, chromite, and so on can be directly reduced whereas lean ores are first
concentrated by communication, classification, jigging, and tabling. Sulfide ores,
such as galena and sphalerite concentrates, are first roasted to oxides for subsequent
reduction to metals. Carbonate minerals, such as dolomite, are calcined prior to
reduction into magnesium. However, oxides of noble metals like Ag2O, PtO, and
PdO are decomposed to Ag, Pt, and Pd at temperatures of 200 �C, 500 �C, and
900 �C, respectively.

All the oxides obtained either by concentration of oxide ores/minerals or by
roasting of sulfide concentrates are reduced by means of a suitable reducing agent.
Physical characteristics like melting and boiling points, vapor pressure, and so on of
the metal and relative stability of its oxide as compared to the oxides of impurity
metals and gangue mineral oxides are major factors in the selection of the reducing
agents. In general, carbon, carbon monoxide, and hydrogen are the reducing agents
[1] of commercial and industrial importance. In special cases, as in the production of
very reactive metals such as uranium, thorium, beryllium, zirconium, titanium, and
so on, metals having high affinity for oxygen, such as magnesium or calcium may be
employed as reducing agents.

5.1 Reduction Methods

The method of reduction depends on the nature of the ore and the metal to be
produced. Various techniques may be summarized as follows:

Blast Furnace Reduction The lumpy ore/concentrate requiring a high reduction
potential is smelted in a blast furnace with coal/coke by blowing preheated air
through tuyeres located at the base of the shaft or stack of the furnace. Combustion
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produces highly reducing CO gas. Thus coal/coke acts as an indirect reducing agent
(MO + CO ¼ M + CO2). The direct reduction between coke and the metal oxide
takes place in the lower part of the stack. The reducibility of metal oxides in blast
furnace smelting is decided by CO/CO2 ratio in the system. Coke not only provides
the necessary heat required for reduction of oxides it also supports the entire burden
of the stack of the blast furnace due to its high strength even at high temperature. The
high melting oxides are smelted in blast furnaces of circular cross section fitted with
tuyeres that are evenly spaced around the base of the stack. The charge comprising of
ore lump, coke, and flux fed from the top of the furnace gets dried while descending
from the stack and is subsequently reduced by the uprising reducing gas. A blast
furnace of rectangular cross section with tuyeres located only along the two long
sides is employed for production of lower boiling point metals like lead and zinc.
This arrangement generates less extensive heat at the tuyere and decreases the metal
loss through volatilization.

The most notable example is the production of pig iron by reduction of hematite
with coke. Lead and zinc are also produced from the roasted calcine of galena and
sphalerite by reduction in blast furnaces. Cuprite and calcined azurite and malachite
can be reduced in rectangular blast furnaces, but generally, oxide ores of copper are
treated by hydrometallurgical methods.

Electric Arc Furnace Smelting Ferroalloys are manufactured by smelting of ores
in electric arc furnaces in the presence of carbon, for example, ferromanganese from
pyrolusite (MnO2), ferrosilicon from silica sand (SiO2), and ferrochrome from
chromite (FeO.Cr2O3).

Reverberatory Smelting Tin is produced by smelting cassiterite concentrate
(SnO2) in a reverberatory smelting furnace in the presence of carbon.

Reduction in Retort In Pidgeon process, calcined dolomite (CaO.MgO) is reduced
with ferrosilicon at 1200 �C under a reduced pressure of 10�4 mm Hg and magne-
sium vapor is collected at the cooler end of the retort. In the old and obsolete retort
process, after dead roasting of sphalerite, zinc oxide was reduced with carbon at
1100 �C.

Metallothermic Reduction Ferroniobium is manufactured by reduction of Nb-rich
concentrate [mineral: niobite-tantalite (FeMn)(NbTa)5O6] with aluminum in a ther-
mit process in which some preheat is necessary. Welding and repair of railway track
by thermit process, in which high-grade hematite is reduced with aluminum, is well
known. The Kroll [2] process is very popular for production of titanium sponge by
reduction of vapors of TiCl4 with liquid magnesium. Uranium, thorium, zirconium,
and beryllium are obtained by reduction of their respective fluorides by magnesium
and/or calcium.

Gaseous Reduction Hydrogen and water gas have been used successfully on
commercial scale in the production of metals. The reduction of iron oxide with
hydrogen [FeO(s) + H2(g) ¼ FeO(s) + H2O(g)] becomes more favorable with
increase of temperature. A convenient method is to use a mixture of hydrogen and
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carbon monoxide (H2 + CO) known as “water gas” which may be produced by the
reaction:

H2O steamð Þ þ C sð Þ ¼ H2 gð Þ þ CO gð Þ ð5:1Þ

In the Wiberg–Soderfors process [3], sponge iron is produced in a shaft kiln at
1100 �C by passing water gas (H2 + CO) over iron ore or concentrate. As there is no
liquid slag formation at this temperature, the impurities are not separated. The
resultant solid product containing the gangue oxides named “sponge iron” is subse-
quently melted in an electric furnace for steelmaking.

In the carbonyl process, crude nickel is allowed to react with carbon monoxide
gas at 100–200 atm pressure to form gaseous nickel carbonyl [Ni(CO)4] that
decomposes into pure nickel at atmospheric pressure. The reaction is represented as:

Ni crude� sð Þ þ 4 CO gð Þ ⇄ Ni COð Þ4 gð Þ ð5:2Þ

On the industrial scale, tungsten and molybdenum are produced by reduction of
their oxides with hydrogen gas according to the reactions:

WO3 sð Þ þ 3H2 gð Þ ¼ W sð Þ þ 3H2O gð Þ ð5:3Þ
MoO3 sð Þ þ 3H2 gð Þ ¼ Mo sð Þ þ 3H2O gð Þ ð5:4Þ

Since there are equal number of gaseous molecules on both sides of the chemical
equations, the rate of reduction is independent of the total pressure of the system.
Although the standard free energy changes for these reactions are positive, the
efficiency of reduction improves with increase of temperature as well as by
maintaining large excess of hydrogen gas in the system.

Electrothermic Reduction Stable oxides like Al2O3 and MgO can be reduced with
carbon at temperatures above 2000 �C and 1840 �C, respectively. The smelting
processes at such high temperatures for production of aluminum and magnesium
would be uneconomical due to the high cost of fuel and the difficulty in procuring
suitable refractory containers serving for number of heats. Further, the metal pro-
duced will be highly reactive and hence may pick up oxygen from refractories and
from oxides of carbon. Aluminum will react with carbon to form carbide. This would
result in a product mixture of Al–Al2O3–Al4C3. In order to overcome these difficul-
ties, aluminum is extracted by electrolysis of Al2O3 dissolved in fused mixture of
fluorides of NaF and AlF3 and magnesium by electrolysis of MgCl2 dissolved in
fused chlorides, instead of the conventional carbon reduction methods.
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5.2 Thermodynamics of Reduction of Oxides

Since the knowledge of thermodynamics and reaction kinetics is essential in the
development of extraction processes for production of different metals, physico-
chemical principles involved in selection of the technique and the reducing agent
will be discussed in this section. The principles underlying metallothermic reduction
will be explained with the aid of Ellingham diagram and the role of CO/CO2 and H2/
H2O ratio in gaseous reduction of oxides will be discussed separately.

5.2.1 Metallothermic Reduction

Metal, M can be obtained by reducing the metal oxide, MO2 with a reducing agent R
according to the reaction:

MO2 s, lð Þ þ R s, lð Þ ¼ M s, lð Þ þ RO2 sð Þ ð5:5Þ

For the above reaction to proceed in the forward direction, RO2 must be more
stable than MO2, that is, the free energy of formation of RO2 should be more
negative as compared to that of MO2. The change in free energy of the reaction
(5.5) should be negative enough to get a large value of the equilibrium constant that
is related to the free energy change, ΔGo by the expression: ΔGo ¼ � RT ln K. A
large equilibrium constant will generate a high proportion of M and RO2 when the
reaction reaches equilibrium. For example, the high negative value of ΔGo for the
reduction of Fe2O3 by aluminum [Fe2O3 (s) + Al (l) ¼ 2 Fe (l) + Al2O3 (s)] at
1200 �C produces Fe and Al2O3. This forms the basis of the aluminothermic
reduction of hematite ore, which has been used extensively for the repair of railway
tracks. The reaction is initiated by igniting a magnesium ribbon embedded in the
preheated charge of hematite and aluminum contained in a steel-capped vessel. Since
the reaction is highly exothermic the heat generated is sufficient to produce molten
iron. The technique popularly known as thermite or aluminothermic process has
been extensively used to produce manganese, chromium, and ferroalloys such as
ferroniobium and ferrovanadium.

In order to discuss the thermodynamics of reaction (5.5), the following three
reactions may be considered:

MO2 s, lð Þ ¼ M s, lð Þ þ O2 gð Þ ð5:6Þ
R s, lð Þ þ O2 gð Þ ¼ RO2 sð Þ ð5:7Þ
M s, lð Þ þ O2 gð Þ ¼ MO2 sð Þ ð5:8Þ

Making use of the first law of thermodynamics, ΔGo for reaction (5.5) can be
obtained by the sum of Eq. 5.6 and 5.7 or by the difference between ΔGofor
reactions (5.7) and (5.8).

152 5 Reduction of Oxides and Reduction Smelting



The standard free energy changes in the formation of oxides (i.e., the relative
stability of oxides or relative affinity of different metals for oxygen) may be
represented graphically as a linear function of temperature. This idea was first
conceived by Ellingham [4]. The ΔGo vs T plots published by him in 1944 have
been popularized as Ellingham diagrams (Fig. 5.1). In the Ellingham diagram, the
standard free energy of formation of each oxide accounts for one mole of oxygen
with the clear understanding that the distance between two curves at any temperature
gives directly the free energy change accompanying the reduction of the oxide
represented by the upper of the two curves by the metal whose oxide formation is
represented by the lower curve at the chosen temperature. In these diagrams,
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activities of condensed phases in relation to metals and its oxides have been taken as
unity at equilibrium for the formation of oxides.

The application of the Ellingham diagram in the selection of a reducing agent may
be understood by analyzing Fig. 5.1 for reduction of Nb2O5 with Al. At 1200 �C,
ΔGo for the formation of 2/5 Nb2O5 is approximately – 535 kJ and for the formation
of 2/3Al2O3 is approximately �840 kJ. The difference between the two lines at
1200 �C is �305 kJ, which represents the difference between the two standard free
energies of formation of Nb2O5 and Al2O3 and also the free energy change for the
reduction of Nb2O5 by Al. This can be explained by the reactions [6] as follows:

4
3
Al lð Þ þ O2 gð Þ ¼ 2

3
Al2O3 sð Þ,ΔGo ¼ �840 kJ ð5:9Þ

4
5
Nb sð Þ þ O2 gð Þ ¼ 2

5
Nb2O5 sð Þ,ΔGo ¼ �535 kJ ð5:10Þ

Hence, on subtraction of the Eq. 5.10 from Eq. 5.9 we get:

2
5
Nb2O5 sð Þ þ 4

3
Al lð Þ ¼ 4

5
Nb sð Þ þ 2

3
Al2O3 sð Þ ð5:11Þ

for which ΔGo ¼ � 840 � (�535) ¼ � 305 kJ. Since reduction of Nb2O5 by Al,
having a large negative standard free energy change gives a large value of
K ¼ 1.89 � 1013 at 1200 �C, there will be a large proportion of niobium metal at
equilibrium. In the light of a similar background, lead cannot be used as a reducing
agent to obtain niobium from niobium oxide by the reaction:

2
5
Nb2O5 sð Þ þ 2Pb lð Þ ¼ 4

5
Nb sð Þ þ 2PbO sð Þ ð5:12Þ

The reason being the positive value of ΔGo for the reaction (5.12) leading to a
very small value of K at 1200 �C.

We can therefore make use of the Ellingham diagram for selection of the reducing
agent in reduction of an oxide. In addition to oxides, Ellingham diagrams are
available for sulfides, sulfates, carbonates, carbides, nitrides, chlorides, and fluo-
rides. The shape and slope of the curves, which are of special significance,
are governed by the entropy change accompanying each reaction. The slope of the
ΔGo vs T curves is the standard entropy change of the reaction, expressed as
∂ΔGo

∂T ¼ �ΔSo . ΔSo and ΔHo are temperature-dependent in the Gibbs–Helmholtz
equation:

ΔGo ¼ ΔHo � TΔSo ð5:13Þ

From Fig. 5.1, it is evident that as long as the reactants and products remain in the
same physical state, the variation of ΔSo and ΔHo with T is small and curves are
virtually straight lines. At low temperature, a majority of reactions show this trend.
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Most of the lines have roughly the same positive slope due to the increase in state of
order of the system on the loss of 1 mol of oxygen gas. Hence, ΔSo for most of
reactions is approximately the same negative value. The slope of the line, ΔSo will
become more positive; that is, ΔSo will be smaller at the melting and boiling points
of the metal marked as M and B, respectively, as shown in Fig. 5.1. ΔSo will be
larger and hence the slope more negative when oxide changes phase. For example,
while considering the line for oxidation of zinc:

2 Zn lð Þ þ O2 gð Þ ¼ 2 ZnO sð Þ ð5:14Þ

one finds a slight increase in the slope of the line at the melting point and a large
increase at the boiling point of zinc. However, the two lines representing the
formation of oxides of carbon demonstrate important exceptions to the general
tendency of having positive slopes in Fig. 5.1.

C sð Þ þ O2 gð Þ ¼ CO2 gð Þ;ΔHo
298 ¼ �397 kJ ð5:15Þ

2C sð Þ þ O2 gð Þ ¼ 2CO gð Þ;ΔHo
298 ¼ �222 kJ ð5:16Þ

As one mole of gas appears on either side of Eq. 5.15, there is only a small change
in entropy accompanying the reaction and hence ΔSo for reaction (5.15) is
+0.8 J K�1 and the line in Fig. 5.1 is almost horizontal. On the other hand, increase in
the number of gas molecules accompanying reaction (5.16),ΔSo is about +170 J K�1

and the corresponding line for the reaction has a pronounced negative slope (�ΔSo).
The significance difference in slope of the two lines representing the formation of
CO2 and CO is of great importance in metal extraction. The two lines intercepting at
720 �C indicate that CO is more stable as compared to CO2 at above 720 �C. Thus, it
is noted from Fig. 5.1 that CO becomes more and more stable as compared to metal
oxides with increase of temperature, and therefore, carbon will reduce more and
more metal oxides at higher temperature. The figure indicates that standard free
change is negative for the reduction of stable oxides such as Al2O3, MgO, and TiO2

with carbon above 2000 �C, 1840 �C, and 1730 �C, respectively. But smelting
processes above such high temperatures would be highly expensive because of fuel
requirements and the difficulty of procuring refractory containers that have to serve
for a sufficiently longer time. Further, the metal produced would be highly reactive
to pick up oxygen from oxide refractories and oxides of carbon. It may also react
with carbon to form carbides like TiC and Al4C3. On account of these difficulties,
aluminum is extracted by electrolysis of Al2O3 dissolved in fused cryolite, magne-
sium by electrolysis of MgCl2 dissolved in fused chlorides, and titanium by reduc-
tion of TiCl4 vapors by liquid magnesium, rather than by the conventional carbon
reduction.

However, Ellingham diagram must be referred with due care and proper under-
standing because it has been constructed for reactions taking place under standard
conditions, that is, unit activities of reactants or products. Further, it does not account
for the kinetics of the reaction. The problem of deviation from unit activity is
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illustrated by the reduction of MgO with silicon (Pidgeon Process). According to
Fig. 5.1, a positive free energy change (ΔGo¼ + 280 kJ at 1200 �C) for the reaction:

2MgO sð Þ þ Si sð Þ ¼ 2 Mg gð Þ þ SiO2 sð Þ ð5:17Þ

suggests that there is no chance of using silicon as a reducing agent to produce
magnesium from magnesia. However, according to the van’t Hoff isotherm, the
actual free energy change accompanying reaction (5.17) is given as:

ΔG ¼ ΔGo þ RT lnK ¼ ΔGo þ RT ln
p2Mg:aSiO2

a2MgO:aSi

 !
ð5:18Þ

On lowering down pMg and aSiO2 sufficiently, ΔG becomes negative, even if ΔGo

is positive. The Pidgeon process for the commercial production of magnesium from
calcined dolomite (CaO.MgO) lowers pMg to about 10�4 atm. The activity of silica
in the orthosilicate slag (2CaO.SiO2) is automatically lowered to less than 0.001. The
strong attraction of CaO for SiO2 reduces the possibility of loss of MgO as magne-
sium silicate. In this process calcined dolomite (CaO.MgO) obtained by decompo-
sition of dolomite, a mixed carbonate of magnesium and calcium (CaCO3.MgCO3):

CaCO3:MgCO3 !800
�C

CaO:MgOþ 2CO2 ð5:19Þ

is reduced with silicon in a retort according to the reaction:

2 CaO:MgOð Þ sð Þ þ Si sð Þ ¼ 2Mg gð Þ þ 2CaO:SiO2 lð Þ ð5:20Þ

Dolomite is cheaper as compared to magnesite (MgCO3) and occurs more
abundantly. In the Pidgeon process, ferrosilicon is used instead of pure silicon.
Formation and dissolution of FeO in the ternary oxide melt: CaO.FeO.SiO2

decreases the liquidus temperature of the slag. Magnesium vapors evolved are
condensed in massive form without reoxidation. This may be compared with the
formidable task of reduction of MgO with carbon at 1900 �C.

MgO sð Þ þ C sð Þ !1900�C
Mg gð Þ þ CO gð Þ ð5:21Þ

CO evolved along with magnesium vapor reoxidizes the magnesium on cooling.
This requires shock cooling of magnesium vapors with cold hydrogen in order to
prevent the formation of finely divided pyrophoric magnesium powder, which is
difficult to handle.

From the above example, it is clear that when activities of reactants and products
differ significantly from unity, the van’t Hoff isotherm provides a better understand-
ing of the thermodynamic feasibility of the reaction as compared to the standard free
energy change and the Ellingham diagram. This has been demonstrated with the aid
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of a problem (No. 5.10). The use of the diagram was further extended by Richardson
and co-workers [7–9] who added nomographic scales shown in Fig. 5.2, which
allows gas composition to be read off for different reactions. For example, consider
oxidation of the metal, M into its oxide, MO:

2M s, lð Þ þ O2 gð Þ ¼ 2MO sð Þ ð5:22Þ

If M and MO are pure (i.e., there is no mutual solubility of one into another,
aM ¼ 1 ¼ aMO) the equilibrium partial pressure of oxygen, pO2

can be calculated
from the known value of ΔGo:

ΔGo ¼ �RT ln
1
pO2

� �
¼ 2:303 RT log pO2

� � ð5:23Þ

Log pO2
(hence pO2

) can be estimated by constructing a nomographic scale
around ΔGo vs T diagram. Since ΔGo ¼ 0, when pO2

¼ 1 atm (Eq. 5.23), the
equilibrium pO2

values radiate from the point ‘O’ on theΔGo axis becauseΔGo¼ 0 at
0 K. In order to estimate the value of equilibrium pO2

at a particular temperature, T
marked on the ΔGo vs T line corresponding to Eq. 5.22 is extended to intersect the
nomograph (Fig. 5.2). Antilog of the point of intersection reading as log pO2

will
give pO2

.
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ratio for reactions: (a) 2 M + O2 ¼ 2MO, (b) MO + H2 ¼ M + H2O, and
(c) MO + CO ¼ M + CO2, respectively. (From Chemical Metallurgy by J. J. Moore [5], © 1990, p
40, Butterworth Heinemann Ltd. Reproduced with the permission of Butterworth Heinemann Ltd.)
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Similar procedure may be followed to estimate the equilibrium pCO=pCO2
and

pH2
=pH2O ratios for the reduction of metal oxide with carbon monoxide and hydro-

gen, respectively, according to the reactions:

MO sð Þ þ CO gð Þ ¼ M s, lð Þ þ CO2 gð Þ ð5:24Þ
MO sð Þ þ H2 gð Þ ¼ M s, lð Þ þ H2O gð Þ ð5:25Þ

Considering the following reactions:

2Mþ O2 ¼ 2MO,ΔGo
i ðiÞ

2COþ O2 ¼ 2CO2,ΔGo
ii ðiiÞ

Subtracting (i) from (ii), we get:

2MO sð Þ þ 2CO gð Þ ¼ 2M s, lð Þ þ 2CO2 gð Þ ðiiiÞ
or MO sð Þ þ CO gð Þ ¼ M s, lð Þ þ CO2 gð Þ

which is the reaction (5.24).
If M and MO are present as pure condensed phase, aM ¼ 1 ¼ aMO, and if pO2

¼
1 atm, the equilibrium pCO=pCO2

ratio for reaction (iii) would be same as that for
reaction (ii) because both the reactions are in equilibrium in the presence of O2 at one
atm. Thus for the reaction (iii):

ΔGo
iii ¼ �RT ln

pCO2
:aM

pCO:aMO

� �2

¼ ΔGo
ii � ΔGo

i

¼ 4:606 RT log
pCO
pCO2

� � ð5:26Þ

If pCO=pCO2
¼ 1,ΔGo

ii ¼ 0, the line corresponding to the reaction:
2CO + O2 ¼ 2CO2 can be extrapolated to the point “C” on the ΔGo axis at 0 K.
The equilibrium pCO=pCO2

ratio can be estimated for any reaction concerning
reduction of pure condensed metal oxide with carbon monoxide by constructing
another nomographic scale around ΔGo vs T diagram. The equilibrium pCO=pCO2

ratio at the desired temperature, T marked on the ΔGo vs T line corresponding to
Eq. 5.24 is extended to intersect the nomograph (Fig. 5.2). Antilog of the point of
intersection reading as log pCO=pCO2

will give pCO=pCO2
: By following a similar

procedure third nomographic scale may be constructed to estimate the equilibrium
pH2

=pH2O ratio from the line radiating from the point “H” on the ΔGo axis at 0 K.
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5.2.2 Thermal Decomposition

The free energy of formation of oxides is invariably negative within the temperature
range (0–2200 �C) considered in the Ellingham diagram (Fig. 5.1). Hence, decom-
position of the oxide is not feasible. The oxide will spontaneously decompose at
temperature above which the oxide formation line crosses the horizontal line, where
ΔGo ¼ 0. At the point of intersection, that is, where ΔGo ¼ 0, there is equal
possibility for the formation of oxide from the metal as well as for the decomposition
of the oxide into metal. The lines corresponding to the following reactions:

4Ag sð Þ þ O2 gð Þ ¼ 2Ag2O sð Þ ð5:27Þ
2Pt sð Þ þ O2 gð Þ ¼ 2PtO sð Þ ð5:28Þ
2Pd sð Þ þ O2 gð Þ ¼ 2PdO sð Þ ð5:29Þ
2Ni sð Þ þ O2 gð Þ ¼ 2NiO sð Þ ð5:30Þ

intersect ΔGo ¼ 0 line at 200 �C, 500 �C, 900 �C, and 2400 �C, respectively. The
reverse reaction, that is, decomposition is favored above each of these temperatures.
The decomposition temperature is defined as the temperature at which the oxide
formation line crosses the ΔGo ¼ 0 line. This method of obtaining metals is called
thermal decomposition.

Generally, oxides are reduced by means of a reducing agent, for example, C, CO,
and H2. These reducing agents are of great industrial importance and may be
produced from raw materials like coal, oil, and natural gas. A large number of
metals are produced from their oxides by reduction with C and/or CO, for example,
iron, manganese, chromium, and tin exclusively from oxides; lead and zinc from
oxides obtained by roasting of their sulfide minerals. The more noble metals like
silver, mercury, and palladium are obtained by thermal decomposition of Ag2O,
HgO, and PdO, respectively. The more reactive metals such as uranium and thorium
are produced by metallothermic reduction of their oxides. Metals like calcium and
magnesium having higher affinity for oxygen are employed as reducing agents.

5.2.3 Reduction with Carbon Monoxide in the Presence
and Absence of Carbon

The reduction reactions with carbon and carbon monoxide are controlled by the
chemical kinetics and the related equilibria. For the reaction:

MO sð Þ þ CO gð Þ ¼ M s, l, gð Þ þ CO2 gð Þ, K ¼ pCO2
=pCO ð5:24Þ

5.2 Thermodynamics of Reduction of Oxides 159



to be feasible, the standard free energy change should be negative. If M and MO are
not mutually soluble, aM ¼ 1 ¼ aMO, the equilibrium constant, K is expressed in
terms of the gas ratio: pCO2

=pCO. The corresponding gas ratio is shown in Fig. 5.3 for
a number of metals. The gas ratio is a function of temperature only. From the figure,
it is noted that the ratio varies from about 105 for the reduction of Cu2O to Cu and
Fe2O3 to Fe3O4 to 10

�4 or less for the reduction of MnO and SiO2. Even lower ratios
are required for the reduction of Al2O3 and MgO.

The figure also shows the gas ratio, pCO2
=pCO for the Boudouard reaction:

C sð Þ þ CO2 gð Þ ¼ 2CO gð Þ,K ¼ p2CO=pCO2
ð5:31Þ
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Here, the ratio,
pCO2
pCO

¼ pCO
K , is a function of pCO and of the total pressure

(pCO2
þ pCO) due to the increase in the number of gaseous molecules in the reaction

(5.31). The Boudouard reaction (5.31) may be disregarded if reduction is taking
place in the absence of solid carbon. Under such a situation, reduction of the oxide
will take place when the

pCO2
pCO

ratio [1] in the gaseous mixture is less than the

equilibrium value for the concerned metal–metal oxide. Thus, a gas ratio between
105 and 102, that is, at very small concentration of CO in the gaseous mixture will
reduce Cu2O, PbO, and NiO. In practical sense it means that if reduction is initiated
with pure CO, the entire amount of CO will be converted into CO2. On the other
hand, a gas almost free of CO2 (i.e.,

pCO2
pCO

¼ 10�5 ) is required for the reduction of

MnO and SnO2. Hence, the reaction will stop as soon as minute amounts of CO2 are
formed in the pure CO that is used initially. Thus, reduction of Cr2O3, MnO, and
SiO2 with CO is practically impossible.

In the presence of solid carbon in the gaseous mixture, the two reactions (5.24)
and (5.31) take place simultaneously. At equilibrium, simultaneous reactions
between MO, M, and C will take place at the temperature where the curves for the
two reactions intersect. From Fig. 5.3, it is clear that at about 610 �C, SnO2, Sn, and
C may be in equilibrium with a gaseous mixture of pCO2

þ pCO at 1 atm. This means
SnO2 may be reduced by carbon at above 610 �C, when pCO2

=pCO ¼ 3. Similarly,
Fe3O4 may be reduced to FeO at above 650 �C and FeO to Fe above 700 �C. MnO
and SiO2 will be reduced with carbon at a total pressure of one atmosphere (i.e.,
pCO2

þ pCO ¼ 1 atm) in the temperature range of 1400–1600 �C. A gas ratio,
pCO2

=pCO ¼ 10�4 is necessary for the reduction of MnO at 1500 �C. For reactions
taking place above the equilibrium temperature, the gas mixture has a value inter-
mediate between the values for reactions (5.24) and (5.31) and very close to the
value for the reaction that has the highest reaction rate. Thus, it is wrong to say that
the reduction with carbon is represented by reaction: MO + C ¼ M + CO. This is
applicable in case of reduction of the most stable oxides, which essentially requires a
very low concentration of CO2 in the gaseous mixture. From Fig. 5.3 it is evident that
even at low temperatures carbon curve does not intersect the curves of NiO and other
noble metal oxides. The enthalpy of reactions may be calculated from slope of the
curves in Fig. 5.3 by van’t Hoff equation. The reduction of less noble metal oxides
with CO is endothermic while it is exothermic for the reduction of relatively noble
metals. As the reaction between C and CO2 (5.31) is highly endothermic, the
reduction of all metal oxides with carbon is endothermic. The enthalpy of reaction
increases with increasing stability of oxides. Thus, both high temperature and large
amount of heat are required in reduction of stable oxides with carbon. In other words,
there is extensive increase in fuel and energy requirements while reducing more
stable oxides.

The reduction of ZnO presents an exceptional case due to the formation of liquid
as well as gaseous zinc depending on temperatures. When liquid zinc is formed, the
gas ratio is a function only of temperature. The equilibrium is disturbed on the
formation of zinc vapor at a higher temperature according to the following reaction:
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ZnO sð Þ þ CO gð Þ ¼ Zn gð Þ þ CO2 gð Þ ð5:32Þ

The gas ratio for the above reaction is given by the expression:

pCO2

pCO
¼ K

pZn
ð5:33Þ

In Fig. 5.3, the gas ratio pCO2
=pCO plotted for pZn¼ 1 atm intersects the curve for

liquid zinc at its boiling point, 907 �C; that is, liquid and gaseous zinc are in
equilibrium. The gas ratio will be displaced upward by one logarithmic unit for a
partial pressure of 0.1 atm. At this pressure the two curves will intersect at about
740 �C, which is the dew point of zinc vapor at 0.1 atm. The thermodynamic
condition for the reduction of ZnO is depicted in Fig. 5.3. Figure 5.4 gives the gas
ratio, pCO2

=pCO at different partial pressures of zinc, pZn¼ 0.1, 0.5, 1.0, and 10 atm,
together with the curve for reduction of ZnO to liquid zinc. The latter intersects the
curves for different vapor pressures of zinc at temperatures where liquid zinc and
zinc vapor are in equilibrium. The Boudouard reaction (5.31) is also shown in
Fig. 5.4 with the gas ratio [1] for pCO¼ 0.1, 0.5, 1, and 10 atm. Both the equilibria
represented by Eqs. (5.32) and (5.31) must be satisfied for continuous reduction of
ZnO by carbon. This means reduction will take place at the point of intersection of
the two curves for reactions (5.31) and (5.32). Since the number of atoms of zinc and
oxygen are equal in reduction of ZnO with carbon, partial pressures of Zn, CO, and
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CO2 are stoichiometrically related as: pZn ¼ pCO þ 2pCO2
. According to the Phase

Rule, there is only one degree of freedom, either temperature or pressure and there
are three components: Zn, O, and C with one restriction as nZn ¼ nO and three
phases: ZnO, C, and a gaseous phase. Assuming that pCO2

is small compared to pCO,
we have pZn � pCO � 1

2 ptot . Figure 5.4 shows that for a total reaction pressure of
1 atm, curves for pZn ¼ 0.5 ¼ pCO intersect at 920 �C (point A). This is the lowest
temperature at which continuous reduction of ZnO with solid carbon starts at 1 atm.
At the point of intersection, A, the CO2/CO ratio is about 1.2 � 10�2, that is, pCO2

is
about 0.6 � 10�2 atm which is in agreement with the assumption of pCO2

being low
as compared to pCO.

Reactions (5.31) and (5.32) are reversible; hence on cooling, the resultant gaseous
mixture containing Zn, CO, and CO2 may form ZnO. Since the reversion of reaction
(5.32) is much faster compared to the reversion of 5.31, due precaution has to be
taken to prevent the oxidation of zinc vapors during cooling by CO2. During cooling
the presence of even as low as 1% CO2 in the gas mixture containing 50% each of Zn
and CO will reoxidize nearly 2% of zinc. However, on lowering the CO2 concen-
tration to 0.1% in the presence of excess carbon at high temperatures, only 0.2% of
zinc gets reoxidized. Even small amount of ZnO formed may adversely affect the
process because it acts as nuclei for the condensation of zinc vapors. The zinc
droplets covered with thin layer of ZnO (called blue powder) will prevent further
coalescence. The amount of blue powder increases with increasing CO2 content in
the flue gas. Condensation of zinc will start when the saturation pressure of liquid
zinc is equal to the partial pressure of zinc in the gas. The condensation occurs at
a temperature of about 840 �C for a zinc pressure of 0.5 atm. To achieve 99%
condensation at a total pressure of 1 atm at 600 �C, the saturation pressure of zinc
should be about 0.01 atm. Due to supercooling in industrial processes, zinc con-
denser is operated at about 500 �C with metallic zinc seeding.

On further heating and subsequent cooling and condensation the gas ratio in the
retort process follows the path indicated by the curve (a)–(a) in Fig. 5.4. However,
the gas ratio in the Imperial Smelting blast furnace follows the path (b)–(b). At the
point of intersection, X (intersection of the Boudouard line) reduction of ZnO (s) to a
brass takes place with aZn (l) ¼ 0.1 and pCO ¼ 1 atm at 890 �C. The highly
endothermic simultaneous reduction [1] of zinc oxide with carbon according to the
reaction

ZnO sð Þ þ C sð Þ ¼ Zn gð Þ þ CO gð Þ,ΔHo ¼ 57 kcal 238:5 kJð Þ ð5:34Þ
presents a serious problem in providing the large amount of heat to the reaction
mixture. Together with the added heat content of the reaction products at 1000 �C
and heat of vaporization of zinc, a total heat of 90 kcal (376.6 kJ) per mole or about
1350 kcal (5648 kJ) per kilogram of zinc is required. In the retort process, the
required heat generated in an outer combustion chamber is transferred by conduction
through the retort wall into the charge. This arrangement not only puts a limit on the
rate of production but also poses additional problems during cooling and condensa-
tion of the flue gases in the condenser by the release of large quantities of heat,
approximately 400 kcal (1674 kJ) per kilogram of zinc. Removal of this heat in the

5.2 Thermodynamics of Reduction of Oxides 163



condenser poses problems in the design of the condenser. The problem of condens-
ing without oxidation of the zinc vapor was resolved by the Imperial Smelting
Corporation by developing specially designed lead splash condensers and blast
furnaces capable of smelting mixed ZnO–PbO sinters.

5.2.4 Reduction with Hydrogen

Hydrogen is expensive and hence used under special conditions. However, the main
reason for its limited applications is the low exothermicity of reactions when oxides
are reduced with hydrogen. Figure 5.5 shows the pH2O=pH2

ratio for reduction of
various metals with hydrogen. Figures 5.3 and 5.5 have close resemblance with
respect to the shape and relative position of different metal–metal oxide reduction
equilibria. While comparing the relative merits of C, CO, and H2 reduction reactions,
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exothermicity of the following two reactions should be considered in addition to
reactions (5.15) and (5.16).

2CO gð Þ þ O2 gð Þ ¼ 2CO2 gð Þ,ΔHo
298 ¼ �572 kJ ð5:35Þ

2H2 gð Þ þ O2 gð Þ ¼ 2H2O gð Þ,ΔHo
298 ¼ �486 kJ ð5:36Þ

The above heat changes indicate that the reduction of MO with H2 will be less
exothermic than the reduction by CO. In case a mixture of CO and H2 is used as the
reductant, the reactions will have to satisfy the water gas equilibrium according to
the following reaction:

CO gð Þ þ H2O gð Þ ¼ CO2 gð Þ þ H2 gð Þ ð5:37Þ

Any shift in the reaction to the right at low temperatures means that CO is a better
reducing agent than hydrogen at lower temperatures. Natural gas consisting mainly
of methane can be used in reduction of oxides:

4MO sð Þ þ CH4 gð Þ ¼ 4M s, lð Þ þ CO2 gð Þ þ 2H2O gð Þ ð5:38Þ

Although methane is a reducing agent of considerable significance, its decompo-
sition to soot and hydrogen above 500 �C makes its direct use problematic. In fact,
carbon and hydrogen generated due to the decomposition reduce the metal oxide in
their own way.

The relative positions of the lines concerning reactions (5.15), (5.16), and (5.36)
in the Ellingham diagram (Fig. 5.1) suggest that hydrogen is a better reducing agent
than carbon and carbon monoxide, respectively, at temperatures below 650 �C and
above 800 �C. However, for the reduction of iron oxide, hydrogen presents better
reduction kinetics in the temperature range of 1150–1350 �C [10–13]. In certain
cases, a mixture of both the gases is used.

5.3 Kinetics of Reduction of Oxides

The progress of gas–solid reactions like roasting and reduction of ores is compli-
cated due to the fact that chemical reactions proceed along with temperature rise of
the ore particles. A reaction cannot occur at all until the temperature is high enough
at the reaction interface. Most of the processes are carried out under counter flow
conditions in shaft furnaces or rotary kilns. The charge and the combustion/reduction
gases move in opposite directions so that at any point the gas is only a little hotter
than the surface of the charge. In a gas–solid reaction of the type MO(s) + A(g)¼M
(s) + AO(g), the reduction takes place in a number of steps:

1. Transfer of A, from the bulk gaseous phase to the outer surface of the solid.
2. Diffusion of A to the reaction interface.
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3. Chemical reaction at the interface (adsorption of reaction species, chemical
reaction and desorption of reaction product species).

4. Diffusion of AO away from the interface into the bulk of the gas phase.

The overall rate of reaction depends on whether the product M forms a porous
layer and the relative kinetics of the chemical reaction at the MO/M interface and of
the diffusion through the product layer. Szekely et al. [14] have discussed these cases
in detail.

The rate of reaction can be expressed in terms of the fraction of solid reacted ( f ),
which is defined, using a spherical solid without change in the overall size as an
example, as

f ¼ ω0 � ω
ω0 � ω f

¼ 4=3πr
3
0 � 4=3πr

3

4=3πr30
¼ 1� r3

r30
ð5:39Þ

where ωo, ωf, and ω represent, respectively, the original weight, final weight, and
weight of the solid at any time t, and ro and r, are, respectively, the initial radius and
radius of the unreacted solid at any time t. If k and c, are, respectively, the rate
constant based on the consumption rate of the gaseous reactant and the molar
concentration of reactant gas; the conversion versus time for a system with a first-
order reaction in which the diffusion through the product layer is much faster than
the interfacial reaction is given by

1� 1� fð Þ1=3 ¼ bkc
r0ρ

t ð5:40Þ

where b is the number of moles of the solid reactant reacted by one mole of the
gaseous reactant.

When the diffusion through the solid product layer controls the overall rate, the
conversion versus time is described by [14].

6bDe c� ceqð Þ
ρr20

t ¼ 1þ 2 1� fð Þ � 3 1� fð Þ2=3 ð5:41Þ

where De stands for effective diffusivity through the product solid layer.
When the reactant solid contains porosity, the expression of the overall rate is

more complex, and the reader is referred to a monograph on the subject by Szekely
et al. [14].

The kinetics of the reaction is governed by the nature of the solid reaction product
(porous or nonporous) formed on the reacting solid. In case of a porous film, there is
no resistance to the reagents reaching the interface and the rate will not be affected by
the reaction product. On the other hand, if the film is nonporous, the reagent has to
diffuse through this protective film before it reaches the interface. The kinetics of
reaction will markedly differ in this case. The rate of reaction gradually decreases as
thickness of the product layer increases because diffusion path increases. The rate
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further decreases due to the decrease in the area of the unreacted core/reaction
product interface.

Jander [15], Gnistling and Brounshtein [16], and Valensi [17, 18] have proposed
models on the direct reduction of metal oxides with solid carbon. They have
postulated that the gaseous intermediate reaction [C(s) + CO2(g) ¼ 2 CO(g)] was
the rate-controlling step. As Jander’s equation refers to the plane surface, it will be
applicable for a sphere of very large radius as compared to the thickness of the
product layer. Further, it is applicable only at early stages of the reaction when the
volume of the reaction product is equal to the volume of the original material. The
approximation made in Jander’s equation does not work well beyond about 50%
conversion because volume changes with the progress of the reaction. The progres-
sive decrease in the area of the reaction interface in actual practice is taken into
account in the models proposed by Gnistling and Brounshtein [16] and Valensi
[17]. These are briefly summarized below.

5.3.1 Gnistling and Brounshtein Simplified Model

According to Fick’s law, we can write:

J ¼ �AD
dc
dr

¼ 4πr2D
dc
dr

ð5:42Þ

where J is the number of molecules of the reagent diffusing in time t through the
product layer (Fig. 5.6). A and D represent the area of cross section of the reaction
front and diffusivity through the product solid layer, respectively. Integration of
Eq. 5.42 gives:

Z c

ci

dc ¼ � J
4πD

Z r0

r1

dr
r2

ð5:43Þ

Solid product
layer

Unreacted
core

r0 Initial radius

r1

r

Fig. 5.6 Formation of a
solid product (porous/
nonporous) layer
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∴c� ci ¼ � J
4πD

r0 � r1
r0r1

� �
ð5:44Þ

where ci and r1 are the concentration of the reagent at the interface and the radius of
the unreacted core, respectively. For a diffusion-controlled process, ci ¼ 0,

∴J ¼ �4πD
r0r1

r0 � r1

� �
c ð5:45Þ

We consider a simple case where c is constant

Fraction reacted f ¼
4
3 πr

3
0 � 4

3 πr
3
1

4
3 πr

3
0

¼ 1� r1
r0

� �3
ð5:46Þ

∴r1 ¼ r0 1� fð Þ1=3 ð5:47Þ

The number of moles of unreacted solid present at any time t is.
N ¼ 4

3 πr31
ρ
M (M and ρ represent molecular weight and density of the reactant)

Since we can write: dNdt ¼ dN
dr1

: dr1dt

∴
4=3πρ
M

3r21
dr1
dt

¼ 4πρr21
M

dr1
dt

ð5:48Þ

But the rate of change of N, dN
dt

� �
is proportional to the flux of the material, J,

diffusing through the spherical shell of thickness (r0 � r1). Therefore, from
Eqs. (5.45) and (5.48), we can write:

J ¼ �4 πD
r0r1

r0 � r1

� �
c ¼ α 4π

ρ
M

r21
dr1
dt

ð5:49Þ

where α is stoichiometry factor:

∴�MDc
αρ

dt ¼ r1 r0 � r1ð Þdr1
r0

¼ r1 � r21
r0

� �
dr1 ð5:50Þ

On integration,

�MDc
αρ

Z t

0
dt ¼

Z r1

r0

r1 � r21
r0

� �
dr1

or �MDct
αρ

� �t
0

¼ r21
2

� �r1
r0

� r31
3r0

� �r1
r0

ð5:51Þ
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or �MDct
αρ

¼ r21
2
� r20

2
� r31
3r0

þ r30
3r0

¼ 1
2
r21 �

1
6
r20 �

1
3
r31
r0

ð5:52Þ

Substituting r1 in terms of f we get:

�MDc
αρ

t ¼ 1
2
r20 1� fð Þ2=3 � 1

6
r20 �

1
3
r30
r0

1� fð Þ ð5:53Þ

¼ 1
2
r20 1� fð Þ2=3 � 1

6
r20 �

1
3
r20 1� fð Þ ð5:54Þ

or �MDc
αρr20

t ¼ 1
2

1� fð Þ2=3 � 1
6
� 1
3

1� fð Þ ð5:55Þ

or
2MDc
αρr20

t ¼ � 1� fð Þ2=3 þ 1
3
þ 2
3

1� fð Þ ð5:56Þ

¼ 1� 2
3
f � 1� fð Þ2=3 ð5:57Þ

Thus, a plot of 1� 2
3 f � 1� fð Þ2=3

h i
against t should be a straight line. This

equation was found more appropriate as compared to Jander’s equation but still it
fails after about 90% reaction. This aspect has been considered in the model
proposed by Valensi [17].

5.3.2 Valensi Model

Figure 5.7 shows the formation of a nonporous product layer. If the reagent is
supplied continuously, c remains constant and then the rate of change of ω is
proportional to J, the flux of reagent diffusing through the spherical shell of
thickness (r2 � r1).

According to Fick’s law of diffusion J ¼ �AD dc
dr ¼ �4πr2D dc

dr.
If ci is the concentration of the reagent at the interface, on integration:

Z c

ci

dc ¼ � J
4πD

Z r2

r1

dr
r2

ð5:58Þ

c� ci ¼ � J
4πD

r2 � r1
r1r2

� �
ð5:59Þ

or J ¼ �4πD
r1r2

r2 � r1

� �
c� cið Þ ð5:60Þ
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For a diffusion controlled process, ci ¼ 0

∴J ¼ �4πD
r1r2

r2 � r1

� �
c ð5:61Þ

If ρ and M represent respectively, the density and molecular weight of the
reactant (R), and the product (P) the weight of the unreacted core, ω can be expressed
as: ω ¼ 4

3 πr
3
1ρR and thus, the number of molecules of the reactant is given as:

N ¼ ω
MR

¼ 4
3
πr31

ρR
MR

ð5:62Þ

dN
dt

¼ 4πr21
MR

ρR
dr1
dt

ð5:63Þ

J ¼ α
dN
dt

α is the stoichiometry factorð Þ ð5:64Þ

Combining Eqs. 5.61, 5.63, and 5.64, we can write:

�4πD
r1r2

r2 � r1

� �
c ¼ α

4πr21ρR
MR

dr1
dt

ð5:65Þ

∴�MRDc dt
αρR

¼ r2 � r1ð Þr1
r2

dr1 ¼ r1 � r21
r2

� �
dr1 ð5:66Þ

Unreacted core

Product layer

Ci

r2r0

r1

r

Fig. 5.7 Formation of
nonporous reaction products
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Since the number of molecules consumed ¼ number of molecules formed �
stoichiometry factor, we can write:

4
3 πr

3
0 � 4

3 πr
3
1

� �
ρR

MR
¼

4
3 πr

3
2 � 4

3 πr
3
1

� �
ρP

MP
:α ð5:67Þ

1
α
MP=ρP
MR=ρR

¼ r32 � r31
r30 � r31

ð5:68Þ

If VP and VR represent volume of the product and the reactant, respectively, we

have: 1
α

MP=ρP
MR=ρR

¼ 1
α

VP
VR

¼ z
h i

∴z ¼ r32 � r31
r30 � r31

ð5:69Þ

or r32 � r31 ¼ z r3o � r31
� � ð5:70Þ

or r32 ¼ zr30 þ r31 1� zð Þ ð5:71Þ

or r2 ¼ zr30 þ r31 1� zð Þ� 	1=3 ð5:72Þ

Noting that if z ¼ 1, r2 ¼ ro, substituting the value of r2 in Eq. 5.66 from 5.72
we get:

�MRDc
αρR

dt ¼ r1 � r21

zr20 þ r31 1� zð Þ� 	1=3
 !

dr1 ð5:73Þ

Integrating from the limits r0 to r1 for t ¼ 0 and t ¼ t

�MRDc
αρR

t ¼ 1
2
r21 þ

zr20 � zr30 þ r31 1� zð Þ� 	2=3
2 1� zð Þ

or � 2 1� zð ÞMRDc
αρR

t ¼ 1� zð Þr21 þ zr20 � zr30 þ r31 1� zð Þ� 	2=3 ð5:74Þ

zr20 þ 2 1� zð ÞMRDc
αρR

t ¼ zr30 þ r31 1� zð Þ� 	2=3 � 1� zð Þr21 ð5:75Þ

since fraction reacted, f ¼ ω0�ω
ω ¼ 4

3πr
3
0ρR�4

3πr
3
1ρR

4
3πr

3
0ρR

¼ 1� r1
r0


 �3
∴r1 ¼ r0 1� fð Þ1=3.
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Substituting the value of r1 in terms of f in to Eq. 5.75, we get:

zr20 þ 2 1� zð ÞMRDc
αρR

t ¼ zr30 þ 1� zð Þr30 1� fð Þ� 	2=3 � 1� zð Þr20 1� fð Þ2=3

ð5:76Þ
¼ r20 zþ 1� zð Þ 1� fð Þ½ �2=3 � 1� zð Þr20 1� fð Þ2=3 ð5:77Þ

Dividing by r20, we get:

zþ 2 1� zð ÞMRDc
αρRr

2
0

t ¼ zþ 1� zð Þ 1� fð Þ½ �2=3 � 1� zð Þ 1� fð Þ2=3 ð5:78Þ

¼ zþ 1� z� f þ zf½ �2=3 � 1� zð Þ 1� fð Þ2=3 ð5:79Þ
¼ 1þ z� 1ð Þf½ �2=3 þ z� 1ð Þ 1� fð Þ2=3 ð5:80Þ

Thus, a plot [1 + (z � 1)f]2/3 + (z � 1)(1 � f )2/3 vs t should give a straight line.
Equation 5.80 has been found to be valid till 100% of the reaction time.

5.3.3 Other Mathematical Models

In recent years, Sohn and coworkers [10–13] conducted detailed studies on the
reduction kinetics of hematite particles (average particle size 21 μm) with hydrogen
[10] and carbon monoxide [11] in the temperature range of 1150–1350 �C and
1200–1350�C, respectively under different partial pressures of hydrogen and carbon
monoxide with the prime objective of developing a novel flash ironmaking process
[13]. They have reported more than 90% reduction of hematite concentrate particles
with hydrogen at 1300 �C in 3 s of residence time whereas the same order of
reduction was obtained with CO at 1350 �C in 5 s. The rate of reduction with CO
is slow but still fast enough for the flash ironmaking process. In both cases the
reaction was found to be strongly temperature-dependent and followed the first-order
rate kinetics with respect to the partial pressure of hydrogen and carbon monoxide
with the activation energy of 214 and 231 kJ mol�1, respectively.

The above studies will be useful in understanding the complex kinetics of the
reduction of hematite with the gaseous mixture of H2 and CO [generally, produced
by reforming the natural gas: CH4 (g) + H2O (steam) ¼ CO (g) + 3 H2 (g)], not only
in the flash ironmaking process but also in direct reduction of iron oxide without
melting. In direct reduction, oxygen from the hematite concentrate is removed by H2

and CO in steps by the following heterogeneous chemical reactions [19]:

3Fe2O3 sð Þ þ H2 gð Þ ¼ 2Fe3O4 sð Þ þ H2O vð Þ ð5:81Þ
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Fe3O4 sð Þ þ H2 gð Þ ¼ 3FeO sð Þ þ H2O vð Þ ð5:82Þ
FeO sð Þ þ H2 gð Þ ¼ Fe sð Þ þ H2O vð Þ ð5:83Þ

3Fe2O3 sð Þ þ CO gð Þ ¼ 2Fe3O4 sð Þ þ CO2 gð Þ ð5:84Þ
Fe3O4 sð Þ þ CO gð Þ ¼ 3FeO sð Þ þ CO2 gð Þ ð5:85Þ
FeO sð Þ þ CO gð Þ ¼ Fe sð Þ þ CO2 gð Þ ð5:86Þ

However, the possibility of occurrence of the following important homogeneous
reactions between the gaseous species present in the reducing gas mixture cannot be
avoided:

2CO gð Þ⇆ C sð Þ þ CO2 gð Þ ð5:87Þ
H2O vð Þ þ CO gð Þ ⇆ H2 gð Þ þ CO2 gð Þ ð5:88Þ
3H2 gð Þ þ CO gð Þ ⇆ CH4 gð Þ þ H2O vð Þ ð5:89Þ

During the past three decades, considerable attention has been focused on the
development of mathematical models to assess the rate controlling step in the
reduction process. The available models for interpretation of kinetics of reduction
of oxides may be categorized into three groups [19]: (i) one interface shrinking core
model, (ii) three interfaces shrinking core model, and (iii) grain model.

On account of its simplicity, “one interface shrinking core model” has been
employed in interpretation of reduction of metal oxides. For example, the reduction
of wustite with H2 and/or CO as depicted in Fig. 5.8 can be divided into four steps
(as mentioned in Sect. 5.3). The slowest among all is considered to be the rate-
controlling step. However, investigators have different views on the matter of the
absolute control of the rate of reduction by a single step. For example, MacKewan
[20] and Themelis and Gauvin [21] are of the opinion that the reduction of iron oxide
is controlled to a major extent by chemical reaction whereas Bogdandy [22] con-
siders it to be by the gaseous transport control, and Lu [23] has suggested the pore
diffusion together with first-order chemical reaction as the rate-controlling step. On
the other hand, Spitzer et al. [24, 25] have developed a model based on assumptions
of isothermal and isobaric conditions to demonstrate diminishing possibility of the
absolute control of the rate of reduction of the oxide pellet by a single step. Instead,

Gas film

Porous Fe shell

Unreacted dense oxide core

Fig. 5.8 Schematic
diagram of one interface
shrinking core model:
reduction of dense hematite
pellet
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they suggested for simultaneous consideration of diffusion and chemical reaction in
the rate-controlling step.

The “three interfaces shrinking core model” is presented in Fig. 5.9. The figure
shows the reduction of hematite to iron with H2/CO gas by the formation of three
successive interfaces: hematite/magnetite, magnetite/wustite, and wustite/iron of
varying thicknesses moving outward. The three successive interfaces make the
situation complex due to the difference in flux of species entering and leaving the
front and consumption of reactants. The gaseous product follows a similar sequence
in the opposite direction. The reduction mechanism proposed by Edstrom [26]
considers solid-state diffusion of ferrous ions through the wustite layer according
to the reactions (5.83) and (5.86) which are summation of sub-reactions (FeO¼ Fe2++
O2�, O2� + CO ¼ CO2 + 2e, and Fe2++ 2e ¼ Fe). Thus, removal of oxygen from the
wustite surface increases the concentration of Fe2+. A part of these ferrous ions
together with electrons migrate to nucleation sites to deposit as iron whereas the
remaining ferrous ions and electrons diffuse across the wustite and magnetite layers
to react with magnetite and hematite to form wustite and magnetite, respectively,
according to the reactions:

Fe2þ þ 2eþ Fe3O4 sð Þ ¼ 4FeO sð Þ ð5:90Þ
Fe2þ þ 2eþ 4Fe2O3 sð Þ ¼ 3Fe3O4 sð Þ ð5:91Þ

Although the experimental data can be easily fitted in the above model having a
number of parameters, the assumption of sharp and clear cut interfaces between
different solid phases points out toward a fundamental mistake. There seems a rare
possibility of having sharp interfaces due to the simultaneous chemical reactions and
diffusion in formation of porous sub-oxides and metallic iron.

Fe3O4

Fe2O3
Unreacted 
core

FeO 

Fe 

Gas Film 

H2 / CO 

H2 O/ CO2

Fe3O4

Fig. 5.9 Schematic diagram of three interfaces shrinking core model: reduction of dense hematite
pellet
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As simultaneous chemical reactions and diffusion during the reduction of an
oxide pellet cannot be avoided, the three interfaces shrinking core model has very
limited application in identifying the rate-controlling step. A number of investigators
realized this difficulty in the reduction of porous and nonporous pellets. Tien and
Turkdogan [27] developed a mathematical model by considering two separate zones
in a pellet, one of the completely reduced layer of iron and the other layer of the
partially reduced iron oxides. However, this concept happens to be a special case of
the “grain model” (depicted in Fig. 5.10) of gas–solid reactions introduced by
Szekely and coworkers [14, 28] which can be easily accommodated within the
more advanced version of the mathematical model developed by Sohn [29–
31]. Tien and Turkdogan [27] have considered grains of uniform size maintaining
their initial physical structure throughout the reaction. Further, they have assumed
that reaction of each grain proceeds like microscopic shrinking core without con-
sidering gaseous diffusion through the product layer of the grains.

5.4 Commercial Processes

In this section, a few commercial processes based on reduction of oxides and
reduction smelting will be discussed. When primary metals are obtained in molten
state during reduction of oxides with suitable reducing agents, the process is known
as the reduction smelting. The term “smelting” stands for any metal production
process that goes through a molten state.

5.4.1 Production of Iron

The production of iron presents the most important example of the reduction of
oxide and reduction smelting. Iron is primarily extracted from hematite (Fe2O3) by
reduction with coke in the blast furnace of circular cross section. This design
generates more intensive heat. For the production of one ton of pig iron 1.6–2 ton
of iron ore (50–60% Fe), 0.35–0.5 ton of coke and 0.4 ton of lime stone are charged
in the blast furnace from top and about 1.4 ton of air (approximately 1000 Nm3) is

Unreacted solid 

Reaction product 

Fig. 5.10 Schematic
representation of grain
model for reaction of gases
with porous oxide
consisting of solid
spheroidal grains of uniform
radius
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blown through the tuyeres. Combustion of coke in the preheated air at the tuyere
level produces CO2 which on further reaction with coke forms CO (C + CO2¼ 2CO).
The uprising CO gas coming into contact with iron ore lumps reduces Fe2O3, Fe3O4,
and FeO in the stack region (i.e., indirect reduction). Simultaneously, lime decom-
position and carbon deposition (Boudouard) reactions also take place:

3Fe2O3 sð Þ þ CO gð Þ ! 2Fe3O4 sð Þ þ CO2 gð Þ 400� 600 �Cð Þ ð5:92Þ
Fe3O4 sð Þ þ CO gð Þ ! 3FeO sð Þ þ CO2 gð Þ 600� 800 �Cð Þ ð5:93Þ

2CO gð Þ ! C sð Þ þ CO2 gð Þ Boudouard reaction : 540� 650 �Cð Þ ð5:94Þ
FeO sð Þ þ CO gð Þ ! Fe sð Þ þ CO2 gð Þ 800� 1100 �Cð Þ ð5:95Þ

CaCO3 sð Þ ! CaO sð Þ þ CO2 gð Þ 800� 900 �Cð Þ ð5:96Þ

The following slag forming reaction takes place at 1100 �C:

CaO sð Þ þ SiO2 sð Þ ¼ CaSiO3 sð Þ ð5:97Þ

The gangue oxides, such as P2O5, MnO, and SiO2 present in the ore and FeO, are
directly reduced by carbon at a high temperature (1200–1800 �C) existing in the
hearth (direct reduction). The molten iron produced in the hearth in contact with
coke at high temperature dissolves carbon and picks up phosphorus, manganese, and
silicon.

FeO sð Þ þ C sð Þ ! Fe lð Þ þ CO gð Þ ð5:98Þ
C in cokeð Þ ! C½ � ð5:99Þ

P2O5 sð Þ þ 5C sð Þ ! 2 P½ � þ 5CO gð Þ ð5:100Þ
MnO sð Þ þ C sð Þ ! Mn½ � þ CO gð Þ ð5:101Þ
SiO2 sð Þ þ 2C sð Þ ! Si½ � þ 2CO gð Þ ð5:102Þ

The Boudouard reaction leading to the carbon deposition [2CO(g) ! C (s) +
CO2 (g)] at the iron–refractory interface takes place in the upper part of the stack
where temperature varies from 550 to 650 �C. The finely deposited carbon on
refractory wall takes part in direct reduction of iron oxide to a limited extent. In
order to control the Mn, Si, P, and S contents of the hot metal, adequate slag basicity
and hearth temperature need to be maintained. The effect of temperature can be
analyzed by the following equations relating free energy and temperature [5, 32] for
reactions (5.101) and (5.102) respectively:

ΔGo ¼ 290300� 173 T J mol�1 ð5:103Þ
ΔGo ¼ 593570� 396 T J mol�1 ð5:104Þ
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Since ΔGo decreases with increasing T (hearth temperature), the forward reac-
tions leading to Mn and Si pick up in the metal is favored at a higher temperature. As
the activity of acidic SiO2 decreases in the presence of a basic oxide (CaO), the free
energy change for reaction (5.102) under nonstandard conditions, according to the
van’t Hoff isotherm, can be expressed as:

ΔG ¼ ΔGo þ RT ln
aSi½ �:p2CO

aSiO2ð Þ: a2C
� 	

 !
ð5:105Þ

And it is seen that ΔG becomes positive with a decrease of aSiO2 in the basic slag
CaO–SiO2 to the extent that the following reverse reaction is favored:

Si½ � þ 2CO gð Þ ! SiO2ð Þ þ 2 C½ � ð5:106Þ

In a similar manner, the distribution of other elements may be discussed. But the
situation is not straight forward in the case of manganese. Manganese pick up is
influenced by temperature but follows a complex trend due to the basic nature of
MnO in the presence of the acidic oxide SiO2 as well as the basic oxide CaO in the
slag. The distribution of sulfur in slag and metal depends on the formation of stable
calcium sulfide according to the reaction [5]:

FeS½ � þ CaOð Þ ! CaSð Þ þ FeO½ � ð5:107Þ
ΔGo ¼ 72000� 38 T J mol�1 ð5:108Þ

Equation 5.108 indicates that sulfur transfer from metal to slag is favored by
increasing the hearth temperature. In addition to temperature, basic slag and reduc-
ing conditions favor desulfurization. Since transfer of sulfur from the metal to the
slag requires reducing conditions, it is easier to control sulfur to the desired level in
the blast furnace during ironmaking rather during steelmaking. Optimum conditions
for desulfurization as derived by considering ionic reactions will be discussed in
Chap. 7.

5.4.1.1 Recent Trends in Ironmaking

The production rate and furnace efficiency of the blast furnace have been improved
by the use of preheated blast, oxygen enrichment in the blast, injection of hydrocar-
bon and steam into the blast, and high top pressure. These facilities have been
adopted with the prime objective of reducing the coke rate (i.e., the amount of
coke consumed for production of one ton of pig iron). Since reduction of iron ore in
the blast furnace requires very high-grade coke, reduction in coke consumption will
lower down the cost of production of iron. However, while implementing any
advancement, pros and cons of indirect versus direct reduction reactions must be
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analyzed in light of differences in their thermo-chemical nature. For example,
preheated air obtained by passing air through a heated refractory network in hot
blast stoves needs less coke to generate the same amount of heat. In a similar manner
preheated air enriched with oxygen also reduces the coke rate together with reduc-
tion/decrease in volume of the blast furnace gas ascending through the stack. The
reduction in gas volume decreases the amount of heat transferred from the ascending
gas to the charge. This results in lowering down the proportion of indirect reduction
which has to be compensated by the direct reduction taking place in the hearth. In
view of the nature of these two reactions, oxygen enrichment has to be maintained
below 9% [5].

Any increase in pressure of the blast furnace gas at top of the stack will reduce the
pressure difference between the gas at the stack and at the tuyere level. This
reduction in pressure difference increases the residence time of the gas in the stack
due to slower movement of the ascending gas. Thus, gas gets more contact time with
the ore lump and hence reduces the coke rate and increases the rate of production of
pig iron.

Combustion of the injected hydrocarbon into the stack of the blast furnace pro-
duces two reducing gases: carbon monoxide and hydrogen:

2CH4 þ O2 ¼ 2COþ 4H2,ΔHo
298 ¼ �71:4 kJ ð5:109Þ

CO and H2 are better reducing agents for metal oxides, above and below 800 �C,
respectively. Hence, both together improve the efficiency of the indirect reduction.
Since combustion of coke is much more exothermic [5] than that of hydrocarbon
(2C + O2 ¼ 2CO, ΔHo

298 ¼ �222 kJ ), a higher increase in blast temperature is
required in case of hydrocarbon injection in order to maintain the hearth temperature.
The commonly used hydrocarbons, for example, natural gas, atomized oil, and
pulverized coal are injected just above the tuyeres. Steam injection through the
tuyere also generates CO and H2 but decreases the hearth temperature due to the
highly endothermic [5] nature of the reaction (H2O (steam) + C (s) ¼ H2 (g) + CO
(g),ΔHo

298 ¼ 132 kJÞ:This necessitates high blast preheat and/or oxygen enrichment
to achieve the required hearth temperature.

Modern blast furnaces equipped with the above facilities produce over 10,000
tons of pig iron per day (hot metal) containing 3.5–4% C, 1–2% Si, 1% Mn,
0.2–2.5% P, and 0.04–0.2% S. Although currently the rate of production is very
high, blast furnaces suffer from the disadvantages of poor control over composition
(variation in composition of the pig iron from tap to tap) and of being uneconomical
to developing countries with limited requirements as well as high capital and
operating costs in addition to the requirement of costly high-grade coking coal as
reductant. These limitations led to the development of two important alternatives to
the blast furnace namely (i) direct reduction (DR) and (ii) direct smelting reduction
(DSR) processes.

DR processes, based on the reduction of oxide with gases or carbon in solid state,
produce solid iron in the form of sponge (popularly known as sponge iron and also
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referred as Direct Reduced Iron, DRI). It may be noted that the hot briquetted form of
DRI is known as hot briquetted iron (HBI). The reactors employed for direct
reduction processes are rotary kilns, low shaft furnace (similar to the bottom two
third of the blast furnace), static bed reactors, and fluidized bed furnaces. The rotary
kiln uses solid reducing agent, for example, coke breeze, coal dust, char, or anthra-
cite, whereas other reactors use a mixture of CO + H2 for reduction of iron ore
pellets. The working temperatures of all these units (except the fluidized bed
furnaces) range between 1000 and 1200 �C. The fluidized bed furnace is operated
at a lower temperature (750 �C) due to the higher reducibility of hydrogen and
efficient heat transfer in the fluidized bed. The lower temperature operation avoids
fusion of particles. All these processes are almost DR processes with very little
indirect reduction reaction. Even CO + H2 act as a direct reducing agent without any
intermediate reaction. Solid sponge iron produced by these units is of inferior purity
as compared to the pig iron obtained from the blast furnace but has a better control
over composition. Sponge iron is used as feed to electric furnaces for steelmaking.

In recent years, several direct smelting reduction processes have emerged as
competitors to blast furnaces for production of iron and steel. Smelting reduction
processes, like COREX and FINEX, incorporate both melting and reduction. The
DSR processes can work with inferior quality raw materials compared to blast
furnaces; for example, low-grade fine ores and iron-bearing plant wastes as the
iron oxide feed and noncoking coal, carbon-bearing fines, and other relatively
inexpensive materials containing carbon and hydrogen as reductants. These pro-
cesses require lesser ore preparation (only by pelletizing and sintering) and materials
handling, consume lower energy, provide better pollution control, and work at lower
operating costs. In addition to these advantages, direct smelting processes can be
installed at low capital cost and made continuous for iron and steel production
because the molten iron produced is similar to the hot metal (pig iron) obtained
from the blast furnace and, hence, can be fed directly to the steelmaking units. These
advantages have led to the development of a large number of DSR processes [33]
throughout the world. The Ausmelt [34] submerged lance technology discussed in
Sect. 3.1.2.2 for sulfide smelting seems to have a promising future in direct smelting
reduction of iron ores.

Both the gas-based DR and DSR processes use reformed gas. The natural gas can
be reformed with steam or oxygen as per reactions:

CH4 þ H2O ¼ COþ 3H2 endothermicð Þ ð5:110Þ

CH4 þ 3
2
O2 ¼ COþ 2H2O exothermicð Þ ð5:111Þ

The water gas reaction (CO + H2O ¼ CO2 + H2) is enhanced in the presence of
suitable catalyst (nickel or platinum) at temperatures above 700 �C. The required
amount of hydrogen is generated by reaction (5.110) at higher temperature and lower
pressure according to Le Chatelier principle. The proportion of CO, H2, CO2, and
H2O can be adjusted by temperature control. Reformed gaseous mixture [33]
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generally contains about 85–90% CO + H2 (with equal proportion of both) and about
12–15% CO2 + H2O (in the ratio of 4:1).

In general, SR processes utilize two reactor units, one for the pre-reduction of the
oxide ore in the solid state and the other for the removal of the remaining oxygen by
liquid phase reactions (smelting reduction vessel). Pre-reduction of hematite and
magnetite to wustite is done by gases (CO and/or H2) in the temperature range
850–1050 �C. This is followed by the reduction of molten FeO by CO or carbon in
the smelting reduction step. The carbon that reacts with FeO in this stage may be
solid carbon or carbon dissolved in molten iron. There is considerable increase in the
rate of reduction due to enhancement in the contact between the liquid and other
phases. In this way, the formation of liquid phase makes the SR process efficient.

Although in recent years, several direct smelting reduction processes have
emerged as competitors to blast furnaces and direct reduction processes for produc-
tion of iron, kinetics of the process is still not well understood. An attempt has been
made here to outline the main features of reactions in smelting reduction. The
pre-reduced ore produced in the pre-reduction unit according to the reactions
(5.92), (5.93), and (5.95) is transferred to the smelting reduction vessel. In this
vessel coal, lime stone and silica are charged and oxygen/air is blown. Coal is
gasified and a slag (CaO–SiO2–FeO) of variable FeO content is formed by the
dissolution of FeO in SiO2–CaO. The coal gasification and reduction of iron oxide
present in the slag produce excessive volume of carbon monoxide and hydrogen.
Gases bubbling through the slag give rise to the formation of foam. The smelting
reduction of iron oxide rich slag in liquid state is either by CO or solid carbon or
carbon dissolved in liquid iron bath in the temperature range of 1250–1650 �C,
according to the following reactions:

FeOð Þ þ COf g ¼ Fe lð Þ þ CO2f g ð5:112Þ
FeOð Þ þ C sð Þ ¼ Fe lð Þ þ COf g ð5:113Þ
FeOð Þ þ C½ � ¼ Fe lð Þ þ COf g ð5:114Þ

In slag–metal reactions, brackets [], (), and {} are used for the constituents
contained, respectively, in metal, slag, and the gaseous phases.

Chemical reactions in the part of smelting reduction involving the melt, solid, and
gas are highly complicated and not well understood in terms of how much each
reaction contributes toward the overall reduction [35]. The foam formation further
complicates the mechanism of smelting reduction. As a consequence, the kinetics
analysis of this process poses a daunting task, and presents a challenging but rich
ground for further research for increased understanding and improvement of the
process.

In Sect. 5.3, it has been mentioned that more than 90% reduction of hematite
concentrate particles can be achieved with hydrogen at 1300 �C in 3 s and with CO at
1350 �C in 5 s [10–13]. These findings led to the development of a novel Flash
Ironmaking Technology (IFT) at the University of Utah [13] to produce iron from
magnetite concentrate, ranging from several microns to 100 microns without
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undergoing through pelletizing and sintering processes. IFT has a promising future
due to low energy consumption and its effectiveness in reducing greenhouse gas
emissions. Reduction can be carried out either by pure hydrogen gas or mixture of
H2 + CO, generated by partial oxidation of natural gas in the flash ironmaking
reactor. The greenhouse gas emissions can be reduced up to 97% if pure hydrogen is
used as the fuel and reductant whereas use of natural gas it is reduced up to 39–51%
[13]. The industrial flash ironmaking reactor was designed after developing the rate
equations for the reduction of magnetite concentrate fines with H2 and CO gas
mixture in the temperature range of 1200–1600 �C. In order to develop an industrial
process, a laboratory-scale Utah Flash Reactor and a large-scale bench reactor were
designed and installed for better understanding of the process. Based on these
experimental results, the research group at the University of Utah aims commercial-
ization of the process to achieve its great advantage of minimizing the energy
requirements and CO2 emissions.

5.4.2 Production of Zinc

Discussion in Sect. 5.2.3 clearly demonstrates that supply of larger amount of heat to
the reaction mixture (ZnO + C) has been the major problem in production of zinc by
the older retort processes. In order to supply the required quantity of heat, retorts
have to be heated from outside by attaching external combustion chambers. This
additional facility not only restricts the size of the retort (and thereby the rate of
production) but also causes problems by releasing large amount of heat during
cooling and condensation of the flue gases in the condenser. The horizontal as
well as vertical retort processes work essentially on the same principle. These
problems were sorted out by the Imperial Smelting Corporation by developing a
blast furnace capable of smelting of mixed ZnO–PbO sinters. Thus, Imperial
Smelting Process has improved the economics of zinc extraction with simultaneous
production of lead.

Prior to the development of the Imperial Smelting Process, galena and sphalerite
concentrates were smelted separately after dead roasting. The roasted lead oxide was
smelted with coke and flux in a blast furnace to produce a crude lead bullion whereas
zinc oxide was reduced with coke in horizontal or vertical retorts. In the blast furnace
smelting of mixed ZnO–PbO sinters, obtained by blast roasting of galena and
sphalerite concentrates, the following reduction reactions of PbO with CO and C
need to be analyzed in addition to the reactions (5.31), (5.32), and (5.34).

PbO sð Þ þ CO gð Þ ¼ Pb lð Þ þ CO2 gð Þ, ΔGo
773 ¼ �147 kJ ð5:115Þ

PbO sð Þ þ C sð Þ ¼ Pb lð Þ þ CO gð Þ, ΔGo
773 ¼ �76 kJ ð5:116Þ

The above reactions together with values of free energy changes demonstrate that
the reduction of PbO with CO at 500 �C not only provides a greater driving force

5.4 Commercial Processes 181



than reduction with coke, but also indicate that the reaction (5.115), being a solid–
gas reaction, will be kinetically faster than a solid-solid reaction (5.116). In addition,
we should note that (i) the reaction (5.34: ZnO + C ¼ Zn + CO) between ZnO and
coke at 1000 �C produces zinc vapor with a free energy change of �29 kJ and
(ii) reaction (5.32: ZnO + CO ¼ Zn + CO2) between ZnO and CO with a positive
standard free energy change of +76 kJ at 1000 �C will proceed only if the partial
pressure of CO is high. From Fig. 5.3, it is clear that ZnO can only be reduced at
1000 �C with a gas mixture having pCO2

=pCO ratio of less than 0.02. The gaseous
zinc produced by reaction (5.32) will get re-oxidized during cooling when temper-
ature goes below 950 �C because of higher stability of ZnO than CO2 at 950 �C.
Therefore, the zinc vapor must condense in a reducing atmosphere. For this reason,
horizontal as well as vertical retorts are heated externally to prevent the oxidation of
CO into CO2 (at above 720 �C, CO is more stable as compared to CO2). This reduces
the thermal efficiency of the process and makes the horizontal retort a batch process.
The zinc vapor is condensed and collected at a controlled distance from the reaction
chamber. Vertical retorts are operated on a continuous basis with zinc oxide bri-
quettes and coke being charged from the top and zinc vapor being removed rapidly
and condensed in a liquid zinc bath at the top of the retort.

Simultaneous reduction of mixed ZnO–PbO sinter, obtained by roasting-cum-
sintering (blast roasting) of galena and sphalerite concentrates, has become possible
with the development of Imperial Smelting Furnace. The presence of FeO (gangue in
the concentrate) in ZnO–PbO sinters further complicates the reduction reactions in
the Imperial Smelting Process that produces molten lead bullion and gaseous zinc.
The bullion is collected in the hearth of the blast furnace, and zinc vapor is rapidly
shock cooled in a condenser on passing through the top of the furnace. Since zinc
metal is produced as a vapor and lead as a liquid and unreduced FeO has to be
transferred into the slag, the requirements of the Imperial blast furnace differ from
those of lead and iron blast furnaces. On account of the simultaneous production of
lead and zinc, the operational conditions in the Imperial furnace have some similarity
to those of the lead and iron blast furnace practices. However, analogy with either is
not close, some differences are fundamental. For example, in Fig. 5.3, we find that
CO2/CO ratio for reduction of PbO, ZnO, and FeO varies from one to another. As
ZnO is more stable than PbO, the reduction of the former requires stronger reducing
conditions than the latter. In the Imperial Smelting Process, gases generated in the
furnace by the combustion of coke for reduction of ZnO are so reducing that lead
oxide is reduced without any significant reduction of iron oxide. Therefore, one has
to set conditions for the simultaneous reduction of PbO and ZnO without reducing
FeO because the CO2/CO ratio is of similar order in zinc as well as in iron blast
furnaces. The reduction of iron oxides (in the burden and in the slag) has to be
prevented because solid iron will badly affect the gas flow and affect the reduction
equilibria.

A flow sheet showing various steps in extraction of zinc from sphalerite concen-
trate is presented in Appendix: A.4a. The mixed calcine, PbO–ZnO is charged with
preheated coke and limestone flux at the top of the furnace and preheated air at 850–
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950 �C is injected through the tuyeres located at the bottom of the stack. The
reduction reactions occur in the stack of the furnace in three distinct zones:

1. Zinc oxide is reduced with coke according to the reaction (5.34) in the zinc
reduction zone, located in the bottom third of the stack. This is the hottest part of
the stack. A small amount of ZnO is also reduced by CO in this zone.

2. Lead oxide is reduced with CO according to the reaction (5.115) in the top third of
the stack. Since the reactions (5.35) and (5.115) are highly exothermic there is no
further coke requirement. CO is produced by the reduction of ZnO with coke and
by combustion of coke in lower portion of the stack. This is a significant factor in
the overall economics of the process.

3. The middle zone of the stack is known as the equilibrium zone, where ZnO is
reduced with the uprising CO gas formed at the tuyeres level, that is, in the zinc
reduction zone. CO is oxidized to CO2.

The reoxidation of zinc vapors to ZnO [Zn (g) + CO2 (g) ¼ ZnO (s) + CO (g)] by
CO2 is prevented by maintaining a temperature higher than 1000 �C in the stack of
the blast furnace by burning CO in preheated air, injected at a controlled rate at top of
the stack. Since the combustion of CO to CO2 is highly exothermic, a temperature
above 1000 �C is easily attained in the stack. This ensures that the temperature is
maintained above 1000 �C. The Imperial Smelting Process employs a specially
designed lead splash condenser to prevent the reversion of zinc to ZnO by “shock
cooling” of the zinc vapor present in the flue gas with a relatively high CO2

concentration. The condenser is divided into four sections, each section containing
two four-baffled rotors immersed in molten lead. Liquid lead is splashed as tiny
droplets in the condenser by the rotating blades. This action compels the flue gas
containing zinc vapor from the blast furnace to follow a zigzag path through the
splashed droplets. In this way the gas is thoroughly scrubbed and shock cooled to
less than 500 �C at the exit from a temperature of 1000 �C at entrance. This
procedure causes condensation and dissolution of more than 95% of the zinc
vapor in lead droplets. Lead containing 2.65% zinc pumped at 550 �C into a jacketed
launder is cooled to 450 �C. As only 2.2% zinc is soluble in molten lead at 450 �C,
the excess liquid zinc floating above the dense liquid lead is separated. The lead
containing 2.2% zinc is re-circulated to the condenser for further operation. One of
the most important features of the Imperial Process includes the high efficiency of
the lead splash condenser despite high CO2/CO ratio in the flue gas (14% CO2 and
10–12% CO). Satisfactory zinc elimination and condensation have been achieved
without any deposition of ZnO on the wall of the condenser. This permits a
reasonably low fuel-to-zinc ratio (1.1 ton of zinc produced per ton of carbon
consumed). The high efficiency of the Imperial lead splash condenser is related to
the use of liquid lead for shock cooling of zinc vapors because lead can be more
effectively splashed into tiny droplets due to its lower vapor pressure than zinc at the
working temperature.

The gas leaving the blast furnace (or leaving the charge) contains 5.9% Zn, 11.3%
CO2, 18.3% CO, balance N2. According to Morgan and Lumsden [36], about 40%
ZnO is reduced in the shaft and remaining 60% in the tuyere zone. They have further
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reported that the gas leaving the tuyere has the composition 3.5% Zn, 10.7% CO2,
and 18.5% CO. This gives a CO2/CO ratio of 0.57. A gas of this composition would
not reduce iron oxide from the slag or present in the burden. At 1250 �C, the
equilibrium ratio for the reduction of iron from wustite is 0.31.

5.4.3 Production of Tungsten and Molybdenum

Sheelite (CaWO4) and Wolframite [(Fe(Mn)WO4] are the two major sources of
tungsten whereas molybdenum occurs as molybdenum sulfide, MoS2 in the mineral
molybdenite. Owing to their high melting points, major steps in flow sheets of
tungsten and molybdenum extraction involve hydrometallurgical methods. How-
ever, molybdenite is roasted prior to leaching. Finally, both the metals are obtained
by hydrogen reduction of their oxides. Thus, production of tungsten and molybde-
num presents a combination of pyrometallurgical and hydrometallurgical
techniques.

On the industrial scale [37, 38], tungsten and molybdenum are produced by the
reduction of tungstic oxide (WO3) and molybdic oxide (MoO3) with hydrogen. In
the extraction of tungsten from sheelite (CaWO4) and wolframite [(Fe(Mn)WO4]
concentrates [37], first yellow tungstic oxide (WO3) is obtained by the decomposi-
tion of the intermediate product ammonium paratungstate [5
(NH4)2O.12WO3.11H2O]. Its reduction takes place in the following stages:

2WO3 sð Þ þ H2 gð Þ ¼ W2O5 sð Þ þ H2O gð Þ ð5:117Þ
W2O5 sð Þ þ H2 gð Þ ¼ 2WO2 sð Þ þ H2O gð Þ ð5:118Þ
WO2 sð Þ þ 2H2 gð Þ ¼ W sð Þ þ 2H2O gð Þ ð5:119Þ

A higher temperature and a higher hydrogen concentration in the gas are required
in every later stage of reduction. During operation, the nickel boats loaded with
tungstic oxide move counter-currently to the flow of purified hydrogen gas in a steel
tube of 50–100 mm diameter, kept in the electrically heated tube furnace. It is
allowed to pass gradually through the zone of increasing temperature (maximum
850–860 �C) and to expose it gradually with drier hydrogen until its arrival at the
water-cooled discharge end. The reduction is facilitated by the catalytic adsorption
of dissociated hydrogen molecules on the surface of tungsten metal. However, the
catalytic effect is extensively retarded by the presence of moisture. The maximum
temperature of reduction is 850–860 �C. The output of the tube furnace depends on
the capacity of the boats and their rate of movement through the tube, the higher the
rate of movement the coarser the tungsten powder. An ordinary boat holds 50–180 g
and travels at 50–180 cm h�1. In general, reduction of tungstic oxide is carried out in
two stages. The first stage produces the brown oxide (WO2) at 720 �C. The brown
oxide is mixed with a fresh charge of yellow oxide (WO3) for the second stage
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reduction at 860 �C. A flow sheet showing various steps in extraction of tungsten
from scheelite/wolframite concentrate is presented in Appendix: A.5.

The moisture content of the gas, which is affected by temperature, plays an
important role in controlling the particle size of the reduced powder. Finer powder
is obtained by maintaining a high rate of hydrogen flow, which is useful in removing
water vapor generated during reduction. The depth of oxide in the boat affects the
moisture content in the gas phase. Coarsening of the powder can be avoided by
adjusting the temperature in different zones, separately so as to have gradual
reduction from lower to higher temperature.

To produce anhydrous molybdic oxide (MoO3), a rich molybdenite concentrate is
first roasted at a temperature below 650 �C. In order to prevent melting and
volatilization of MoO3, temperature of roasting should not exceed 650 �C due to
local overheating. The calcine is digested in an ammonia solution. Copper and iron
present in the leach liquor as impurities are removed as sulfides in stages by treating
the solution with ammonium sulfide. Molybdic acid (H2MoO4) is precipitated from
the purified solution by hydrochloric acid treatment. Finally, the molybdic acid is
calcined at 400–450 �C [38] in a muffle furnace to obtain anhydrous molybdic oxide
(MoO3).

The mechanism of reduction of molybdenum trioxide to molybdenum metal with
hydrogen gas follows a path similar to the three-stage [37] reduction of tungstic
oxide. The three oxides of molybdenum are reduced according to the following
reactions:

2MoO3 sð Þ þ H2 gð Þ ¼ Mo2O5 sð Þ þ H2O gð Þ ð5:120Þ
Mo2O5 sð Þ þ H2 gð Þ ¼ 2MoO2 sð Þ þ H2O gð Þ ð5:121Þ
MoO2 sð Þ þ 2H2 gð Þ ¼ Mo sð Þ þ 2H2O gð Þ ð5:122Þ

The first step is carried out at 450 �C to prevent the melting of the partially
reduced MoO3 at about 550 �C. The second step at 1100 �C and the last step require
higher temperatures and lower water vapor contents in the gaseous mixture.

5.5 Problems [39–41]

Problem 5.1
Determine the temperatures at which nickel oxide can dissociate under (i) standard
conditions (ii) a pressure of 10�4 mm Hg. Given that:

Ni(s) + ½ O2(g) ¼ NiO(s), ΔGo ¼ � 62650 + 25.98T cal.

Solution
i. Under standard conditions, pO2

¼ 1.

For the dissociation reaction:
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2NiO sð Þ ¼ 2Ni sð Þ þ O2 gð Þ,ΔGo ¼ 125300� 51:96T, cal:

Since Ni and NiO are pure solids, aNi ¼ 1 ¼ aNiO, K ¼ pO2
¼ 1.

ΔGo ¼ �RT lnK ¼ 0

∴125300� 51:96 T ¼ 0

T ¼ 125300
51:96

¼ 2411 K ¼ 2138 �C Ans

ii. pO2
¼ 10�4 mm Hg ¼ 10�4

760 atm ¼ K

ΔGo ¼ �RT lnK ¼ �1:987� T � ln
10�4

760

� �
¼ 31:48T

∴31:48T ¼ 125300� 51:96 T

T ¼ 1502K ¼ 1229 �C Ans

Problem 5.2
The standard free energy change for the reaction: NiO(s) + CO(g) ¼ Ni(s) + CO2(g)
at 1125 K is �5147 cal. Would an atmosphere of 15% CO2, 5% CO, and 80% N2

oxidize nickel at 1125 K?

Solution

NiO sð Þ þ CO gð Þ ¼ Ni sð Þ þ CO2 gð Þ, at 1125K, ΔGo ¼ �5147 cal

ΔGo ¼ �RT lnK ¼ �5147 cal

lnK ¼ 5147
1:987� 1125

¼ 2:303

K ¼ 10

For the above reaction, K ¼ pCO2 : aNi
pCO: aNiO

¼ pCO2
pCO

¼ 10 aNi ¼ 1 ¼ aNiOð Þ.

∴ pCO ¼ 0:1:pCO2

In the given atmosphere, pCO ¼ 5
15 :pCO2

¼ 0:33:pCO2

This means the atmosphere under question is more reducing, and hence will not
oxidize nickel at 1125 K.

Problem 5.3
What is the maximum partial pressure of moisture which can be tolerated in H2–H2O
mixture at 1 atm total pressure without oxidation of nickel at 750 �C? Given that:
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Ni sð Þ þ 1=2O2 gð Þ ¼ NiO sð Þ,ΔGo
1 ¼ �58450þ 23:55T cal

H2 gð Þ þ 1=2O2 gð Þ ¼ H2O gð Þ,ΔGo
2 ¼ �58900þ 13:1T cal

Solution
Reaction under question: Ni(s) + H2O(g) ¼ NiO(s) + H2(g).

ΔGo
R ¼ ΔG0

1 � ΔGo
2 ¼ 450þ 10:45T cal:

T ¼ 750 + 273 ¼ 1023 K

∴ΔG0
1023 ¼ 450þ 10:45� 1023 ¼ 11140

¼ �RT lnK

lnK ¼ � 11140
1:987� 1023

¼ �5:4804

K ¼ 0:0041677 ¼ pH2
pH2O

aNi ¼ 1 ¼ aNiOð Þ

pH2
¼ 0:0041677:pH2O ð1Þ

and

pH2
þ pH2O ¼ 1 ð2Þ

from 1 and 2 we get:

pH2O ¼ 0:99585 atm

pH2
¼ 0:00415 atm

Hence, maximum tolerable partial pressure of moisture is 0.99585 atm i.e.,
99.6%.

Problem 5.4
Calculate the maximummoisture content that can be tolerated in the gaseous mixture
of H2–H2O for reduction of WO3 by hydrogen gas in a system maintained at a total
pressure of one atmosphere and 400, 700, and 1000 K. Assuming that WO3 and W
are present as pure solids, comment on the utilization efficiency of hydrogen.

a. Does the efficiency improve with increasing temperature?
b. What will be the effect of increasing the total pressure in the system on this

efficiency?

Given that:

1:WO3 sð Þ ¼ W sð Þ þ 3=2O2 gð Þ,ΔGo
1 þ 201500þ 10:2T log T � 91:7T cal

2: H2 gð Þ þ 1=2O2 gð Þ ¼ H2O gð Þ,ΔGo
2 ¼ �58900þ 13:1T cal
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Solution
The free energy change, ΔGo for the required reaction: WO3(s) + 3H2(g) ¼ W
(s) + 3H2O(g),

ΔGo ¼ ΔGo
1 þ 3 ΔGo

2 ¼ 24800þ 10:2 T log T � 52:4 T cal

i.
ΔGo at T ¼ 400 K, ΔGo

400 ¼ 14460 cal:

ii.
ΔGo at T ¼ 700 K, ΔGo

700 ¼ 8440 cal:

iii.
ΔGo at T ¼ 1000 K, ΔGo

1000 ¼ 2800 cal

ΔGo ¼ �RT lnK
:

at T ¼ 400 K, K400 ¼ 1.253 � 10�8.
T ¼ 700 K, K700 ¼ 2.317 � 10�3

T ¼ 1000 K, K1000 ¼ 0.244.

K ¼ pH2O

pH2

� 3
or

pH2O

pH2

� 
¼ Kð Þ1=3

pH2O

pH2

� 
¼ K1=3

400 ¼ 1:253� 10�8
� �1=3

¼ 2:323� 10�3 ð1Þ
pH2

þ pH2O ¼ 1 ð2Þ

From Eqs. 1 and 2 we get:

pH2
¼ 0:9981 atm and pH2O ¼ 0:0019 atm

∴ The maximum permissible moisture content in the gaseous mixture of H2-H2O
at 400 K is 0.19%.

By similar calculations we find that the maximum permissible moisture content in
the gaseous mixture at 700 K is 11.66% and at 1000 K is 38.5%.

a. Thus, we find that the maximum permissible moisture content in the gaseous
mixture of H2–H2O in reduction of WO3 increases with increase of the reduction
temperature. This demonstrates that the efficiency of utilization of hydrogen
increases with increase of temperature. Hence, reduction should be carried out
at higher temperature.
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b. Since the number of moles of gases, H2 on the reactant side and H2O vapors on
the product side are equal, the efficiency of hydrogen utilization will remain
unaffected with the increase of total pressure of the system.

Problem 5.5
Using the data given below, calculate the precise temperature at which wustite
decomposes into metallic iron and magnetite: 4FeO(s) ! Fe(s) + Fe3O4(s), where
“FeO” refers to wustite saturated with metallic iron and magnetite. Which of the two
oxides will be formed first at 500 �C, if pure iron is oxidized by gradual increase of
partial pressure of oxygen from pO2

¼ 0 to higher?

Fe sð Þ þ 1
2
O2 gð Þ ¼ FeO sð Þ, ΔGo

1 ¼ �62952þ 15:493 cal

3FeO sð Þ þ 1
2 O2 gð Þ ¼ Fe3O4 sð Þ, ΔGo

2 ¼ �74538þ 29:373 cal

Solution
Wustite is a nonstoichiometric solid solution of metallic iron and magnetite (Fe3O4).
The stoichiometric FeO does not exist in the phase diagram. Wustite can exist stably
only above 560 �C, below which it decomposes to metallic iron and magnetite. At
the decomposition temperature, three phases of metallic iron, wustite, and magnetite
can coexist. This temperature is called the triple point. At the decomposition
temperature (triple point):

ΔGo
1 ¼ ΔGo

2,∴T ¼ 11586
13:88

¼ 834:7 K ¼ 561:7 �C

Thus, wustite decomposes into metallic iron and magnetite at 561.7 �C. It means
below this temperature wustite does not exist stably.

In order to know whether magnetite (Fe3O4) or wustite (FeO) is formed first at
500 �C (773 K) with gradual increase of pO2

, we must have the values of standard
free energy of formation of the two oxides with one mole of oxygen. These may be
obtained from the given data:

3
2
Fe sð Þ þ O2 gð Þ ¼ 1

2
Fe3O4 sð Þ

ΔGo
3 ¼

1
2

3 ΔGo
1 þ ΔGo

2

� � ¼ �131697þ 37:926 T
ð3Þ

2Fe sð Þ þ O2 gð Þ ¼ 2FeO sð Þ
ΔGo

4 ¼ 2 ΔGo
1 ¼ �125904þ 30:986 T

ð4Þ

For both the reactions (3 and 4) K ¼ 1
pO2

, hence ΔGo ¼ �RT lnK ¼ RT lnpO2

(T ¼ 773 K).
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∴pO2
¼ 1:13� 10�29atm for reaction (3): magnetite formation

and pO2
¼ 1:49� 10�29atm for reaction (4): wustite formation

Thus, reaction (3) has a lower pO2
than reaction (4). In other words, when we start

the oxidation of pure iron by increasing gradually the partial pressure from pO2
¼ 0 to

higher, the first iron oxide to form at 500 �C would be magnetite, and not wustite.

Problem 5.6
Some investigators based on their microscopic studies reported that Cu2O underwent
thermal decomposition into CuO and Cu at 375 �C. Making use of the following
thermodynamic data, show that the old microscopic observation was in error. In
reality, Cu2O does not decompose.

2Cu sð Þ þ 1
2
O2 gð Þ ¼ Cu2O sð Þ,ΔGo

1 ¼ �39855þ 17:041 T cal

Cu2O sð Þ þ 1
2 O2 gð Þ ¼ 2CuO sð Þ, ΔGo

2 ¼ �31347þ 22:643 T cal

Solution
Consider the free energy change for the formation of CuO(s) from pure elements:

Cu sð Þ þ 1
2
O2 gð Þ ¼ CuO sð Þ

ΔGo
3 ¼

1
2

ΔGo
1 þ ΔGo

2

� � ¼ �35601þ 19:842 T cal:
ð3Þ

Decomposition of Cu2O into CuO and Cu can be represented by the reaction:

Cu2O sð Þ ¼ CuO sð Þ þ Cu sð Þ
ΔGo

4 ¼ ΔGo
3 � ΔGo

1 ¼ �RT lnK4

and K4 ¼ aCuO:aCu
aCu2O

ð4Þ

At the decomposition temperature, three solid phases (Cu, Cu2O, and CuO each
of at unit activity) coexist, hence.

K4 ¼ aCuO:aCu
aCu2O

¼ 1� 1
1

¼ 1

∴ΔGo
4 ¼ �RT ln K4 ¼ �RT ln 1ð Þ ¼ 0

hence ΔGo
3 � ΔGo

1 ¼ 0 and ∴ΔGo
3 ¼ ΔGo

1

∴� 35601þ 19:842 T ¼ �39855þ 17:041 T

or T ¼ �1519 K:
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As a temperature of �1519 K is not feasible, Cu2O(s) does not decompose into
metallic Cu and CuO. Thus, the microscopic observation was erroneous.

Problem 5.7
In the basic open hearth process, the reaction of manganese in the bath with iron
oxide (FeO) in the slag attains a condition very close to true equilibrium. The steel
contains 0.065 at% Mn and the slag analyzes (by wt%) as FeO-76.94%, Fe2O3–

4.15%, MnO-13.86%, MgO-3.74%, SiO2–1.06% and CaO-0.25%. Calculate the
value of equilibrium constant and standard free energy change for the above reaction
at 1655 �C, assuming that the slag and Fe–Mn system behave ideally at this
temperature. Neglect the effect of other metalloids, present in the steel.

Given that: molecular weights of FeO: 71.85, Fe2O3:159.70, MnO: 70.94, MgO:
40.32, SiO2: 60.09, and CaO: 56.08.

Solution
The reaction may be represented as:

FeOð Þslag þ Mn½ �metal ¼ MnOð Þslag þ Fe½ �metal

K ¼ aMnOð Þ: aFe½ �
aFeOð Þ: aMn½ �

Assuming ideal behavior in the slag and in Fe–Mn system at 1655 �C, we can
write:

K ¼ xMnOð Þ: xFe½ �
xFeOð Þ: xMn½ �

Since the other metalloids present are negligible and Mn content is small, mole
fraction of Fe may be assumed to be one.

∴K ¼ xMnOð Þ
xFeOð Þ: xMn½ �

Analysis of the slag needs to be converted into mole fraction:

constituents wt% mol wt g mol

FeO 76.94 71.85 1.0710

Fe2O3 4.15 159.70 0.0259

MnO 13.86 70.94 0.1954

MgO 3.74 40.32 0.0927

SiO2 1.06 60.09 0.0176

CaO 0.25 56.08 0.0044
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In slag, iron and oxygen are also present as Fe2O3. Hence, mole fraction of Fe2O3

should be converted in terms of FeO to obtain the total value of xFeO. In order to
produce FeO, the following reaction may be considered:

Fe2O3 sð Þ ! 2FeO sð Þ þ 1
2
O2 gð Þ

Thus, one mole of Fe2O3 gives 2 mol of FeO.

∴Total number of gmol of FeO ¼ gmol of FeOþ 2� gmol of Fe2O3

¼ 1:0710þ 2� 0:0259 ¼ 1:1228

Total gmol of constituents in the slag ¼ 1.1228 + 0.1954 + 0.0927 + 0.0176
+ 0.0044 ¼ 1.4329.

∴Total xFeOð Þ ¼ 1:1228
1:4329

¼ 0:7835

xMnOð Þ ¼ 0:1954
1:4329

¼ 0:1363

xMn½ � ¼ 0:065
100

¼ 0:065� 10�2

∴K ¼ xMnOð Þ
xFeOð Þ: xMn½ � ¼

0:1363
0:7835� 0:065� 10�2

� � ¼ 267:8 Ans:

ΔGo ¼ � RT ln K ¼ � 1.987 � 1928 � ln (267.8) ¼ � 21416 cal Ans.

Problem 5.8
In the study of carbothermic reduction of Al2O3 to form Al (l), liquid aluminum is
contained in a graphite crucible and equilibrated with CO gas at 2300 K. The total
pressure over the system is 1 atm. (a) Calculate the partial pressures of Al (v),
Al2O (g), and CO (g) in the system for the metal being aluminum (aAl ¼ 0.8) plus
carbon. Other vapor species may be ignored. (b) What would the partial pressures of
Al (v), Al2O (g), and CO (g) for the case when aAl ¼ 0.1? Given that:

Al lð Þ ¼ Al vð Þ,ΔGo
1 ¼ 72000� 25:9 T , cal mol�1 ð1Þ

2Al lð Þ þ 1
2
O2 gð Þ ¼ Al2O gð Þ,ΔGo

2 ¼ �44100� 10:13 T , cal mol�1 ð2Þ

C sð Þ þ 1
2
O2 gð Þ ¼ CO gð Þ,ΔGo

3 ¼ �28500� 19:91 T , cal mol�1 ð3Þ
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C sð Þ þ O2 gð Þ ¼ CO2 gð Þ,ΔGo
4 ¼ �94800� 0:02 T , cal mol�1 ð4Þ

Solution
a: Al lð Þ ¼ Al vð Þ,ΔGo

1 ¼ 72000� 25:9 T , cal mol�1:
T ¼ 2300 K, ΔGo

1 ¼ 12430 ¼ �RT ln K
For Eq. 1.

K ¼ pAl vð Þ
aAl lð Þ

� �
ðiÞ

lnK ¼ ΔGo

�RT
¼ � 12430

1:987� 2300
¼ �2:7199

K ¼ 0:06588 ¼ 0:06588 ¼ poAl aAl ¼ 1ð Þ

From Eq. (i), pAl vð Þ ¼ K:aAl ¼ poAl:aAl ¼ 0:06588 � 0:8 ¼ 0:05271 atm Ans.
In order to calculate the partial pressures of Al2O (g) and CO, consider the

following reaction:

C sð Þ þ Al2O gð Þ ¼ 2Al vð Þ þ CO gð Þ ð5Þ
for reaction 5ð Þ,

ΔGo
5 ¼ 2ΔGo

1 þ ΔGo
3 � ΔGo

2

¼ 159600� 61:58 T cal

At 2300 K, ΔGo
5 ¼ 17966 cal ¼ �RT lnK5.

lnK5 ¼ � 17966
1:987� 2300

¼ �3:971

∴K5 ¼ 1:962� 10�2

K5 ¼ p2Al: pCO
pAl2O: aC

graphite, aC ¼ 1ð Þ

Hence, pAl2O ¼ p2Al:pCO
1:962� 10�2 ð6Þ

Ignoring other vapor species we can write as:
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pAl þ pAl2O þ pCO ¼ 1 ð7Þ

∴pAl þ
p2Al:pCO

1:962� 10�2 þ pCO ¼ 1, pAl vð Þ ¼ 0:05271 atm

 �

Hence we get, 0.05271 + 0.1416. pCO + pCO ¼ 1.

∴ pCO ¼ 0:837 atm Ans:

and
pAl2O ¼ 1� pAl � pCO ¼ 1� 0:05271 � 0:837 ¼ 0:11 atm Ans:

b. When aAl ¼ 0.1.

pAl ¼ poAl:aAl ¼ 0:06588� 0:1 ¼ 6:588� 10�3atm

Following a similar procedure and substituting pAl ¼ 6.588 � 10�3atm in
Eq. 7, we get:

pCO ¼ 0:9913 atm and pAl2O ¼ 2:14� 10�3 atm Ans:

Problem 5.9
ZnO is reduced with carbon in a retort at 950 �C and condensed in a condenser at
450 �C. If the reaction product, zinc vapors enter the condenser at 950 �C and leave
at 450 �C, assuming equilibrium conditions, calculate the efficiency of zinc recov-
ery. Given that:

log p mm Hgð Þ ¼ � 6620
T � 1:255 log T þ 12:34

Solution
Since the reduction temperature is above the boiling temperature of zinc (907 �C)
pZn ¼ 760 mm Hg and at 450 �C (723 K), pZn can be calculated from the given
expression:

log p mm Hgð Þ ¼ � 6620
723

� 1:255 log 723ð Þ þ 12:34 ¼ �0:4045

pZn ¼ 0:394 mm Hg

The reduction reaction under question is: ZnO (s) + C(s) ¼ Zn(g) + CO(g).
Gases leaving the condenser at 1 atm will have 0:394

760�0:394

� 	 ¼ 5:19� 10�4, mole
of zinc per mole of CO.

∴zinc loss ¼ 0:0519%

Therefore, efficiency of zinc recovery ¼ 99.95% Ans.
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Problem 5.10
In the Pidgeon’s process for the manufacture of magnesium, calcined dolomite is
reduced with ferrosilicon according to the equation:

2MgO:CaO sð Þ þ Si sð Þ ¼ 2Mg gð Þ þ 2CaO:SiO2 sð Þ

Given that:

2MgO sð Þ þ Si sð Þ ¼ 2Mg gð Þ þ SiO2 sð Þ
ΔGo

1 ¼ 152600 þ 11:37T log T � 99:18T cal

2CaO sð Þ þ SiO2 sð Þ ¼ 2 CaO:SiO2 sð Þ
ΔGo

2 ¼ �30200þ 1:2T cal

Evaluate the partial pressure of magnesium vapor at 1200 �C and discuss the
feasibility of the process.

Solution
For the reduction reaction under question: 2MgO. CaO(s) + Si(s)¼ 2Mg(g) + 2CaO.
SiO2(s) the standard free change is obtained as:

ΔGo ¼ ΔGo
1 þ ΔGo

2 ¼ 122400 þ 11:37 T log T � 100:38 T T ¼ 1473 Kð Þ
ΔGo

1473 ¼ 122400þ 11:37� 1473 log 1473� 100:38� 1473

¼ 122400þ 53061� 147860

¼ þ27601 cal

For the above reaction, K ¼ p2Mg (activities of solid components being unity).

ΔGo ¼ �RT lnK ¼ �RT ln p2Mg ¼ �4:575� T � 2 log pMg

pMg ¼ 0:00896 atm
since pMg < 1 atm and aSiO2¼ 0.001 (in 2CaO.SiO2) slag, consider van’t Hoff

isotherm:

ΔG ¼ ΔGo þ RT ln K ¼ 27601þ RT ln
p2Mg:aSiO2
aMgO:aSi

h i
In the Pidgeon process, reduction is carried out at 1200 �C under a vacuum of the

order of 10�4 atm.

∴pMg ¼ 10�4 atm:

in 2MgO.CaO, aMgO ¼ 1, and aSi ¼ 1
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∴ΔG ¼ 27601þ 1:987� 2:303� 1473 log
10�4
� �2 � 10�3

1x1

" #

¼ 27600� 74145 ¼ �46545 cal

Since ΔG is negative, reaction is feasible under the reduced pressure of 10�4 atm
at 1200 �C in the presence of a basic oxide (CaO).

Problem 5.11
(Elliott, J. F. (1980–81) Personal communication, Massachusetts Institute of Tech-
nology, Cambridge, Mass., USA)

Zinc vapors can be produced from zinc oxide in the presence of carbon according
to the following reactions:

ZnO sð Þ þ CO gð Þ ¼ Zn vð Þ þ CO2 gð Þ ðiÞ
CO2 gð Þ þ C sð Þ ¼ 2CO gð Þ ðiiÞ

a. Plot the following lines on a graph of log pCO2
=pCO as the ordinate and 1/T as the

abscissa:

Zn lð Þ, aZn ¼ 1; Zn lð Þ, aZn ¼ 0:1:

pZn ¼ 1 atm, pZn ¼ 0:1 atm

pCO ¼ 1 atm, pCO ¼ 0:1 atm

b. Consider a system which initially contains only ZnO and carbon. The total
pressure is maintained at 1 atm. What is the lowest temperature at which reactions (i)
and (ii) can be simultaneously in equilibrium? What are the related pressures of Zn
(v), CO, and CO2? Plot where these conditions are on your diagram (in the temper-
ature range from 700 to 1500 �C).

Note: You are advised to take the necessary data from literature.

Solution
a. For the vaporization of zinc:

Zn lð Þ ¼ Zn vð Þ ð1Þ

log p mm Hgð Þ ¼ � 6620
T

� 1:255 log T þ 12:34

log p atmð Þ ¼ log p mm Hgð Þ � log 760

∴ log p atmð Þ ¼ � 6620
T

� 1:255 logT þ 9:459
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In terms of free energy change for the reaction (1):

ΔGo
1 ¼ �RT ln pZn ¼ �4:575 T log pZn

¼ �4:575 T � 6620
T

� 1:255 log T þ 9:459

� 
¼ 30290þ 5:74 T logT � 43:284 T cal

Decomposition reaction : ZnO sð Þ ¼ Zn vð Þ þ 1
2
O2 gð Þ ð2Þ

ΔGo
2 ¼ 115420þ 10:35 T logT � 82:68 T cal

Other required reactions and their free energy values:

C sð Þ þ O2 gð Þ ¼ CO2 gð Þ ð3Þ
ΔGo

3 ¼ �94200� 0:2 T cal

C sð Þ þ 1
2
O2 ¼ CO gð Þ ð4Þ

ΔGo
4 ¼ �26700� 20:95 T cal

CO gð Þ þ 1
2
O2 ¼ CO2 gð Þ ð5Þ

ΔGo
5 ¼ ΔGo

3 � ΔGo
4 ¼ �67500� 20:75 T cal

Reduction of ZnO into liquid and gaseous zinc:

ZnO sð Þ þ CO gð Þ ¼ Zn lð Þ þ CO2 gð Þ ð6Þ
ΔGo

6 ¼ 17630 þ 4:61 T log T � 18:35 T cal

ZnO sð Þ þ CO gð Þ ¼ Zn vð Þ þ CO2 gð Þ ð7Þ
ΔGo

7 ¼ ΔGo
2 þ ΔGo

5 ¼ 47920þ 10:35 T log T � 61:63 T cal

From the above equations, we can get various pCO2
=pCO ratios for different lines:

A. For Zn (l) lines, that is, Eq. 6, where K6 ¼ pCO2 :aZn lð Þ
pCO:aZnO sð Þ

and as aZnO(s) ¼ 1.
K6

aZn lð Þ
¼ pCO2

pCO

5.5 Problems 197



ΔGo
6 ¼ 17630þ 4:61 T log T � 18:35 T

¼ �4:575 T log K6 ¼ �4:574 T log
pCO2:aZn lð Þ

pCO

� �

∴ log
pCO2:aZn lð Þ

pCO

� �
¼ � 3852:7

T
� 1:007 log T þ 4:01

or log
pCO2

pCO

� �
¼ � 3852:7

T
� 1:007 log T þ 4:01� log aZn lð Þ ð8Þ

pCO2
=pCO ratios calculated from Eq. 8 at different temperatures and activities of

liquid zinc, aZn¼ 1 and ¼ 0.1, are listed below:

T,K 104/K K6

K6

aZn lð Þ
log

pCO2

pCO

� �
aZn lð Þ ¼ 1

K6

aZn lð Þ
log

pCO2

pCO

� �
aZn lð Þ ¼ 0:1

973
1073
1173
1273
1373
1473
1573
1673
1773

10.28
9.32
8.53
7.86
7.28
6.79
6.36
5.98
5.64

1.09 � 10�3

2.32 � 10�3

4.28 � 10�3

7.14 � 10�3

1.10 � 10�2

1.58 � 10�2

2.18 � 10�2

2.87 � 10�2

3.65 � 10�2

1.09 � 10�3 � 2.96
2.32 � 10�3 � 2.64
4.28 � 10�3 � 2.37
7.14 � 10�3 � 2.15
1.10 � 10�3 � 1.96
1.58 � 10�2 � 1.80
2.18 � 10�2 � 1.66
2.87 � 10�2 � 1.54
3.65 � 10�2 � 1.44

1.09 � 10�2 � 1.96
2.32 � 10�2 � 1.64
4.28 � 10�2 � 1.37
7.14 � 10�2 � 1.15
1.10 � 10�2 � 0.96
1.58 � 10�1 � 0.80
2.18 � 10�1 � 0.66
2.87 � 10�1 � 0.54
3.65 � 10�1 � 0.44

B. For Zn (v) lines, that is, Eq. 7, where K7 ¼ pCO2 :pZn
pCO:aZnO sð Þ

and as aZnO(s) ¼ 1.

K7

pZn
¼ pCO2

pCO

ΔGo
7 ¼ 47920þ 10:35 T log T � 61:63 T cal:

¼ �4:575 T log K7 ¼ �4:574 T log
pCO2:pZn
pCO

� �

∴ log
pCO2:pZn
pCO

� �
¼ � 10472

T
� 2:262 log T þ 13:47

or log
pCO2

pCO

� �
¼ � 10472

T
� 2:262 log T þ 13:47� log pZn ð9Þ

pCO2
=pCO ratios calculated from Eq. 9 at different temperatures and partial

pressures of zinc, pZn ¼ 1 atm and ¼ 0.1 atm, are listed below:
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T,K 104/K K7

K7

aZn lð Þ
log

pCO2

pCO

� �
pZn ¼ 1 atm

K7

aZn lð Þ
log

pCO2

pCO

� �
pZn ¼ 0:1 atm

973
1073
1173
1273
1373
1473
1573
1673
1773

10.28
9.32
8.53
7.86
7.28
6.79
6.36
5.98
5.64

8.87 � 10�5

7.14 � 10�4

3.96 � 10�3

1.66 � 10�2

5.55 � 10�2

1.56 � 10�1

0.38
0.83
1.64

8.87 � 10�5 � 4.05
7.14 � 10�4 � 3.15
3.96 � 10�3 � 2.40
1.66 � 10�2 � 1.78
5.55 � 10�2 � 1.26
1.56 � 10�1 � 0.81
0.38 � 0.42
0.83 � 0.08
1.64 0.21

8.87 � 10�4 � 3.05
7.14 � 10�3 � 2.15
1.66 � 10�1 � 0.78
1.66 � 10�1 � 0.78
5.55 � 10�1 � 0.26
1.56 0.193
3.8 0.58
8.3 0.92
16.4 1.215

C: For CO line consider reaction : CO2 gð Þ þ C sð Þ ¼ 2CO gð Þ ð10Þ
ΔGo

c ¼ 2ΔGo
4 � ΔGo

3 ¼ 40800� 41:70 T ¼ �4:575 RT log Kc

log Kc ¼ � 8916
T

þ 9:113

Kc ¼ p2CO
pCO2

or
pCO2

pCO
¼ pCO

K

or log
pCO2

pCO

� �
¼ � logKc þ log pCO ¼ 8911

T
� 9:113þ log pCO ð11Þ

pCO2
=pCO ratios calculated from Eq. 11 at different temperatures and partial

pressures of CO, pCO ¼ 1 atm and ¼ 0.1 atm, are listed below:

T,K 104/K KC

pCO
K

log
pCO2

pCO

� �
pCO ¼ 1 atm

pCO
Kc

log
pCO2

pCO

� �
pCO ¼ 0:1 atm

973
1073
1173
1273
1373
1473
1573
1673
1773

10.28
9.32
8.53
7.86
7.28
6.79
6.36
5.98
5.64

0.89
6.36
32.50
128.56
416.23
1148.85
2785.12
6081.28
12150

1.124 0.051
0.157 � 0.804
0.031 � 1.51
7.78 � 10�3 � 2.11
2.40 � 10�3 � 2.62
8.70 � 10�4 � 3.06
3.59 � 10�4 � 3.44
1.64 � 10�4 � 3.79
8.23 � 10�5 � 4.08

0.112 � 0.95
0.016 � 1.80
0.0031 � 2.51
7.78 � 10�4 � 3.11
2.40 � 10�4 � 3.62
8.70 � 10�5 � 4.06
3.59 � 10�5 � 4.44
1.64 � 10�5 � 4.79
8.23 � 10�6 � 5.08

b. As stated in the problem, system contains only ZnO and C. O comes from
ZnO (s) according to the reaction (7): ZnO (s) + C (s) ¼ Zn (v) + CO (g).

Thus, nZn ¼ nO.
Considering the formation of CO and CO2 gases according to reaction (10), we

can write:
pZn ¼ pCO þ 2pCO2

, since total pressure, PT ¼ 1 atm

pZn þ pCO þ 2pCO2
¼ 1

Assuming pCO2
to be very small, we can write: pZn ¼ pCO ¼ 0.5, and the lowest

temperature at which the given chemical reactions (7) and (10) would be at
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equilibrium can be calculated by equating log
pCO2
pCO

h i
values derived in Eqs. 9 and

11, respectively, for reactions (7) and (10):

log
pCO2

pCO

� �
¼ � 10472

T
� 2:262 log T þ 13:47� log pZn

¼ 8911
T

� 9:113þ log pCO

when pZn ¼ pCO ¼ 0.5,

� 10472
T

� 2:262 log T þ 13:47� log 0:5ð Þ ¼ 8911
T

� 9:113þ log 0:5ð Þ

or � 19383
T

� 2:262 log T ¼ �22:583þ 2 log 0:5ð Þ ¼ �23:186

∴T ¼ 1193 K ¼ 920 oC Ans:

The relevant plots are shown in Fig. 5.11.
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vs: 1T at different activities of zinc and partial pressures of zinc vapor and

carbon monoxide
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Problem 5.12
Show by suitable calculations why is it possible to operate the Zn–Pb blast furnace
with such conditions that zinc oxide in burden is reduced at 1200 �C and a total
pressure of 1 atm but iron oxide is not? Assume that the flue gas contains 6.5% zinc
vapors (volume basis).

Given that: Zn gð Þ þ 1
2 O2 gð Þ ¼ ZnO sð Þ

ΔGo ¼ �115420� 10:35 T log T þ 82:38T cal

Fe sð Þ þ 1
2
O2 gð Þ ¼ FeO lð Þ

ΔGo ¼ � 62600 + 15.18 T cal

Solution
At 1473 K : ΔGo

f ZnOð Þ ¼ �115420� 48300þ 121345 ¼ �42375 cal

ΔGo
f FeOð Þ ¼ �62600þ 22360 ¼ �40240 cal

The reactions concerning the problem are:

ZnO sð Þ þ CO gð Þ ¼ Zn gð Þ þ CO2 gð Þ
Fe sð Þ þ CO2 gð Þ ¼ FeO lð Þ þ CO gð Þ

The overall reaction: ZnO(s) + Fe(s) ¼ FeO(l) + Zn(g), K ¼ pZn

ΔGo
R ¼ ΔGo

f FeOð Þ � ΔGo
f ZnOð Þ

¼ �40240� �42375ð Þ ¼ þ2135 cal

ΔG ¼ ΔGo
R þ RT lnpZn

¼ 2135þ 1:987� 1473� ln 0:065

¼ 2135� 8000 ¼ �5865 cal

Since ΔG is negative, ZnO is reduced but not FeO.
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Chapter 6
Interfacial Phenomena

Amolecule in a bulk of material is pulled from all the sides whereas a molecule at the
surface experiences no pull from the top and is pulled only from the sides and below.
Bonding between molecules takes place with lowering of free energy. The bond
energies between particles are negative because energy is evolved on bond forma-
tion. Therefore, atoms, molecules, or ions on the surface of a liquid or solid possess
higher energies than those located in the bulk of the substance. The energy of the
surface increases with the increase of the surface area. Hence, the surface free energy
can be defined as the energy required to create 1 m2 of new surface. This energy can
be expressed in Joule per square meter (or ergs per square cm). As the molecules in
solids are rigid, no such effect is realized. Surface free energy is a characteristic
property of the liquid phase making a free surface. Since reduction in the surface area
reduces the free energy, the surface of the liquid will tend to contract. Liquids tend to
form spherical drops because spheres have the least surface area to volume ratio
among all geometrical shapes. The tensional force causing the contraction of the free
liquid surface is known as surface tension. The surface tension is defined as the force
in newtons acting at right angles to a line 1 m long on the surface. The work done in
producing 1 m2 of new surface is equivalent to the work done in stretching the
surface by 1 m along a 1 m line against the surface tension and this is the surface free
energy, σ. Thus, the surface tension σ, newton per meter (N m�1), is numerically
equal to the surface free energy J m�2. Surface tension is generally used with
reference to liquid, whereas surface free energy and interfacial energy are used
with reference to liquids and solids, respectively. Solids definitely have surface
free energy, but due to their rigid surfaces, they are neither smooth nor free to
allow the solid to fill the shape of a container, and therefore, the concept of surface
tension is not applicable in solids. Table 6.1 lists the values of surface tension of a
few liquids.

On the surface layer, atoms/molecules are bonded in two dimensions only. The
bonds which are free often attract impure elements. The surface-active agents are
preferentially absorbed on the surface and reduce the surface tension [1]. Thus,
impurities in metals reduce the surface tension (Table 6.1 refers to the surface
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tension of iron and steel). The surface tension of metals does not vary much with
temperature.

Since most of the metals are extracted and refined in the liquid state and then
solidified, surface tension plays a prominent role in nucleation of embryos during the
course of solidification, which is probably the most important transformation in the
field of metallurgy. As mixing in solid state takes place only by diffusion that is quite
slow, most alloys are mixed in liquid state by convection and diffusion and then
solidified to produce homogeneous starting materials. In Chap. 4, we noticed that
slag with proper surface tension/interfacial energy and viscosity by control of
temperature and composition plays an important role in the extraction and refining
of metals. Many reactions of interest to metallurgists are hetrogeneous. For example,
(i) reactions between two liquids, that is, transfer of species from liquid metal to slag
(and vice versa) in steelmaking, (ii) reactions between a solid and a liquid, namely,
leaching, precipitation of pure Al2O3 from sodium aluminate solution by seeding in
the Bayer’s process, precipitation of nickel and cobalt powders from ammoniacal
solution by reduction with hydrogen gas at high pressure in the Sheritt Gordon
process, removal of deoxidation products, and solid impurities from liquid melts,
(iii) reactions between a gas and a solid, namely, reduction of oxides by CO–CO2

gaseous mixture in blast furnaces, roasting of sulfides, and calcination of carbonates,
and (iv) reactions between a gas and a liquid, such as nucleation of gas bubbles in
liquid melts. Interfacial energy between respective interfaces plays an important role
in all these reactions. In addition, we find a very effective and significant role of

Table 6.1 Surface tension of
a few liquid metals

Metal Temperature (�C) (N m�1) or J m�2

Aluminum 660 0.914

Antimony 630.5 0.367

Beryllium 1283 1.390

Bismuth 671 0.378

Cadmium 321 0.570

Calcium 865 0.361

Chromium 1875 1.700

Copper 1083 1.303

Gold 1063 1.169

Iron 1550 1.788

Steel (0.4% C) 1600 1.560

Lead 327 0.444

Lead 1000 0.401

Mercury 20 0.480

Mercury 40 0.466

Silver 995 1.128

Silver 1120 0.923

Tin 232 0.531

Tin 1000 0.497

Zinc 650 0.750
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interfacial phenomena in the formation of foam and emulsion in basic oxygen
steelmaking, Kennecott-Outotec Flash Converting and Mitsubishi Continuous
Converting processes for copper production, fused salt electrolysis of halides,
anode effect during electrolysis of Al2O3 dissolved in cryolite, froth flotation,
comminution, penetration of metal in cavities of the mold walls, and so on. In the
following sections, some applications of interfacial phenomena will be illustrated
with suitable worked-out examples.

6.1 Precipitation

Precipitation of a solid from a liquid melt or aqueous solution and metallurgical
transformation whether it is a change in state or a phase change within one of the
three states are governed by processes of nucleation and growth. However, there is
vast literature on kinetics of nucleation and growth during solidification of liquid
metals, but very little is known about precipitation of nonmetallic phases (inclusions)
in deoxidation of steel and precipitation of metal powders from aqueous solutions.
There are several theories [2–4] on the kinetics of nucleation and growth. In the
classical theory, the work done (ω) in forming a spherical nucleus of radius (r) is
given by:

ω ¼ 4πr2σ þ 4
3
πr3

ΔG
ν

� �
, ð6:1Þ

where σ is the interfacial tension between the matrix and the new phase, ΔG is the
difference in free energy between the matrix and the new phase, and v is the molar
volume of the new phase. There is a certain radius, rc known as the critical nucleus
radius, associated with the maximum free energy [2, 5] (Fig. 6.1). If r < rc, the
system lowers its free energy by dissolution of the solid. On the other hand, when
r > rc, the free energy of the system decreases as the solid grows. The unstable solid
particles with r < rc are known as clusters or embryos while stable particles with
r > rc are referred to as nuclei. When r¼ rc, dω/dr¼ 0, the critical nucleus radius can
be obtained by differentiating Eq. 6.1:

rc ¼ � 2σν
ΔG ð6:2Þ

The corresponding work, ωc (¼ ΔGc
, the free energy change to form the nucleus

of critical size) is obtained by substituting the value of rc in Eq. 6.1.

ωc ¼ 16πσ3ν2

3 ΔGð Þ2 ð6:3Þ
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ΔGc is temperature dependent and can be regarded as the necessary activation
energy for the formation of the nucleus. The formation of the precipitate in this
manner without artificial simulation [6] is known as homogeneous nucleation.
Hence, ΔGc

hom is the minimum work required to form the nucleus of critical size,
rc, homogeneously from the melt. The rate of formation of nuclei [7], I (per cm3 of
melt per second) homogeneously is expressed as:

I ¼ A exp
ΔGc

hom

kT

� �
ð6:4Þ

where A is the frequency factor, k is the Boltzmann’s constant and T is the
temperature in degree absolute. Turpin and Elliott [7] have estimated the values of
A as 1026 and 1030, respectively, for Al2O3 and FeO in molten slags. The rate of
formation of nuclei, I, varies enormously with supersaturation. The effect of ΔGc

hom
as given in Eq. 6.4 is so dominant that it overwhelms the frequency factor. This is
visualized from the fact that I¼ 1 or 10,000 (per cm3 of matrix per second) makes no
significant difference on the rate of nucleation. The value of supersaturation neces-
sary for homogeneous nucleation, at I ¼ 1 is designated as ΔGc

hom: If I ¼ 1, Eq. 6.4
gives, ΔGc

hom ¼ �kT lnA: Hence, from Eqs. 6.3 and 6.4 we get:

ΔGc
hom ¼ �2:7ν

σ3

kT logA

� �1=2

: ð6:5Þ

Turpin and Elliott [7] have suggested a method to estimate oxygen concentration
for supersaturation in Fe–O–Si (Al) solutions by using thermodynamic properties of

0

Volume free
energy ∝ r3

ΔG

ΔG

ΔGc

r

rc

Interfacial free
energy ∝ r2

Fig. 6.1 Free energy
change for homogenous
nucleation of a spherical
nucleus of radius r
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the system and the interfacial tension between the melt and the oxide formed.
Supersaturation might be achieved by addition of deoxidizers (Si or Al) or oxygen
to the liquid melt. Alternatively, supersaturation may be achieved by freezing the
melt because oxygen segregates in the residual liquid to a greater extent than do
either Si or Al. It can also be attained by simultaneous additions of oxygen and the
deoxidizers.

Supersaturation of the liquid melt can be obtained by first equilibrating it with
pure oxide(s) at a high temperature, Teq, and then rapidly cooling it to a lower
temperature, T. This temperature difference (Teq – T) is required to achieve super-
saturation. This is known as the degree of undercooling in the case of solidification
of pure metals and is expressed as (Tf – T) where Tf is the temperature of fusion. The
driving force of solidification (activation barrier against nucleation) can be obtained
directly from ΔGo ¼ ΔHo� TΔSo as:

ΔGc
hom ¼ ΔH � TΔS ¼ ΔHf � T:

ΔHf

T f
¼ ΔHf

T f
T f � T½ � ¼ ΔHf :ΔT

T f
, ð6:6Þ

where ΔHf is the heat of fusion. Thus, the activation barrier is proportional to the
degree of undercooling (i:e:,ΔGc

hom / ΔTÞ . However, the high energy barrier
required for homogeneous nucleation is drastically reduced due to the catalytic
action of crevices and projections on the walls of the container in the presence of
solid impurities in the melt. Hence, there is more likelihood of heterogeneous
nucleation. The critical free energy barrier, ΔGc

het , for heterogeneous nucleation in
case of formation of a spherical cap on a planar substrate (catalyst) is modified as

ΔGc
het ¼ ΔGc

hom:f θð Þ, ð6:7Þ

where f(θ), the shape factor, for the contact angle, θ made by the nucleus on the
substrate (Fig. 6.2) is expressed as

f θð Þ ¼ 1
4

2� 3 cos θ þ cos 3θ
� �

: ð6:8Þ

Solid

Liquid

Catalyst substrate

σsl

σlc

σsc

Fig. 6.2 Heterogenous nucleation on a planar substrate
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In Fig. 6.2, σsl, σlc, and σsc, are, respectively, the interfacial surface tension between
the precipitating solid and the liquid phase, the liquid phase and the catalyst
substrate, and the solid and the catalyst substrate. The value of cos θ is obtained
by balancing the forces:

σlc ¼ σsc þ σsl cos θ ð6:9Þ

∴ cos θ ¼ σlc � σscð Þ
σsl

: ð6:10Þ

Thus, the nucleation barrier for heterogeneous nucleation reduces tremendously at
lower values of θ, for example, f(θ)¼ 10�4 when θ ¼ 10�. Significant reductions are
also possible at higher values of θ, for example, f(θ) ¼ 0.02 at θ ¼ 30�, and f(θ) ¼
0.5 at θ ¼ 90�. Heterogeneous nucleation can also be achieved by seeding in the
liquid solution. In the Bayer process, alumina from bauxite ore after crushing to
about 100 mesh is dissolved in a hot solution of caustic soda under a pressure of
10–25 atm at 100–160 �C leaving aside the insoluble oxides in red mud. The sodium
aluminate solution after separation from the mud is diluted and slowly cooled to
precipitate aluminum as hydroxide. Precipitation is initiated by “seeding” the solu-
tion with freshly precipitated fine Al(OH)3.

In order to obtain a fine-grained structure, a large number of nuclei have to be
provided by addition of a grain refiner in the liquid metal. The grain refiner is either
insoluble in the metal and forms a suitable nucleating surface or reacts with the metal
to form the nucleating phase. Titanium carbide having a similar crystal structure,
lattice parameter and bonding to that of aluminum is added to aluminum alloys to
lower down the interfacial tension. It also lowers the degree of supercooling, ΔT,
necessary to achieve a rapid rate of nucleation. The role of interfacial energy is very
much evident in solidification of eutectic alloys and its modification. For example,
the mode of growth is modified by addition of small quantities of sodium in an Al–Si
eutectic alloy melt. Adsorption of sodium on the surface of nuclei lowers the
interfacial energy. Another important example is that of modification of the grey
cast iron by addition of magnesium or cerium to form a spherical graphite eutectic of
austenite and graphite. In solid state transformations, heterogeneous nucleation may
occur on nucleation sites provided by dislocations at grain boundaries, twin bound-
aries, slip planes and sub-grain boundaries, or by nonmetallic inclusions such as
oxides or nitrides. The increased hardening effect in precipitation hardening of alloys
is due to reduction in the interfacial energy between its parent phase and the
nucleating phase [1].

In the Sheritt Gordon process [8], metallic nickel is precipitated from the leach
liquor (obtained by leaching the partially roasted pentlandite concentrate with
ammonia) by blowing hydrogen gas at 30 atm and at 175 �C. Metallic nickel powder
is added as seeds to start the precipitation reaction. Addition of certain organic
compounds affects the rate and mode of precipitation of the nucleus. Anthraquinone
accelerates the rate of nickel precipitation by lowering the activation energy of the
process, which is apparently due to the increase of the effective surface area of the
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solid particles. This happens to be one of the most important developments in
extractive metallurgy during early 1950s [8, 9].

In the following sections, important applications of interfacial phenomena in
nucleation of CO bubbles from liquid melt during steelmaking (in open hearth and
electric furnace), role of interfaces in slag–metal reactions, high rate of refining in
basic oxygen furnaces due to the formation of emulsion, and froth flotation of
minerals will be discussed.

6.2 Nucleation of Gas Bubbles in a Liquid Metal

The pressure (Pb) on a spherical gas bubble of radius r located at a depth of h in a
liquid metal of density ρ and surface tension σ is given by the expression:

Pb ¼ Pa þ ρghþ 2σ
r

ð6:11Þ

where Pa is the atmospheric pressure over the surface of the liquid metal and g is the
acceleration due to gravity. Metallostatic pressure over the bubble is given by ρgh.
2σ/r is the term for the pressure required to maintain the metal/gas interface of the
bubble against the surface tension. While considering the possibility of a gas bubble
nucleating with a radius of 10�8 m at a depth of 1 m below the surface of molten steel
of surface tension 1.5 J m�2 and density 7.1 g cm�3, the required bubble pressure
would be 2972 atm.

Pb ¼ 1þ 7100� 9:81� 1
1:01� 105

þ 2� 1:5
10�8 � 1:01� 105

¼ 1þ 0:69þ 2970:3 ¼ 2972 atm

The extremely high value of Pb rules out the possibility of homogenous nucle-
ation of gas bubbles in liquid metal. Hence, for removal of a gaseous component, a
gas/metal interface must be provided by (i) introduction of gas bubbles into the
metal, (ii) vigorous stirring action, or (iii) gas trapped in crevices in the refractory
wall of the furnace. For example, introduction of argon bubbles into liquid steel in
vacuum degassing chamber (RH process – Chap. 8) increases the rate of removal of
hydrogen by providing gas/metal interface in the bulk of the melt and stirring action.

In the refining of steel, oxidation of Mn, Si, and P takes place at the slag–metal
interface. But due to the difficulty in nucleation of CO bubbles, oxidation of carbon
practically does not take place at the slag–metal interface. Oxidation of carbon
according to the reaction:
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C½ � þ O½ � ¼ CO gð Þ ð6:12Þ

takes place at the gas–metal interface because it does not require nucleation of gas
bubbles. The rate of diffusion of carbon and oxygen to the gas/metal interface is
much higher in pneumatic processes compared to the open hearth furnace. Intro-
duction of fresh air bubbles in bottom-blown Bessemer converter through the metal
increases the total surface area of the gas/metal interface. Vigorous blowing also
improves the transport of reactants and provides a stirring action. As a result, high
decarburization rates up to 10% carbon per hour are possible. Similarly, the forma-
tion of slag–gas–metal emulsion in the basic oxygen steelmaking enhances decar-
burization rate as compared to that in the Bessemer process by providing fresh gas–
metal interface. In the absence of gaseous medium, C–O reaction is very slow in the
open hearth furnace, which can be explained by considering the physics of formation
of the carbon monoxide bubble. The pressure inside the CO bubble of radius r in
liquid metal of surface tension, σ given by Eq. 6.11 can be represented as:

pCO ¼ patm þ ρFeghþ 2σ
r

ð6:13Þ

In order to homogeneously form the CO bubbles of nearly 10�9 m radius in the melt,
the pressure within the bubble should be of the order of 104–105 atm. This makes it
clear that homogeneous nucleation would be unlikely because supersaturation of
carbon and oxygen required to be in equilibrium with these pressures corresponding
to nuclei of reasonable size are out of the real possibility. For the decarburization
reaction (Eq. 6.12) the equilibrium partial pressure of CO at the gas/metal interface
can be calculated by the expression:

pCO ¼ K f C %C½ � f O %O½ � ð6:14Þ

But the bath can never be practically so supersaturated with carbon and oxygen
that pCO (equilibrium) is of the order of 104–105 atm at steelmaking temperatures.
This requirement totally rules out the chances of homogenous nucleation of CO
bubbles in the melt during refining. There seems a possibility of nucleation of CO
bubbles at the slag–metal or refractory–metal interface. The possibility of nucleation
at the former interface is almost negligible compared to that at the solid refractory–
metal interface. Though molten metal always rests against the refractory walls
having crevices, the high surface tension of molten steel prevents the crevices
from wetting. The gas–metal interfaces provide the necessary interface for C–O
reaction to occur and desorption of the gaseous product in the pore space.
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The C–O reaction can continue at the pore space (crevice) until pCO inside the
bubble reaches the pCO (equilibrium). As reaction progresses pCO (bubble) increases
and the bubble grows to attain hemispherical shape (bubble radius becomes equal to
the crevice radius). Further, the increase in radius after attaining the hemispherical
shape will decrease the pressure term, 2σ

r which means decrease in the internal
pressure of the bubble ( pCO). This will favor the C–O reaction (6.12) in the forward
direction. Any growth beyond the hemispherical shape makes the bubble more and
more unstable. The bubble finally detaches from the refractory wall and moves
upward through the melt. While ascending, the pressure term ( patm + ρgh) decreases
and r increases. This will also push the C–O reaction to the right. The C–O reaction
continues by repetition of the same process at the crevices if other requirements are
fulfilled.

At crevices smaller than the critical pore size, pCO (bubble) becomes equal to pCO
(eqm) before the bubble attains a hemispherical shape. Such crevices do not actively
participate in the nucleation process because bubbles do not grow on such inactive
sites. There is a minimum unwetted crevice size for nucleation of CO bubbles for a
fixed value of aC. aO [ i. e., wt % C. wt % O]. For the prevailing conditions in open
hearth and electric arc furnaces, the unwetted crevices greater than 0.01 mm are the
most effective nucleation sites for C–O reaction. Mechanism of oxygen transport
from gas to slag has been demonstrated in Fig. 6.3.

As oxygen is easily available at the gas–metal interface in the pneumatic pro-
cesses, the rate of reaction is affected by the diffusion of carbon to the interface.
However, the vigorous stirring increases carbon transport to achieve very high rate
of decarburization. Contrary to this, in open hearth and electric furnaces, oxygen has
to diffuse from the furnace atmosphere through the slag and metal layers to reach the

Gas
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Metal

Bubble

[O]

2(Fe2+)

2(Fe2+)

O2
1

2

2(Fe3+) + (O2–)

2(Fe3+) + (O2–)

]O[ ]C[

CO

+

Hearth

Fig. 6.3 Schematic representation of oxygen transfer from the furnace atmosphere through the slag
and metal to a carbon monoxide bubble
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crevice–metal (gas–metal) interface. Since atomic/molecular dissolution of oxygen
in slag is negligible, it has to dissolve in ionic form. The mechanism of oxygen
transfer [10] from gas to metal via slag in hearth processes to form CO bubbles at the
refractory wall can be demonstrated as follows:

Dissolution of oxygen at the gas–slag interface:

½ O2f g þ 2e ¼ O2�� � ð6:15Þ

Oxidation of iron in the slag:

2 Fe2þ
� � ¼ 2 Fe3þ

� �þ 2e ð6:16Þ

The overall reaction is represented as:

2 Fe2þ
� �þ ½ O2f g ¼ 2 Fe3þ

� �þ O2þ� � ð6:17Þ

Migration of Fe3+ and O2– from gas–slag phase interface to slag–metal interface
completes the cycle:

2 Fe3þ
� �þ O2þ ¼ 2 Fe2þ

� �þ O½ � ð6:18Þ

The cycle is repeated and thus the dissolved oxygen in the metal diffuses to the
crevice–metal (gas–metal) interface to combine with carbon. The rate of diffusion of
oxygen can be increased by avoiding the diffusion path across the slag layer by
addition of hematite (Fe2O3) heavier than the slag but lighter than the metal. While
settling at the slag–metal interface, Fe2O3 supplies oxygen according to the follow-
ing endothermic reaction; known as ‘oreing’ of the slag:

Fe2O3 sð Þ ! 2 FeOð Þ þ O½ � ð6:19Þ

Oreing increases the rate of decarburization to 0.6% carbon per hour from 0.12% to
0.18% carbon per hour under the normal condition prevailing in hearth furnaces, that
is, oxygen coming from the furnace atmosphere. The marginal increase in decarbu-
rization rate by oreing is due to endothermic nature of the overall reaction:

2=3 Fe2O3 sð Þ þ 2 C½ � ¼ 4=3 Fe½ � þ 2 COf g,ΔH ¼ 65 kcal ð6:20Þ

The above endothermic reaction can be transformed into exothermic by flushing
low-pressure oxygen over the slag surface to achieve dC/dt up to 3% carbon per
hour.

C½ � þ O½ � ¼ COf g: ΔH ¼ �89 kcal ð6:12aÞ
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In order to further increase dC/dt in open hearth, oxygen lancing of the bath during
refining period was practiced.

6.2.1 Role of Interfaces in Slag–Metal Reactions

The slag–metal and gas–metal interfaces play dominant roles in the transfer of
solutes in the refining of molten pig iron. The partitioning [11] of slag (phase 1)
and metallic bath (phase 2) is represented as:

Interface Bulk phase No.1
Stagnant boundary layer of phase 1
Stagnant boundary layer of phase 2
Bulk phase No.2

In general, three steps [11] may be involved in chemical reactions taking place in
the above heterogeneous system: (i) diffusion of reactants across the boundary layer
(s) to the interface, (ii) chemical reaction at the interface, and (iii) diffusion of
products across the corresponding stagnant boundary layer(s) into the bulk phase.
At steelmaking temperatures, the chemical reaction (step 2) is very fast, hence, to a
major extent, the refining reactions are normally controlled by mass transport (either
step 1 or 3). According to the Fick’s law of diffusion, the rate of mass transport
across the stagnant boundary layer is given by:

J ¼ Di
cb � cið Þ

δ
A g s�1 ð6:21Þ

whereDi, cb, ci, δ, and A stand for diffusion coefficient, concentration in the bulk and
at the interface, thickness of the stagnant boundary layer, and the interfacial area,
respectively.

The thickness of the boundary layer depends on the slag composition and
viscosity. Stirring decreases the thickness of the boundary layer and improves the
mass transport. The refining reactions in various commercial processes are con-
trolled by either the slag–metal interface or the gas–metal interface or by both types
of interfaces. For example, refining takes place at slag–metal interfaces in open
hearth and electric furnace without oxygen lancing and Kaldo converter, whereas in
acid Bessemer process, it takes place at the gas–metal interfaces. In a number of
furnaces and converters, such as open hearth and electric furnace with oxygen
lancing, Thomas, rotor, LD, OLP, OBM, Pierce Smith side-blown converter for
blister copper production, and top-blown rotary converter for nickel production,
refining reactions are controlled by slag–metal as well as gas–metal interfaces (i.e.,
mixed control).

In steelmaking, oxidation of silicon, manganese, and phosphorus, which takes
place at the slag–metal interface is controlled by diffusion across the stagnant
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boundary of the slag and is accelerated by vigorous stirring. In commercial practice,
slag–metal system may be stirred vigorously by bottom blowing in Bessemer, OBM,
and combined-blown processes, by carbon boil in open hearth and electric furnaces,
by rotation of the vessel in Kaldo and Rotor processes, by supersonic oxygen jet in
LD converter. Stirring not only reduces the stagnant boundary layer thickness but
also increases the interfacial area. Further, viscosity is reduced by raising the
temperature and by addition of suitable fluxes to improve the mass transport in the
slag phase.

6.3 Emulsion and Foam

During the past seven decades, extensive research studies have been conducted on
the structure, properties and ionic theories of slags at various pioneering institutions
including the university of Oslo, Norway, Massachusetts Institute of Technology,
U. S. Steel, USA, Imperial College of Science and Technology, UK, Max Plan
Institute, Germany, Royal Institute of Technology, Sweden as well as in Japan and
Canada. Despite substantial research investigations on slags, many of its important
functions still remain mysterious, controversial and unresolved. This is particularly
true in the case of the high rate of refining in BOF steelmaking processes. The reason
for which may be accounted, as most of the investigations have been conducted
under steady-state conditions, whereas a more complex behavior is found in actual
dynamic operations [12]. However, a thorough knowledge of slag properties [13],
such as basicity, surface tension, viscosity, and so on are essential for optimization of
steelmaking reactions.

The high decarburization rate in basic oxygen converter comparable to that in the
Bessemer process is obtained by the formation of slag–metal interfaces and emul-
sion. The slag–metal–gas emulsion helps in providing an ever fresh gas–metal
interface, which accounts for the large required reaction surface necessary for
enhancing the reaction rates. In these processes, the formation of slag foam poses
one of the most difficult operating problems. Formation of both emulsion and foam
is governed by the surface properties of slag and metal, which are finally controlled
by composition and temperature. Before discussing the physical conditions and
requirements for their formation, we must understand the difference between emul-
sion and foam [14]. Small droplets of one liquid or gas bubbles embedded in another
liquid is known as emulsions if the neighboring droplets (liquid–liquid emulsion) or
bubbles (gas–liquid emulsion) are separated by large distances to permit free move-
ment of drops or bubbles. In the case of foams, the adjacent bubbles cannot move
independently because the total volume of thin films separating the bubbles is larger
as compared to the volume of the liquid medium in a gas/liquid emulsion. A
tremendous increase in the interfacial area between the two phases happens to be
the most significant contribution of any emulsion or foam. For example, the specific
interfacial area of the emulsified liquid consisting of droplets of 0.4 mm radius [14]
is about 105 cm2 per cm3.
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As the interfacial energy (surface tension) is the energy required to create new
unit surface area, the amount of energy needed for emulsifying a liquid or a gas in
another liquid will increase with increasing surface tension. This means, the energy
requirement for emulsification will decrease at lower interfacial tension, and hence,
destruction of emulsion is going to be a spontaneous process and the decrease of
interfacial areas will lead to liberation of energy. Thus, the formation as well as
retention of an emulsion is favored by a low interfacial tension. It is important to note
that from an energetic viewpoint, the slag–metal and gas–slag systems are not
suitable for emulsification because of high surface tension [14] of the former lying
between 800–1200 erg cm�2 (compared to 40 erg cm�2 for water/mineral oil
interface) and that for the latter system lying between 400 and 600 erg cm�2

(compared to 72 erg cm�2 for water/gas and 20–60 erg cm�2 for organic liquid/
gas system). However, in case of the slag/metal interface, it may be reduced to 1/100
of its equilibrium value by rapid mass transfer brought out by supersonic oxygen jet
or by stirring with suitable means.

As regards to the destruction of emulsions, two factors have to be kept in mind:
(i) the large difference in densities of metal and gas emulsions in slag and (ii) the
coalescence of small droplets or bubble into larger units, which separate easily from
the liquid medium. The destruction of foam may be hindered by any factor that may
stop or slow down coalescence. High viscosity may stabilize both emulsions and
foams. Viscosity of steelmaking slag controlled by composition, is generally low but
increases due to precipitation of solid particles. These particles may stick to metal
drops or gas bubbles and the process of coalescence may be slowed down. In
general, the presence of surface-active agents such as CaS, Cr2O3, P2O5, V2O5,
and so on make the foam more stable. The suspended second-phase particles such as
Cr2O3 [15], CaO, MgO, and 2CaO.SiO2 [16] stabilize the foam and are more
effective on foaming as compared to their effect in changing viscosity and surface
tension. Carbonaceous material such as coke and charcoal particles play important
roles in controlling slag foaming in bath smelting as well as in other steelmaking
processes. Sulfur, which is a strong surface-active agent in liquid iron [17], increases
the contact angle, that results in larger bubbles and less stable foam. According to
Zhang and Fruehan [18], the slag foaming can be totally suppressed by covering
only 15–20% of the slag surface with either of charcoal or coke particles. Based on
their studies, they have concluded that the anti-foaming effect is primarily due to the
nonwetting characteristic of the carbonaceous material with slag. Occasionally,
emulsification of metal in slag may prove nuisance by the formation of abundant
stable foams due to swelling and overrunning of the slag.

The formation and stability of gas emulsions depend on the structure and prop-
erties of slags. The octahedral oxides like FeO, Al2O3, CaO, and MgO exhibit very
low viscosity and high surface tension. Contrary to this, tetrahedral oxides like SiO2,
P2O5, and B2O3 exhibit high viscosity and low surface tension (Table 6.2). The slag–
metal interface directly concerned with the formation and destruction of metal
emulsion happens to be the most important interface. It is also the most complex
due to the absorption of ions SiO4�

4 and PO3�
4 coming from the slag phase and O2�
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and S2� from the metal. Notable stability of foam in FeO–SiO2 system begins with a
melt containing about 40 wt% SiO2, goes through a sharp maximum at approxi-
mately 60 wt% SiO2 and falls to zero at higher silica contents. In all slag systems,
stability is related to composition. Since most slags react with the metal bath,
nonequilibrium conditions and mass transfer across the metal–slag interface are
characteristic features of any steelmaking process, resulting in a drastic decrease in
the interfacial tension. However, the decrease is beneficial for emulsification.

Following the benefits of interfacial phenomena, serious attention has been paid
on the measurement of interfacial tension and correlation of the data with the overall
kinetics of slag–metal reactions, even in the extraction of nonferrous metals
[19, 20]. The emulsion of molten copper, matte, slag, and gas formed in the
Mitsubishi Continuous Converter [21, 22] by blowing air along with CaCO3 flux
and O2-enriched air (through different pipes) on the surface of the molten bath
facilitates solid–liquid-gas reactions leading to the formation of copper and slag at
much higher rate as compared to the rate of blister formation in the conventional
Pierce Smith copper converter.

6.4 Froth Flotation

In Sects. 6.2 and 6.3, we have noticed that there is enormous increase in the surface
area due to the introduction of gas bubbles in the Bessemer converter and formation
of emulsions in the basic oxygen converter. In both the cases, we start with liquid
metal–gas system but as refining progresses, we have two liquids (molten metal and
molten slag) and gas (blown as air or oxygen and CO formed). We have discussed
the role of interfacial tension in the nucleation of CO bubbles and formation of
emulsions and foam. In froth flotation, we deal with systems comprising of a solid
(mineral), a liquid (water), and a gas (air).

Equation 6.11 indicates that the pressure inside a bubble located at a certain depth
depends on the interfacial tension between air and the liquid. Thus, the energy

Table 6.2 Viscosity and surface tension of selected oxidesa

Oxides Temperature (�C) Viscosity (poise)
Surface tension
(erg cm�2)

FexO (in equilibrium with solid Fe) 1420 0.3 585

Al2O3 2100 0.5 690

CaO m.p. < 0.5 >585

MgO m.p. < 0.5 >585

SiO2 1800 1.5 � 105 307

P2O5 100 – 60

B2O3 1000 300 82
aReproduced from G. H. Geiger et al. [14] with the permission of Association for Iron & Steel
Technology
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required to form an air bubble decreases with the decrease of surface tension.
Addition of soap lowers surface tension by adsorbing at the air/water interface
polar groups in water and nonpolar hydrocarbon groups on the air-side of the
interface. In froth flotation, nonwetting mineral particles are attached to the surface
of air bubbles rising through the water. In this way, they are separated from mineral
particles which are wetted and consequently sink to the bottom. The froth formed by
the bubbles runs off to the top of the flotation cell and breaks. The floated mineral
particles can be recovered by filtration. Since the life of an air bubble in water is
about 0.01 s [23], air bubbles burst and drop the mineral particles before reaching the
surface of pure water. This makes it essential to stabilize the froths by introducing
some surface-active organic chemicals known as frothers. The froths containing the
mineral particles are skimmed off. Pine oil and higher alcohols are commonly used
as frothers on the commercial scale. Small quantities of frother, pine oil (0.05 kg
ton�1 of ore in a pulp) are added to produce stable froth on the surface of the pulp.
Frothers are heteropolar substances like soaps, which lower the interfacial energy by
adsorbing at the air/water interface. From the recovery viewpoint, frother should
produce persistent froth with sufficient strength to carry mineral particles to the top.
At the same time, it should break immediately on leaving the cell to avoid
overflooding of the plant with froth in a very short time. In pine oil based on
terpineol C10H17OH, the nonpolar hydrocarbon group is oriented on the air side of
the interface. On the other hand, the polar hydroxyl group is attracted by hydrogen
from the water molecules. In froth flotation, wettability of mineral particles plays an
important role.

The interfacial tension between air and the mineral, σAM can be lowered by adding
a substance which gets adsorbed at the mineral/air interface. Such a substance called
“collector,” when added, adsorbs on one mineral leaving no effect on others. For
example, use of potassium ethyl xanthate as a collector in flotation of galena leaving
silica is well known. Although water wets both silica and galena, addition of a small
quantity of xanthate (25 g ton�1 of ore) raises the contact angle from 0� to 60� on the
galena whereas the contact angle on the silica remains almost zero. The negatively
charged sulfur atom of the polar group of the heteropolar xanthate anion, –S–CS–O–
C2H5 is attracted to leave Pb

2+ ions in the galena, PbS. The outward facing nonpolar
ethyl group, C2H5, is weakly attracted to the water molecules compared to galena.
These conditions raise the value of the interfacial tension between water and the
mineral, σWM. Due to weaker water/xanthate attraction compared to the air/xanthate
attraction, σAM is lowered and contact angle, θ, is raised. Silica remains wetted by
water and sinks to join the tailings because of very poor adsorption on it. On the
other hand, galena floating at the top is collected as a concentrate. Like xanthates
used as collectors for sulfides, fatty acids are used for oxides, hydroxides and
carbonates, and amines for silicates. An optimum value of σWA is important. Drastic
lowering of σWA by excessive addition of frother will jeopardize the collector action
of xanthate. Thus, there is an optimum frother addition to obtain the effective
collector action. The mineral particle will not penetrate the air/water interface on
excessive addition of collector and hence will not float.
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Thus, the concentration of mineral by flotation is essentially based on the ability
of solid surfaces to be wetted by water, which is controlled by the relative values of
the interfacial energies: mineral–water, mineral–air and water–air. A larger value of
the first compared to the other two prevents the mineral from wetting and the mineral
is categorized as hydrophobic. On the other hand, the mineral is known to be
hydrophilic if the mineral–air interfacial energy is the largest. Hence, when air is
blown through the aqueous pulp of ground minerals, hydrophobic mineral particles
will get attached to the air bubbles and rise and hydrophilic minerals will sink. In
addition to frothers and collectors, some chemicals are used as modifiers. They
modify the action of collectors by either increasing or decreasing the interfacial
tension between the mineral particles and the air bubbles. Modifiers increasing or
decreasing the interfacial energy are called depressors and activators, respectively,
and are useful in developing selective froth flotation processes. In addition to these,
chemical additives used to control pH of the solution are known as regulators [23] or
conditioners [24]. Lime is commonly used to prevent precipitation of compounds
drastically affecting the separation efficiency. These chemical reagents may be
added to the pulp before or during the flotation process. For efficient flotation,
most mineral particles are ground between 200 and 500 μm and diluted with water
to pulp containing 25–45% solid.

6.5 Other Applications

In the following paragraphs, some typical applications of interfacial phenomenawill
be very briefly outlined.

As discussed above, low interfacial tension is also useful in crushing and grinding
of minerals. The energy required to deform minerals and overcome friction increases
tremendously due to an increase in surface area during comminution.

The shape of the boundary [1] is governed by the interfacial energy at the
boundary between two solid phases in an alloy as well as between grains of the
same metallic phase. The interfacial energy [25] also controls the shape of grains.
The grain boundary energy reduces due to rearrangement of the metallic structure to
produce grains of shape with a minimum ratio of grain boundary area to volume. A
minor phase adopts a spherical shape in the grains of a structure consisting mainly of
a major phase. A fairly long period of annealing of a steel structure consisting of a
lamellar eutectoid of ferrite and cementite at about 650 �C results in spheroidization
of cementite lamellae.

When metal and ceramic powders compacted at high pressure are sintered at
moderate temperatures, the possibility of obtaining sound objects depends on the
reduction of surface free energy [26] of the structure. This happens due to the
diffusion of atoms or molecules at the point of contact between particles forming a
junction. This enables the pores to become spheroidal and to contract by vacancy
diffusion leading to the production of a sound object.
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During electrolysis of Al2O3 dissolved in fused cryolite (Na3AlF6), as the Al2O3

content of the bath decreases, the electrolyte gradually loses its wetting ability due to
increase in surface tension. This leads to accumulation of gas bubbles resulting in the
increase of resistance to current at the interface between the anode and the electro-
lyte. Electric arc strikes wherever the gas film is temporarily broken. This is known
as the anode effect [27]. The wetting ability of the electrolyte is restored by the
addition of fresh alumina, which helps in attaining the proper interfacial tension of
the bath. As a result, the gas film is removed from the anode and the voltage across
the cell attains the normal value.

In electrolytic production of magnesium, surface tension and viscosity of highly
viscous pure molten MgCl2 is reduced to a desired value [28] by the addition of NaCl
and KCl. A fused salt halide mixture containing 10% MgCl2, 45% CaCl2, 30%
NaCl, and 15% KCl is used for a smooth running of the electrolytic cell. Excessive
surface tension is undesirable because it retards the coalescence of the magnesium
globules that collect at the surface of the chloride. Low surface tension facilitates the
coalescence of metallic globules that collect at the surface of the cathode. Too low a
surface tension is undesirable because magnesium that floats to the surface would
break through the electrolyte film and is therefore exposed to atmospheric oxygen.
The excessive decrease in the interfacial tension of the electrolyte due to the low
MgCl2 content is counteracted by CaCl2, which like all alkaline chlorides, increases
the surface tension. Hence, proper surface tension of the electrolytic cell has to be
maintained by adjusting the bath composition.

In all the above cases, we have seen the beneficial effects of lowering of
interfacial tension. In the following two examples, we find that a higher interfacial
tension is required to achieve the goal:

In sand castings, objects with rough surfaces are produced when metal penetrates
the cavities between the sand particles by wetting the sand. The extent of wettability
of the mold material depends on the surface tension of the metal to be cast. For
hemispherical cavities, the metallostatic pressure head that is required to force the
metal in the cavity is directly proportional to the surface tension and inversely
proportional to the radius. The relation will change according to the shape of the
cavity. Definitely, a larger value of surface tension will prevent the mold cavities
from wetting and hence reduces the penetration of the molten metal into the cavities.

It has been established that the liquid deoxidation product (FeO–MnO–SiO2 slag)
formed by deoxidation of liquid steel with ferromanganese and ferrosilicon floats out
to the surface of molten steel within a ladle holding time of 20 min [10] at a velocity
proportional to the square of their radii. According to Stoke’s law, in the laminar
movement of particles in a fluid depending on the densities of the fluid and solid,
larger particles may rise to the surface or sink through a liquid metal faster than small
particles. However, Rosegger [29] has reported that the rate of removal of the
deoxidation product depends on its composition as well as on its size. Thus,
relatively small alumina-rich particles formed by deoxidation with aluminum: 2
[Al] + 3[O]¼ (Al2O3) separates more rapidly than the larger silicate particles formed
by deoxidation with silicon. Although alumina is denser than silica, the small
difference in density does not account for this anomaly. According to Rosegger
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[29], the rate of removal depends on the interfacial tension between the solid
particles and the liquid steel. The surface tension of FeO increases with the presence
of alumina whereas it decreases by addition of SiO2 and MnO. A higher interfacial
tension between liquid steel and solid Al2O3 particles provides a small attractive
force between them. This means a small dragging force opposes the motion of
alumina. Due to higher surface tension, liquid steel is not attracted to alumina.
These facts are sufficient to explain the increased rate of removal of deoxidation
product when steel is deoxidized with aluminum. On the other hand, a low interfacial
tension due to SiO2 and MnO (when steel is deoxidized with Si and Mn) causes a
large dragging force and slows down the rate of removal because steel is attracted to
these oxides. Thus, aluminum not only produces a stable oxide but also presents
advantages over other deoxidizers in the removal of the deoxidation products.

6.6 Problems [30–32]

Problem 6.1
(Elliott, J. F., 190–1981, personal communication, Massachusetts Institute of Tech-
nology, Cambridge)

Assuming homogeneous nucleation of Al2O3(s) from an Fe–Al–O melt at
1600 �C calculate:

(a) The spersaturation ratio of oxygen for the case where the interfacial tension for
iron in contact with alumina is 2.0 J m�2. The aluminum content of the melt is
0.03%.

(b) The critical size of nucleus that would form.
(c) Determine, if it would be possible also for this melt to nucleate FeO (l) for which

the interfacial tension between the oxide and slag is 0.4 J m�2.

Frequency factors of Al2O3 and FeO are, respectively, 1026 and 1030 and their
molar volumes are 25 and 16 cm3 mol�1.

Solution
Homogeneous nucleation in Fe–Al–O melt at 1600 �C

σAl2O3�Fe ¼ 2:0 J m�2,%Al ¼ 0:03

(a) Reaction under consideration:

2[Al] + 3[O] ¼ Al2O3(s)

ΔG ¼ ΔGeq  ΔGss (eq and ss stand respectively, for equilibrium and
supersaturation)

ΔG ¼ �RT ln
%O½ �3ss %Al½ �2ss
%O½ �3eq %Al½ �2eq

" #

.
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In both cases of supersaturation and equilibrium, neglecting interaction
coefficients

f O ¼ 1 ¼ f Al:

ΔGc
hom can be calculated from Eq. 6.5:

ΔGc
hom ¼ �2:7ν

σ3

kT logA

� �1=2

k (Boltzmann constant) ¼ 1.38�10�23 J K�1

σ ¼ 2.0 J m�2, T ¼ 1873 K, A ¼ 1026 for Al2O3, ν ¼ 25 cm3 mol�1 ¼ 25�10�6

m3 mol�1

ΔGc
hom ¼ �2:7 25� 10�6 m3 mol�1

� � 2:0 J m�2
� �3

1:38� 10�23 J K�1
� �

1873ð Þ log 1026
� �

" #1=2

¼ �2:33� 105 J mol�1

also,

ΔGc
hom ¼ �RT ln

%O½ �3ss %Al½ �2ss
%O½ �3eq %Al½ �2eq

 !

assuming [%Al]ss ¼ [%Al]eq ¼ constant
%O½ �ss
%O½ �eq

� �3
¼ exp �ΔGc

hom
RT

� �
.

Hence, the supersaturation ratio:

%O½ �ss
%O½ �eq

¼ exp
�ΔGc

hom

RT

� �� 	1=3

¼ exp
� �2:33� 105 J mol�1
� �

8:314 J mol�1K�1
� �

1873 Kð Þ

" #1=3

¼ 146:5 Ans:

(b) The critical size of nucleus is obtained from Eq. 6.2:

rc ¼ � 2σν
ΔGc

hom

¼ �2 2 Jm�2
� �

25� 10�6 m3 mol�1
� �

�2:33� 105 J mol�1

¼ 4:29� 10�10m ¼ 4:29 ´̊A Ans:

(considering only the formation of Al2O3 not FeO. Al2O3)
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(c) Whether it is possible to nucleate FeO in the slag.

Fe½ � þ O½ � ¼ FeO½ � lð Þ
ΔG ¼ ΔGeq � ΔGss

ΔG ¼ �RT ln
%O½ �ss %Fe½ �ss
%O½ �eq %Fe½ �eq

" #
:

Assuming (%Fe)ss ¼ (%Fe)eq ¼ constant,

ΔG ¼ �RT ln
%O½ �ss
%O½ �eq

" #

%O½ �ss
%O½ �eq

h i
is the supersaturation ratio.

For calculating ΔGc
hom for FeO (l)

σFeO‐Al ¼ 0:4 J m�2, vFeO ¼ 16 cm3 mol�1 ¼ 16� 10�6 m3 mol�1,AFeO ¼ 1030,

T ¼ 1873 K, considering Eq. 6.5:

ΔGc
hom ¼ �2:7� 16� 10�6 m3 mol�1

� � 0:4 J m�2
� �3

1:38� 10�23J K�1
� �

:1873: log 1030
� �

" #1=2

¼ �1:24� 104 J mol�1

Hence, the supersaturation ratio:

%O½ �ss
%O½ �eq

" #
¼ exp

�ΔGc

RT

� �

¼ exp
�1:24� 104 J mol�1

8:314 J mol�1K�1 � 1873K

� �
¼ 2:2:

As the supersaturation ratio of oxygen for FeO (l) nucleation is less than that of
Al2O3(s) nucleation, the melt should nucleate FeO (l). Ans.

Problem 6.2
What should be the interfacial tension between the molten metal–catalyst interface to
reduce the activation barrier 100 times less as compared to that required for homo-
geneous nucleation in order to precipitate nuclei of the solid metal from the molten
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metal? The interfacial tension between the solid–liquid interface and the solid–
catalyst interface are 0.28 and 0.13 J m�2, respectively.

Solution
According to Fig. 6.2 and using the same symbols for solid, liquid, and catalyst, we
have the following equation showing balancing of different forces:

σlc ¼ σsc þ σsl cos θ:

σlc, σsc, and σsl represent the interfacial tension between the liquid–catalyst, the
solid–catalyst, and the solid–liquid interfaces, respectively.

ΔGc
het ¼ ΔGc

hom:f θð Þ ¼ ΔGc
hom:

1
100

given : f θð Þ ¼ 1
100

h i
,

where f(θ), the shape factor, for the contact angle, θ made by the nucleus on the
substrate (Fig. 6.2), is expressed as

f θð Þ ¼ 1
4

2� 3 cos θ þ cos 3 θ
� � ¼ 1

100

Solution of the above equation gives cos θ ¼ 0.8821, θ ¼ 28.10o

∴σlc ¼ σsc þ σsl cos θ ¼ 0:13þ 0:28 cos θ ¼ 0:13þ 0:28� 0:8821
¼ 0:377 Ans:

Problem 6.3
A spherical bubble of CO is within Fe–C–O melt at 1540 �C. The local pressure in
the melt outside the bubble is 1.5 atm. The melt contains 0.1% C and the surface
tension is 1.4 J m�2.

(a) Calculate the pressure within the bubbles of 0 .01 μm, 0.1 μm, 0.01 mm, 0.1 mm,
1 mm, and 1 cm radii.

(b) What is the equilibrium oxygen content of the melt for each of the bubble sizes in
part (a)? given that %C½ � þ %O½ � ¼ CO gð Þ, log K ¼ 1168

T þ 2:07:
(c) Would it be necessary to make correction for CO2 in the gas phase in your

calculations in part (a) and (b)? Why? Explain.

Given that: [%C] + CO2(g) ¼ 2CO(g), ΔGo ¼ 33280 � 30.38 T cal

Solution
(a) Spherical bubbles of CO in Fe–C–O melt at 1540 �C

Reaction: [%C] + [%O] ¼ CO(g)
The total pressure inside the bubble of radius r is given by the expression:
Pb ¼ Ps þ 2σ

r (where Ps is the local pressure in the melt outside the bubble,
Ps ¼ Patm + ρFegh ¼ 1.5 atm), σ ¼ 1.4 J m�2
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∴Pb ¼ 1:5þ 2σ
r

Pb � 1:5ð Þ ¼ 2σ
r

conversion factor
1 atm ¼ 1.033 � 104 kg m�2

1 J ¼ 0.102 kg m
0.01 μm ¼ 10�8m, 0.1 μm ¼ 10�7m, 0.01 mm ¼ 10�5m.
The total pressure Pb (¼ pCO) can be calculated by the expression:
(Pb – 1.5) ¼ 2σ

r for different radii, (Pb – 1.5) 1.033 � 104 ¼ 2�1:4�0:102
r .

Radius 0.01 μm 0.1 0 μm 0.01 mm 0.1 mm 1 mm 1 cm

Pb (atm) 2766 278 4.26 1.78 1.53 1.503

(b) %C½ � þ %O½ � ¼ CO gð Þ log K ¼ 1168
T þ 2:07

at 1540 �C (1813 K), log K ¼ 1168
1813 + 2.07 ¼ 2.714

K ¼ 518
K ¼ pCO

aC½ � aO½ � ¼ pCO
f C:%C½ � fO:%O½ �.

Assuming the validity of Henry’s law: fC ¼ 1 ¼ fO
K ¼ pCO

%C½ � %O½ �.
Assuming % C to be constant, [%C] ¼ 0.1
[%O] ¼ pCO

518�0:1 ¼ (0.0193) pCO.
The equilibrium oxygen content of the melt calculated for different sizes of

bubbles is listed below:

Radius 0.01 μm 0.1 0 μm 0.01 mm 0.1 mm 1 mm 1 cm

pCO(atm) 2766 278 4.26 1.78 1.53 1.503

[%O] 53.4 5.37 0.082 0.034 0.0295 0.0290

(c) Whether it is necessary to correct for CO2 (g) in bubbles

Pbubble ¼ pCO þ pCO2
¼ pT

[%C] + CO2(g) ¼ 2CO(g), ΔG� ¼ 33280 – 30.38 T
at 1540 �C, ΔG� ¼ 33280 – 30.38 � 1813 ¼ �21800 cal ¼ – RT lnK
K ¼ 424.74
[%C] ¼ 0.1

K ¼ 424.74 ¼ p2CO
%C½ �pCO2

∴ 424.74 ¼ p2CO
0:1½ � pT�pCOð Þ

42.47 ( pT � pCO) ¼ p2CO
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p2CO þ 42:47:pCO � 42:47:pT ¼ 0

pCO ¼ �42:47þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
42:47ð Þ2�4 1ð Þ �42:47pTð Þ

p
2

pCO and pCO2
calculated at different bubble pressures (i.e., pT from the above table)

are listed below:

Radius 0.01 μm 0.1 0 μm 0.01 mm 0.1 mm 1 mm 1 cm

pT(atm) 2766 278 4.26 1.78 1.53 1.503

pCO(atm) 322 89.5 3.903 1.713 1.48 1.455

pCO2
atmð Þ 2444 188.5 0.357 0.067 0.05 0.048

We do not have to correct for pCO2
in part (a) as the total bubble pressure

(pCO þ pCO2
) was calculated. However, in part (b), it is necessary when bubbles

are smaller as pCO2
is quite high and thus it will affect the oxygen content of the melt.

Problem 6.4
A spherical bubble of CO is within the Fe–C–O melt at 1600 �C. The local pressure
of the melt outside the bubble is 1.48 atm. The melt contains 0.2% C and 0.02% O
and has a surface tension of 1.5 J m�2. What is the critical pore size for nucleation of
CO bubble?

Given that: [%C] + [%O] ¼ CO(g) ΔG� ¼ – 4830 – 9.75 T cal

Solution
At 1873 K, ΔG� ¼ –4830 – 9.75 � 1873 ¼ –23091 cal ¼ –RT ln K
K ¼ 495.2
pCO ¼ K [%O]. [%C] ¼ 495.2 � 0.2 � 0.02 ¼ 1.98 atm
Pb ¼ Ps þ 2σ

r Pb ¼ 1:98 atm
Pb � Psð Þ ¼ 2σ

r Ps ¼ 1:48 atm

1:98� 1:48ð Þ � 1:033� 104 ¼ 2�1:5�0:102
r

r ¼ 59.2 � 10�6m ¼ 59 μm ¼ 0.06 mm Ans.

Problem 6.5
A spherical bubble of carbon monoxide is within the Fe-C-O melt at 1600 �C. The
local pressure outside the bubble is 2 atm. The melt contains 0.2% C and 0.03% O
and its surface tension is 1.5 J m�2. From the following data

%C½ � þ %O½ � ¼ CO gð Þ, log K ¼ 1168
T

þ 2:07:

calculate the most probable site for nucleation among the bubble of 1 cm, 1 mm, 0.1
mm, 0.05 mm, 1 μm, and 0.1 μm radius.

Solution
Formation of spherical bubble of CO in Fe-C-O melt at 1873 K
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According to the reaction: [%C] + [%O] ¼ CO(g)
The pressure inside the bubble is given by

Pb ¼ Ps þ 2σ
r local pressure, Ps ¼ Patm + ρFegh ¼ 2 atm

σ ¼ 1.5 J m�2, 1 J ¼ 0.102 kg m, 1 atm ¼ 1.033 � 104 kg m�2

Pb � Ps ¼ 2σ
r

(Pb � 2)� 1.033 � 104 ¼ 2�1:5�0:102
r ¼ 0:306

r

(i) r ¼ 0.1 μm ¼ 10�7m

(Pb – 2) � 1.033 � 104 ¼ 0:306
10�7

Pb ¼ 298 atm

(ii) r ¼1 μm ¼ 10�6 m
(Pb – 2) � 1.033 � 104 ¼ 0:306

10�6

Pb ¼ 31.62 atm

Similarly,

(iii) when r ¼ 0.05 mm ¼ 5 � 10�5 m
Pb ¼ 2.592 atm

(iv) r ¼ 0.1 mm ¼ 10�4 m
Pb ¼ 2.296 atm

(v) r ¼ 1 mm ¼ 10�3 m
Pb ¼ 2.0296 atm

(vi) r ¼ 1 cm ¼ 10�2 m
Pb ¼ 2.003 atm

Given that [C] ¼ 0.2% and [O] ¼ 0.03%
For the reaction [C] + [O] ¼ CO (g)
log K ¼ 1168

1873 þ 2:07 ¼ 2:6936
∴ K ¼ 493.85
By definition, K ¼ pCO

%C½ � %O½ � ,
that is, pCO (equilibrium) ¼ K [%C].[%O] ¼ 493.85 � 0.2 � 0.03 ¼ 2.963 atm.
Summary of the above calculations:

Bubble
radius

0.1
μm 1 μm 0.05 mm

0.1
mm 1 mm 1 cm

Pb (atm) 298 31.62 2.592 close to the equilibrium pCO ¼
2.963 atm

2.296 2.030 2.003

Therefore, the probable site for the nucleation of CO bubble is the crevice of
0.05 mm radius. Ans.

Problem 6.6
A spherical bubble of CO is within Fe–C–O melt at 1577 �C. The total pressure
outside the bubble is 2 atm. The melt contains 0.2% C and 0.03% O and its surface
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tension is 1.5 J m�2. What is the critical pore size for nucleation and growth of CO
bubble?

Given that: [C] + [O] ¼ CO (g), ΔG� ¼ – 4830 – 9.75 T cal, fc ¼ 1 ¼ fo

Solution
At 1850 K, ΔG� ¼ – 4830 – 9.75 � 1850 ¼ – 22867.5 cal
ΔG� ¼ –RT ln k
K ¼ 503.3
pCO (equilibrium) ¼ K fC fo [%O]. [%C] ¼ 503.3 � 0.2 � 0.03 ¼ 3.02 atm
for critical size, Pb (total) ¼ pCO (equilibrium)
Pb ¼ Ps þ 2σ

r

(Ps ¼ 2 atm)
∴ (3.02 � 2)� 1.033 � 104 ¼ 2�1:5�0:102

r ¼ 0:306
r

r ¼ 29 � 10�6m
¼ 29 μm Ans.

OR

Pb ¼ Ps þ 2σ
r (1 atm ¼ 1.013 � 105 Pascal)

Pb ¼ pCO ¼3.02 atm
3.02 � 1.013 � 105 ¼ 2 � 1.013 �105 + 2�1:5

r

or (3.02 – 2) 1.013� 105 ¼ 3
r

r ¼ 3�10�5

1:02�1:013 ¼ 2:9� 10�5 ¼ 29� 10�6 ¼ 29 μm Ans.

Problem 6.7
(Elliott, J. F., 1980–1981, personal communication, Massachusetts Institute of
Technology, Cambridge)

A bubble containing 0.05 m mol of argon forms a jet of the gas at the bottom of a
ladle of steel. This bubble rises through the metal bath and finally bursts at the
surface. The metal at 1600 �C contains 0.05%C, 5 ppm H, 0.004% N and 0.07%
Si. The bath has been oxidized with silicon previously. Calculate the diameter and
composition of the bubble at the bottom of the ladle and at the point of surface just
before the bubble bursts. Assume that the gas in the bubble is at equilibrium with the
melt. The depth of the metal is 2 m and the density of the metal is 7.1 g cm�3. For
calculation assume that the bubbles are hemispherical. Given that:

1
2 H2 gð Þ ¼ H½ � ppmð Þ, KH ¼ 24.3
1
2 N2 gð Þ ¼ N½ � ppmð Þ KN ¼ 0:045
[%C] + [%O] ¼ CO(g), KCO ¼ 500
SiO2(s) ¼ [%Si] + 2[%O], K ¼ 2.82�10�5

eCC ¼ 0:22, eOC ¼ �0:097, eNC ¼ 0:111, eSiC ¼ 0:10
eCO ¼ �0:13, eOO ¼ �0:2, eNO ¼ 0:057, eSiO ¼ �0:14
eCN ¼ 0:13, eON ¼ 0:05, eNN ¼ 0, eSiN ¼ 0:047
2 [Hppm] + [%O] ¼ H2O (g), K ¼ 0.006
[%C] + 2[%O] ¼ CO2 (g), K¼ 421
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Solution
Oxygen content of the deoxidized melt can be calculated from the following
equations:

SiO2(s) ¼ [%Si] + [%O], aSiO2 ¼ 1
K ¼ [%Si] [%O]2 ¼ 2.82 �10�5 , [%Si] ¼ 0.07

∴ %O½ � ¼ 2:82�10�5

0:07

� �1=2
¼ 0:02

[%C] + [%O] ¼ CO (g), KCO ¼ 500, %C ¼ 0.05, %O ¼ 0.02
∴pCO ¼ KCO[%C]. [%O] ¼ 500 � 0.05 � 0.02 ¼ 0.5 atm

In Fe–C–O–N–Si system:

log fC ¼ %C. eCC þ%O:eOC þ%N:eNC þ%Si:eSiC
¼ 0.05 �0.22 + 0.02 � (�0.097) + 0.004 � 0.111 + 0.07 � 0.10 ¼ 0.0165
∴ fC ¼ 1.04
log fO ¼ %O. eOO þ%C:eCO þ%N:eNO þ%Si:eSiO
¼ 0.02(�0.2) + 0.05 (�0.13) + 0.004�0.057 + 0.07(�0.14) ¼ � 0.020072
∴ fO ¼ 0.955

After correction:

pCO ¼ KCO. fC. [%C]. fO. [%O] ¼ 500 � 1.04 � 0.05 � 0.955 � 0.02 ¼ 0.497 atm
1
2 H2 gð Þ ¼ H½ � ppmð Þ, KH ¼ 24.3

KH ¼ Hppm

p1=2H2

¼ 5
p1=2H2

¼ 24.3

pH2
¼ 0:042 atm

1
2 N2 gð Þ ¼ N½ � ppmð Þ KN ¼ 0:045

KN ¼ %N
p1=2N2

¼ 0:004
p1=2N2

¼ 0:045

pN2
¼ 0:008 atm

log fN ¼ %N. eNN þ%C:eCN þ%O:eON þ%Si:eSiN þ%H:eHN
¼ 0 + 0.05 �0.13 + 0.02 � 0.05 + 0.07 � 0.047 + 0 ¼ 0.01079
fN ¼ 1.025

KN ¼ f N%N

p1=2N2

¼ 0:045

pN2
¼ f N:%N

0:045

� �2
¼ 1:025�0:004

0:045

� �2 ¼ 0:0083 atm

Water vapors: 2[Hppm] + [%O] ¼ H2O(g)

K ¼ pH2O

Hppm½ �2 fO%O½ �
¼ 0.006

pH2O ¼ 0:006� Hppm
� �2

f O%O½ � ¼ 0:006� 52 � 0:955� 0:02 ¼ 0:0029 atm
CO2 : [%C] + 2[%O] ¼ CO2(g), K ¼ 421

K ¼ pCO2
f C:%C½ �: fO:%O½ �2 ¼ 421

∴pCO2
¼ 421: f C:%C½ �: fO:%O½ �2 ¼ 421� 1:04� 0:05� 0:955� 0:02ð Þ2 ¼ 0:008 atm.
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Thus, the equilibrium bubble holds the following gases at different partial
pressures:

N2-0.008, H2-0.042, CO-0.497, CO2-0.008, H2O-0.003 atm (Pgases ¼ 0.558 atm)

PTotal ¼ pAr + 0.558

At the bottom of the ladle total pressure, PT ¼ ρgh + patm

ρgh ¼ 7.1(gcm�3). 981(cm s�2). 200 (cm)
¼ 1393020 (dyne cm�2)
¼ 1393020

1:013�106
atm ¼ 1:375 atm

∴PT ¼ 1.375 + 1 ¼ 2.375 atm
∴pAr ¼ 2.375 � 0.558 ¼ 1.817 atm

Volume of the hemispherical bubble ¼ 2
3 πr

3 ¼ nRT
P (n ¼ 0.05 m mol)

vb ¼ 0:05�10�3�0:082�103�1873
1:817 ¼ 4:23 cc (R ¼ 0.082 �103 cc atm deg mol�1)

r ¼
ffiffiffiffiffiffiffiffiffiffiffi
4:23�3

2π
3

q
¼ 1.26 cm

∴Diameter of the bubble at the bottom of the ladle ¼ 2.52 cm.
At the top of the ladle, PT ¼ 1 atm

pAr ¼ 1 � 0.558 ¼ 0.442 atm

vb ¼ 0:05�10�3�0:082�103�1873
0:442 ¼ 17:374 cc

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
17:374�3

2π
3

q
¼ 2.02 cm

∴diameter of the bubble at top of the ladle ¼ 4.04 cm.

At the top of the melt, P ¼ 1 atm, pAr ¼ 0.442 atm but the partial pressure of N2,
H2, CO, CO2 and H2O are the same as at the bottom of the ladle.

Hence, the gas composition at different position would be as follows:

Bottom Top

Species pi , atm % pi, atm %

Ar 1.817 76.505 0.442 44.2

N2 0.008 0.337 0.008 0.8

H2 0.042 1.768 0.042 4.2

CO 0.497 20.926 0.497 49.7

CO2 0.008 0.337 0.008 0.8

H2O 0.003 0.127 0.003 0.3

Total 2.375 100 1.00 100

Problem 6.8
Consider the effect of pressure in the above problem. How would answers be
affected by having a pressure over the surface of the metal (a) 1 atm, (b) 0.001
atm, and (c) 10�6atm. Make your comparison quantitatively.
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Solution
(a) The conditions are the same as in the above problem, that is, the diameter of the

bubble at top of the ladle ¼ 4.04 cm and composition as shown in the table.
(b) Pressure at the surface (top) of the melt ¼ 0.001 atm

PT (at the bottom) ¼ 1.375 + 0.001 ¼ 1.376 atm
PT ¼ pAr + Pgases (as per calculation in problem 6.7, Pgases ¼ 0.558 atm)

∴ pAr ¼ 1.376 – 0.558 ¼ 0.818 atm

vb ¼ 0:05� 10�3 � 0:082� 103 � 1873
0:818

¼ 9:39 cc

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9:39� 3

2π
3

r
¼ 1:65 cm

Diameter of the bubble ¼ 3.3 cm.

At the top of the ladle, since the total of the gases without argon (Pgases ¼ 0.558
atm) exceeds the pressure at the surface of the melt, the bubble will be unstable and
will burst after growing rapidly in size near the surface (r � 1).

(c) Conditions are similar to that in part (b). The difference in pressure of 10�3 and
10�6 atm will have essentially no effect on behavior of the bubble.

Gas composition:

Bottom Top

Species pi, atm % pi,atm %

Ar 0.817 59.42 Equilibrium is not possible

N2 0.008 0.58

H2 0.042 3.05

CO 0.497 36.15

CO2 0.008 0.58

H2O 0.003 0.22

Total 1.375 100

Based on the above calculations it may be concluded that the effectiveness of
vacuum degassing is pronounced because of the large surface of the liquid exposed
to the vacuum. In the previous problem, there will be turbulent boiling of the liquid
but the vacuum degassing gives better kinetics of degassing.

Problem 6.9
The free energy change for the decarburization reaction: [%C] + [%O] ¼ CO (g) is
given as ΔGo ¼ � 22400 � 39.6 T J. If the steelmaking temperature is 1600 �C,

(a) What is the equilibrium concentration of oxygen in the melt when pCO is 1 atm
and the carbon content is 0.1%?
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(b) What oxygen content in the melt having 0.1% C is required if it is necessary to
form bubbles of 0.1 mm diameter to generate carbon boil? The ambient pressure
at the location of the bubble is 1.5 atm. Surface tension of the melt is 1.2 J m�2.

(c) The melt is in contact with pieces of slag in which aFeO is 0.02 relative to pure
liquid FeO. What is the equilibrium carbon content of the liquid iron if the CO
pressure is (i) 1 atm and (ii) 0.01 atm.

Given that: FeO (l) ¼ Fe(l) + [%O], ΔGo ¼ 120100 � 52.3 T J
(d) What are the equilibrium oxygen concentrations in the melt for each of the

conditions in part (c).

Assume that the activities of carbon and oxygen are equal to the weight percent
concentration in the melt in all the cases.

Solution
%C½ � þ %O½ � ¼ CO gð Þ, ΔGo ¼ �22400� 39:6 T J

At 1873K, ΔGo ¼ �96570:8 J ¼ �RT lnK

lnK ¼ 96570:8
8:314� 1873

¼ 6:2 ð1Þ

K ¼ pCO
aC:aO

¼ pCO
%C½ �: %O½ � ð2Þ

(a) pCO ¼ 1 atm, %C ¼ 0.1
From Eqs. 1 and 2 we get:

ln %C½ �: %O½ �
pCO

h i
¼ �6:2

∴ %C½ �: %O½ �
pCO

h i
¼ 0:002

∴ %O½ � ¼ 0:002�1
0:1 ¼ 0:02 Ans:

(b) pCO ¼ 2σ
r þ psurr 1 atm: ¼ 1:013� 105 N m�2

� �
psurr ¼ 1:5 atm, σ ¼ 1:2 J m�2, r ¼ 0:01

2 cm ¼ 10�4

2 m

∴pCO ¼ 2�1:2�2
10�4

N m�1

m

� �
: 1
1:013�105

atm
N m�2

� �n o
þ 1:5 ¼ 1:973 atm

Since %C½ �: %O½ �
pCO

h i
¼ 0:002, %C½ � ¼ 0:1

∴ %O½ � ¼ 0:002�1:973
0:1 ¼ 0:04 Ans:

(c) FeO(l) ¼ Fe(l) + [%O], ΔGo ¼ 120, 100 � 52.3 T, J
At 1873 K, ΔGo ¼ 22142:1 J

¼ �8:314� 1873� ln
aFe: %O½ �
aFeO

� 	
ln aFe: %O½ �

aFeO

h i
¼ �1:422

∴ aFe: %O½ �
aFeO

h i
¼ 0:24, aFeO ¼ 0:02 givenð Þ and assuming aFe ¼ 1

∴[%O] ¼ 0.24 � 0.02 ¼ 0.0048
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(c.i) From part (a) we have
%C½ �: %O½ �

pCO

h i
¼ 0:002, pCO ¼ 1 atm, %O½ � ¼ 0:0048

∴ %C½ � ¼ 0:002
0:0048 ¼ 0:415

(c.ii) pCO ¼ 0.01 atm, [%O] ¼ 0.0048
∴ %C½ � ¼ 0:002�0:01

0:0048 ¼ 0:00415 Ans:

(d) The equilibrium oxygen concentration for both the conditions in part (c) are the
same

That is, [%O] ¼ 0.0048 Ans.

References

1. Parker, R. H. (1978). An introduction to chemical metallurgy (2nd ed.). Oxford: Pergamon.
(Chapter 6).

2. Cahn, J. W., & Hilliard, J. E. J. (1959). Free energy of a non-uniform system. III. Nucleation in a
two-component incompressible fluid. The Journal of Chemical Physics, 31, 688–699.

3. Becker, R., & Doring, W. (1935). Kinetische Behandlung der Keimbildung in Ubersattingten
Dampfen. Annln der Physik, 24, 719–731.

4. Vomer, M., & Weber, A. (1926). Keimbildung in Ubersattingten Gebilden. Zeitschrift für
Physikalische Chemie, 119, 277–291.

5. Porter, D. A., & Easterling, K. E. (2004). Phase transformations in metals and alloys. Boca
Raton: CRC, Taylor & Francis. (Chapter 2).

6. Bodsworth, C. (1994). The extraction and refining of metals. Boca Raton: CRC, Taylor &
Francis. (Chapter 3).

7. Turpin, G. M., & Elliott, J. F. (1956). Nucleation of oxide inclusions in iron melts. Journal of
the Iron and Steel Institute, 24, 217–224.

8. Evans, D. J. I. (1968). Production of metals by gaseous reduction from solutions, process and
chemistry. In Advances in extractive metallurgy, Proceedings of the symposium, Institution of
Mining and Metallurgy, London, April 17–20, 1967, (pp 831–907)

9. Meddings, B., & Mackiw, V. N. (1964). Gaseous reduction of metals from aqueous solutions.
In M. E. Wadsworth, & F. T. Davis (Eds.),Unit processes in hydrometallurgy. Met. Soc. AIME,
Dallas, February 25–28, 1963, Gordon & Breach, New York, Vol. 24, Group B, pp 345–384.

10. Ward, R. G. (1963). An introduction to physical chemistry of iron and steelmaking. London:
Edward Arnold. (Chapter 13).

11. Tupkary, R. H., & Tupkary, V. R. (1998). An introduction to modern steelmaking (6th ed.).
Delhi: Khanna Publishers. (Chapter 14).

12. Kapilashrami, A., Görnerup, M., Lahiri, A. K., & Seetharaman, S. (2006). Foaming of slags
under dynamic conditions. Metallurgical and Materials Transactions B: Process Metallurgy
and Materials Processing Science, 37B, 109–119.

13. Seetharaman, S., Teng, L., Hayashi, M., & Wang, L. (2013). Understanding the properties of
slags. ISIJ International, 53, 1–8.

14. Geiger, G. H., Kozakevitch, P., Olette, M., & Riboud, P. V. (1975). Theory of BOF reaction
rates. In R. D. Pehlke, W. F. Porter, P. F. Urban, & J. M. Gaines (Eds.), BOF steelmaking (Iron
& steel technology) (Vol. 2, pp. 191–321). New York: AIME. (Chapter 5).

15. Swisher, J. H., & McCabe, C. L. (1964). Cr2O3 as a foaming agent in CaO-SiO2 slags.
Transactions Metallurgical Society, AIME, 230, 1669–1675.

16. Ito, K., & Fruehan, R. J. (1989). Study on the foaming of CaO- SiO2-FeO slags. Metallurgical
Transactions B, 20B, 509–514.

234 6 Interfacial Phenomena



17. Zhang, Y., & Fruehan, R. J. (1995). Effect of the bubble size and chemical reactions on slag
foaming. Metallurgical and Materials Transactions B: Process Metallurgy and Materials
Processing Science, 26B, 803–812.

18. Zhang, Y., & Fruehan, R. J. (1995). Effect of carbonaceous particles on slag foaming.
Metallurgical and Materials Transactions B: Process Metallurgy and Materials Processing
Science, 26B, 813–819.

19. Utigard, T., & Toguri, J. M. (1985). Interfacial tension of aluminum in cryolite melts. Metal-
lurgical Transactions B, 16, 333–338.

20. Jiang, R., & Fruehan, R. J. (1991). Slag foaming in bath smelting. Metallurgical
Transactions B, 22B, 481–489.

21. Goto, M., Oshima, I., & Hayashi, M. (1998). Control aspects in the Mitsubishi continuous
process. JOM, 50(4), 60–65.

22. Goto, M., & Hayashi, M. (1998). The Mitsubishi continuous process. Tokyo: Mitsubishi
Material Corporation, www-adm@mme.co.jp

23. Moore, J. J. (1990). Chemical metallurgy (2nd ed.). Oxford: Butterworth-Heinemann.
(Chapter 7).

24. Rosenqvist, T. (1974). Principles of extractive metallurgy. New York: McGraw-Hill.
(Chapter 7).

25. Smith, C. S. (1964). Some elementary principle of polycrystalline microstructures. Metallurgi-
cal Reviews, 9, 1–48.

26. Kingery, W. D. (1960). Introduction of ceramics. New York: Wiley. (Chapter 5).
27. Thonstad, J., Fellner, P., Haarberg, G. M., Hives, J., Kvande, H., & Sterten, A. (2001).

Aluminium electrolysis (3rd ed.). Aluminium-Verlag, Marketing & Kommunikation GmbH.
(Chapter 7).

28. Sevryukov, N., Kuzmin, B., & Chelishchev, Y. (1960). General metallurgy (B. Kuznetsov,
Trans). Moscow: Peace Publishers. (Chapter 17).

29. Rosegger, R. (1960, July 15). Use of aluminium in deoxidation. Iron and Coal Trades Review,
pp. 131–140.

30. Kubaschewski, O., & Alcock, C. B. (1979). Metallurgical thermochemistry (5th ed.). Oxford:
Pergamon.

31. Curnutt, J. L., Prophet, H., McDonald, R. A., & Syverud, A. N. (1975). JANAF thermo-
chemical tables. Midland: The Dow Chemical Company.

32. Barin, I., Knacke, O., & Kubaschewski, O. (1977). Themochemical properties of inorganic
substances, (supplement). New York: Springer.

References 235



Chapter 7
Steelmaking

Steel is an alloy of iron and one or more element(s), namely carbon, nickel,
chromium, manganese, vanadium, molybdenum, tungsten, and so on. Chemically,
steels may be classified in two groups: plain carbon steels and alloy steels. The
former comprises the alloys of iron and carbon, whereas the latter contains one or
more elements in addition to carbon. The alloying elements improve the mechanical,
magnetic and electrical properties, as well as the corrosion resistance of steels.
Impurities like Si, Mn, S, P, Al, and O are invariably present in steels due to their
association in pig iron obtained by reduction smelting of iron ore with coke and lime
in the blast furnace. Essentially, steelmaking is the conversion of molten pig iron
(hot metal) containing variable amounts of 4.0–4.5% carbon, 0.4–1.5% silicon,
0.15–1.5% manganese, 0.05–2.5% phosphorus (normally between 0.06 and
0.25%), and 0.15% sulfur (normally between 0.05 and 0.08%) to steel containing
about 1% of controlled amount of impurities by preferential oxidation. Alternatively,
steel can be produced from solid sponge iron obtained by solid-state reduction of
iron ore in the shaft furnace or retort. Thus, basically two routes are adopted in the
production of steels. The first one employs the basic oxygen furnace (BOF – LD/Q-
BOP/Hybrid converters) for treatment of hot metal, and the second route uses the
electric arc furnace (EAF) to treat steel scrap/sponge iron or direct reduced iron
(DRI). Electric arc or induction furnaces are generally used in the production of alloy
steels. Pig iron contains a total of about 10% of C, Si, Mn, P, S, and so on as
impurities, whereas sponge iron contains gangue oxides of iron ore, such as Al2O3,
SiO2, CaO, and MgO. The amount and number of impurities depend on the quality
of the iron ore, coke, and lime stone used in smelting. The molten pig iron is refined
to molten steel under oxidizing conditions using iron ore and/or oxygen. On the
other hand, scrap and sponge iron are melted in electric furnaces and refined for steel
production.

Steelmaking is a process of selective oxidation of impurities, which is reverse of
ironmaking (carried out under reducing atmosphere). In principle, it is similar to the
fire refining of nonferrous metals (particularly blister copper and lead bullion), but
the end product is an alloy, not a pure metal. However, the process of conversion of
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pig iron/sponge iron into steel is a complex process. The overall process includes a
number of steps, namely, charge preparation, melting, refining, tapping, deoxidation,
decarburization, alloying, teeming, casting, stripping, and so on. Except sulfur all
other impurities are oxidized during steelmaking. These oxides are eliminated either
as a gas (C! CO/CO2) or as a liquid oxide product known as slag. The slag acts as
an absorber of oxidized impurities by control of basicity, which is achieved by
adjusting the chemical composition of the slag. As removal of sulfur requires
reducing conditions, it is carried out in the blast furnace. In case the amount of
sulfur, silicon, and phosphorus in the pig iron is beyond the normal level, these
elements are removed outside the blast furnace (prior to charging in the steelmaking
units) after tapping the hot metal in the ladle. Such a process of removal by treatment
with different reagents is known as external desulfurization, desiliconization, and
dephosphorization.

7.1 Steelmaking Processes

Prior to the development of the Bessemer process, steel was made on small scale by
cementation and crucible processes. Bulk production of steel started soon after the
Bessemer process was invented in 1856 in the United Kingdom. Since then a number
of processes have been developed. It would be appropriate to give here only a very
brief account on these processes. For details, readers are advised to go through
references [1–4].

7.1.1 Bessemer Process

The process developed by Henry Bessemer to refine low-phosphorus pig iron by
blowing air in acid-lined converter is known as the Bessemer process. In 1879,
Sydney G. Thomas modified the Bessemer process for refining pig iron containing
sulfur and high phosphorus by forming basic slag in a basic lined converter. This
process is known as the basic Bessemer process and also as the Thomas process after
the name of the inventor. Both acid and basic Bessemer processes employed
converters of conico-cylindrical shape fitted with detachable bottom. The converter
mounted on trunnions could be rotated through 360�. After bringing the converter in
horizontal position, it was charged with blast furnace hot metal and air was blown
through tuyeres located at the bottom. The converter was then slowly moved to a
vertical position. The impurities (Si, Mn, and P) present in the hot metal are oxidized
to form oxides, SiO2, MnO, and P2O5, and slagged off. CO and CO2 formed by
oxidation of carbon join the flue gas and released into the atmosphere from the
mouth of the converter. After refining (i.e., at the end of the blow), the converter is
rotated to tap the metal and slag.
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As the Bessemer process of steelmaking was extremely fast, taking only
20–25 min for a 20–25 ton vessel, it was adopted for mass production of steel on
account of its speed, as well as lower cost. However, despite being fast and cheap,
the process was completely abandoned after serving the steel industry for more than
100 years until a few decades after the Second World War due to (i) loss of heat
generated through exothermic oxidation in heating the undesirable nitrogen from
room temperature to 1600 �C, (ii) much higher residual nitrogen (~0.012%) causing
stretcher strain in Bessemer steel compared to 50–60 ppm in steel produced by the
open-hearth process, (iii) frequent removal of the bottom due to severe erosion of
poor quality material available then for preparation of the detachable bottom, and
(iv) incapability in refining hot metal containing high silicon and medium phospho-
rus in a single step. Hence, steel industries were attracted to the newly developed
open-hearth process that could produce low nitrogen steel. Presently, Bessemer
process is only of historical significance as it is credited with starting the mass
production of steel.

7.1.2 Open-Hearth Process

In 1861, open-hearth furnace, based on heat-regenerating principles for achieving a
temperature of 1600 �C, was developed by Siemens in Germany and Martin in
France for production of steel using varying proportion of hot metal and steel scrap.
The technique was known as Siemens-Martin or the Open-Hearth process due to the
shallow hearth of the refining vessel. The capacity of open-hearth furnaces was
generally very high: up to 500 tons per heat. It was provided with a number of doors
in the front wall for charging steel scrap, hot metal, lime, and iron ore. During the
course of heating, these doors were also used for inspection, sampling, and addition.
Different types of refractories were used in various parts of the furnace. For example,
hearth made of steel is covered with asbestos sheet having successive layers of
porous fireclay bricks, magnesia, and finally working lining by ramming magnesia.
The heat was generated by combustion of liquid and gaseous fuel with air through
burners provided in the side walls. The air for combustion was preheated in
regenerators to produce a flame temperature above 1600 �C. Silicon, carbon, man-
ganese, and phosphorus are oxidized by oxygen supplied by iron ore and atmo-
spheric oxygen. Before tapping, partial deoxidation was carried out in the furnace
with limited alloy addition to reduce oxygen potential.

The open-hearth process introduced in 1865 contributed to the major production
of steel throughout the world because it could produce various grades of quality steel
with low residual nitrogen having good mechanical properties. The process was not
only extremely slow taking 6–8 h per heat but was also associated with the
requirement of external heat and problems of construction and maintenance of the
roof. Attempts were made to increase productivity and reduce fuel consumption by
injecting oxygen through consumable lances inserted at the slag–metal interface or
through water-cooled lances inserted in the roof and positioned over the slag surface.

7.1 Steelmaking Processes 239



Despite extensive efforts, the open-hearth process could not compete with the rate of
production achieved by modern basic oxygen converters which take only 30–40 min
per heat for a 250-ton converter. As a result, it was replaced by oxygen steelmaking
processes after serving the industry for about a century.

7.1.3 Electric Arc Furnace (EAF) Process

Electric arc and induction furnaces developed by Paul Heroult (1899) and Ferranti
(1877) have emerged as the major alternative for the manufacture of steel from steel
scrap. A number of mini steel plants producing less than 1 million of steel annually
are essentially based on EAF. In most of the plants, sponge iron is charged along
with steel scrap (which is in short supply). However, recent trend of integrating EAF
with mini blast furnaces has prompted the use of varying proportions of hot metal,
steel scrap, and sponge iron. Generally, basic electric steelmaking practice is adopted
due to the presence of sulfur and phosphorus in the charge (hot metal/steel scrap/
sponge iron).

The furnace made of steel shell lined with refractories has three electrodes
entering from the roof. The unit is provided with mechanisms to tilt the furnace
and to move up and down the electrodes. The roof is lined with silica or high alumina
bricks. The furnace shell is lined with fireclay bricks to provide thermal insulation. In
the hearth, the fireclay bricks are backed by a few layers of fired magnesite bricks.
Joint-free working hearth surface is prepared by ramming dolomite or magnesite.
These three layers of refractories make the hearth strong enough to bear mechanical
and thermal stresses and withstand the corrosive action of slag and metal at high
temperatures. High temperature is generated by striking the electrodes against the
charge. Operation of the basic EAF steelmaking consists of charging, melting,
refining, and finishing. The charge consisting of sponge iron/steel scrap, lime/
limestone, iron ore, and coke is dropped from baskets after raising the electrodes
and swinging the roof. Hot metal (if used) is poured through the door.
Dephosphorization is carried out by making oxidizing slag. In case desulfurization
is desired, a reducing slag is made after draining the oxidizing slag completely.

7.1.4 Top-Blown Basic Oxygen Converter Process

Availability of oxygen on tonnage scale at reasonable cost by the Linde-Frankle
process opened new way for the development of faster steelmaking processes. The
top-blown basic oxygen converter process, popularly known as the LD process, is
the outcome of the development work carried out at the two towns Linz and
Donawitz in Austria during late 1940s and early 1950s. This led to the beginning
of modern steelmaking. In his patent, Henry Bessemer had mentioned about the
benefit of blowing pure oxygen (in place of air), which was commercially not
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available in those days. In addition to the cost factor, it was not practically possible to
blow pure oxygen through the bottom of the converter designed by Henry Bessemer
due to severe corrosion problems in tuyeres. Although, at present, Bessemer pro-
cesses (both acid as well as basic) have been completely abandoned Henry Bessemer
will always be remembered for his invention and pioneering contributions to the
steel industry, which laid the foundation for the subsequent development of oxygen
converter processes.

A basic oxygen converter (capacity ranging from 100 to 400 tons) is a pear-
shaped vessel made of steel plate lined with either pitch-bonded dolomite or
impregnated fired magnesite. However, in recent years, the life of the refractory
lining has been largely increased by the slag splashing technique. For splashing, a
fraction of slag left in the converter after tapping is conditioned with dolomite. The
mixture is then splashed in various parts of the converter by injecting nitrogen gas at
different flow rates through the existing oxygen lance positioning it at different
levels. Viscous slag thus attached to the working refractory lining reduces its
consumption and increases life. Scrap, hot metal, flux, ferroalloys, and iron ore are
charged from the top of the vessel. In order to produce a basic and reactive slag to
achieve effective dephosphorization as well as desulfurization in an LD converter,
reasonably good quality lime is charged. Lime with low silica is preferred because
SiO2 reduces the reactivity of CaO by forming 2CaO.SiO2 when the charge gets
heated. About 3.5% MgO in lime seems beneficial, whereas 5% MgO slows down
the formation of dicalcium silicate slag. For early formation of slag during the blow,
a soft burnt lime of uniform size ranging from +8 to �40 mesh with low moisture
content and low loss on ignition is required. High purity oxygen (99.5% pure) is
blown at supersonic speed (flow rate 550–600 m3 min�1 for about 15–20 min for a
160–180 ton converter) [1] through a water-cooled lance inserted through the mouth
of the converter. The position of the lance fitted with copper nozzle is automatically
adjusted in the bath according to the flow rate of oxygen. Initially, lances having
single hole were used. Multihole lances were developed to blow large volume of
oxygen in bigger vessels. Larger number of holes enhance the slag–metal reaction
and increase productivity. In order to check the bath composition, a metal sample is
taken after stopping the blow, raising the lance and tilting the vessel. Low-silicon hot
metal is desired to reduce the volume of the slag produced by neutralization of silica
(produced by oxidation of silicon) by lime. A silica-rich slag produced by blowing
high-silicon hot metal is highly corrosive to the basic lining. Hence, high-silicon hot
metal obtained from the blast furnace has to be first desiliconized in a ladle before
charging into the converter. Lime is added before start of the blow, and fluorspar is
fed to achieve the desired fluidity of the slag. Steel scrap, iron ore containing lesser
gangue, and mill scale are charged to cool the overheated bath. In recent years, use of
DRI in suitable sizes (3–15 mm) is steadily increasing. Steel is tapped into a ladle
through the tap hole located in the nose of the converter by rotating it in the opposite
side. The slag floating on the bath is prevented from entering into the ladle along
with the metal by using a pneumatic slag stopper at the tap hole or a slag arresting
device into the converter. After tapping steel, converter is rotated almost by 180�

from upright position to allow the slag to flow into a slag ladle. As and when desired,
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some slag is retained in the converter for splashing. After deoxidation of the steel
with ferromanganese, ferrosilicon, and aluminum, alloying elements are added in the
ladle. The nitrogen content of the LD steel varies from 0.003 to 0.005% on account
of blowing high-purity oxygen. About 125 m3 of flue gas (generated per ton of liquid
steel produced), loaded with dust (up to 20 kg ton�1 of liquid steel) containing
appreciable amount of CO is subjected to cleaning before storage.

LD process was modified by CNRM in Belgium to refine high-phosphorus hot
metal (as high as 2%, i.e., Thomas-grade pig iron) produced in Germany, France,
Belgium, Luxenburg, and United Kingdom. The modified process, known as LDAC
or OLP is very similar to LD in design and operation. The charge in LDAC contains
less scrap as compared to that used in LD converter because excess lime has to be
used for slagging large amount of phosphorus present in the hot metal. Hence, in
order to accommodate larger amount of slag generated in this process, a larger vessel
having 20% excess volume over LD converter is required. One third of the total lime
required is charged in lumpy form before pouring the hot metal in the converter. The
remaining two third is blown as lime powder along with oxygen gas. Slag formation
is facilitated by the use of powdered lime. Foam formation which controls the overall
process is affected by the lance height and oxygen/lime flow rate. In this process,
dephosphorization ends well before decarburization due to simultaneous blowing of
lime with oxygen. Putting the lance at the highest position oxygen blow is started.
After passage of 5 min of oxygen blow, powdered lime (1–2 mm size) is fed through
the lance at a predetermined rate. The lance is then lowered to control the foam. The
blow is stopped after 15 min by which time carbon is brought to 1.5–1.7% and
phosphorus to 0.2% and bath temperature reaches 1600–1690 �C. The slag rich in
P2O5 is completely drained out. Blow is resumed again after fresh addition of
coolant, flux, and so on and continued for another 5–8 min. In this way, phosphorus
is reduced to 0.02%. For further reduction, three slag practice is adopted. The third
slag is retained in the converter for the next heat.

A similar process in principle and practice named as oxygen lime process (OLP)
was independently developed by IRSID in France. The process based on IRSID
design is known as OLP, otherwise popularly known as the LDAC.

7.1.5 Rotating Oxygen-Blown Converter Process

The rotating oxygen-blown converter was developed concurrently and indepen-
dently when LD process was developed in Austria. The refractory lining and oxygen
lancing in this process are similar to those used in LD vessel, but the converter is
rotated during refining. Since carbon monoxide evolved during refining is burnt in
the converter, the rotation protects the lining from being overheated. Rotation
increases the rate of refining by facilitating mixing of the slag, metal, and gas.
Under this category, there are two processes, namely, Kaldo and Rotor.
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The Kaldo process was developed to refine high phosphorus (~2%) hot metal
under the leadership of Professor Bo-Kalling of Sweden. The first commercial plant
installed at Domnarvet in 1954 started production in 1956. By 1967, there were
10 plants in Sweden, France, United Kingdom, United States, Japan, and so on. The
Kaldo converter, originally developed for refining Thomas-grade pig iron, could
successfully treat all qualities of hot metals. In size, shape, and refractory lining, the
converter is similar to the LD vessel. The converter placed in a cradle and mounted
on trunnions can be tilted for charging, tapping, slagging, and so on. During
blowing, it is held at an angle of 16–20� to the horizontal and rotated at a maximum
speed of 30 rpm. The accessories in Kaldo plant for charging scrap, flux and hot
metal, lancing, tapping, slagging, and so on are very much similar to those in the LD
converter. After lining, the effective volume of the Kaldo converter is reduced to
about 0.5 m3 ton�1 capacity as compared to 0.75 m3 ton�1 of the LD vessel. The
volume has to be increased for higher phosphorus content of hot metal to accom-
modate additional volume of slag that would be generated. Heat generated by
combustion of CO inside the converter is transferred to the metal via the lining by
radiation. Refractory consumption in Kaldo converter is higher than in the LD
converter because rotation increases wear of the lining; for example, the lining life
is 60–100 heats against 200–300 heats for similar material in LD vessel.

In 1952, at Oberhausen in Germany, a rotary furnace was employed (after replacing
the burner with oxygen lance) for trials with the idea to partially refine hot metal for
subsequent production of steel in an open-hearth furnace. But a successful trial
established that the rotary furnace itself could be employed for the production of
steel from charge containing scrap and hot metal. This method of production of steel in
a rotary furnace was named as the Rotor Process. Several units of 100–120 ton
capacity were set up in Germany, United Kingdom, and South Africa. In this process,
a long cylindrical vessel (length four times the diameter) with openings at both ends is
fitted with two lances. The primary lance for refining inserted in the slag–metal
interface blows oxygen into the bath. The secondary lance is employed for supply
of oxygen or mixture of oxygen and air above the surface of the bath to burn carbon
monoxide (gas evolving due to C–O reaction) to carbon dioxide. Rotation of the vessel
around its horizontal axis at a speed of 0.2–4.0 rpm protects the lining from
overheating and also facilitates heat transfer by radiation and conduction. The refrac-
tory lining in the rotor is similar to that in Kaldo and LD converters, but life is shorter
due to rotation. The converter can be lifted in vertical plane up to 90� and also can be
turned for charging and tapping. The Rotor Process, however, did not achieve much
success in the production of steel.

7.1.6 Bottom-Blown Oxygen Converter Process

Even after commercialization of the LD process, many European countries were
refining high-phosphorus hot metal in the conventionally bottom-blown basic Bes-
semer converters (Thomas Process). Since air containing nearly 80% nitrogen was
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blown in these converters, the resulting steel contained as high as 0.015% nitrogen,
which adversely affected the mechanical properties. Furthermore, the drastically
reduced thermal balance of the Bessemer process in heating large volumes of
nitrogen from room temperature to 1600 �C restricted the use of scrap to a certain
maximum. Hence, attempts were made to reduce nitrogen content in steel by
blowing oxygen-enriched air. Use of 40% oxygen in the blast-reduced nitrogen
from 0.015 wt% to 0.001 wt% and permitted 20% scrap in the charge instead of
8–10%. The enriched oxygen blow drastically reduced life of the bottom refrac-
tories. The exothermic reaction between oxygen and molten iron not only increases
temperature at the tuyere tip but also forms molten FeO that is highly corrosive and
has a tendency to form low-melting compounds with oxide ingredients of the
refractory lining. Thus, tuyeres have to be repaired/replaced frequently. Pure oxygen
is blown from the top in LD converters and from sides in Kaldo and rotor processes.
Among these, LD became popular and dominated the steel industry and was
modified as LDAC/OLP to refine high-phosphorus pig iron produced in Western
European countries. The modification offered some solution but industries were
interested in developing a process wherein pure oxygen could be blown from the
bottom of the Bessemer-type converter.

It was also realized that composition and temperature of the hot metal bath in the
LD converter are not uniform in the presence of solid scrap in the charge although it
is stirred by the top jet and evolution of carbon monoxide formed due to violent C–O
reaction at 1600 �C. Constant and steady efforts to overcome the problems of
slopping and concentration and temperature gradients in top-blown oxygen con-
verters in refining high-phosphorus hot metal (1.5–2%) led to the development of
bottom-blowing processes in 1960s. The process named OBM [oxygen-bolden
blasen (bottom-blown) Maxhuette] was developed in Germany in 1967 and was
commissioned for the first time at Maximillianshutte Iron and Steel Company. In
1969, the LWS process was developed in France by the joint efforts of three
companies, Laire, Wendel, and Strunck. In the United States, the OBM process is
known as the Q-BOP (quick or quiet-bath oxygen process). The OBM converter is
basically a Bessemer-like vessel fitted with a special bottom, in which entire oxygen
is introduced along with lime powder through the stainless steel tuyeres inserted in
the magnesia-lined bottom. As blowing pure oxygen through the bottom generates
intensive heat, tuyeres are protected by injecting methane or propane gas and fuel oil,
in the OBM/Q-BOP and LWS processes, respectively, through the outer pipe
surrounding the inner oxygen pipe. Endothermic decomposition of the gas/oil on
entering into the melt derives heat from the steel bath and thus protects tuyeres from
overheating. Hydrogen generated by dissociation gets dissolved in liquid steel.
Hence, nitrogen is bubbled through the melt to remove hydrogen before tapping.
The bottom-blown processes operate under conditions close to equilibrium. In the
absence of top lancing system, these units require less tall buildings. This aspect
encouraged steelmakers in the mid-1970s to install bottom-blown converters in the
then existing open-hearth shops at lower investment cost as compared to the total
investment on basic oxygen converters. It was also easier to switch over from
Bessemer- to OBM-type converters without much expenditure.
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In the OBM process, tuyeres are fixed in only one half of the converter bottom,
which ensures upward flow of metal in this half and downward in the other half of
the vessel without tuyeres. This arrangement provides sufficient turbulence to
achieve adequate slag–metal contact. The design minimizes damage and repair of
tuyeres because scrap can be charged in the part without tuyeres. It also increases the
capacity of the vessel for the same inner volume (about 40% increase compared to
the Bessemer converter) because hot metal can be filled almost half the bottom area
in inclined position.

7.1.7 Hybrid/Bath-Agitated/Combined-Blown Process

Although supersonic oxygen jet impinges the molten bath from top in an LD
converter, the kinetic energy is not very effectively converted to produce sufficient
stirring in the bath. As a result, the temperature and concentration in the top-blown
converters are not uniform. Re-blowing reduces productivity and poses problems in
the manufacture of ultralow carbon steel. Bottom-blowing reduces temperature and
concentration gradients and at one time it appeared that the OBM process would
supersede LD steelmaking. Though bottom-blowing offers perfect stirring that is
required for steelmaking and works under near equilibrium conditions, it suffers
from high refractory consumption, tedious and cumbersome repairing and mainte-
nance of the bottom, and high hydrogen and nitrogen pick up in steel. Based on
extensive researches in the 1970s, it was established that good stirring and better
mass transport could be obtained even by mild bottom-blowing. This led to the
development of “bath-agitated process” (BAP). In this process, small amount of
nitrogen or argon is introduced through symmetrically located bottom tuyeres (4–8
in numbers). Pure oxygen and powdered lime required for complete refining are
blown from the top, as well as bottom. Addition of ore or scrap depends on the
composition and temperature of the hot metal. Blowing is completed in three stages.
When gaseous phase is introduced from both ends (top as well as bottom), the
process is called the hybrid process. This is also known as combined-blown process.
In recent years, these processes have gained prominence throughout the world.

As regards to the nomenclature of different processes, one should note that basic
Bessemer, open-hearth, and EAF processes are known as the conventional pro-
cesses, whereas oxygen-blown converter processes: top-blown (LD, LDAC,
Kaldo, and rotor), bottom-blown through special tuyeres (Q-BOP/OBM and
LWS), and the combined-blown (hybrid process) are classified as basic oxygen
furnace (BOF) processes. Bessemer and BOF processes are also known as pneu-
matic processes because air/oxygen is blown at high pressure. These processes are
autogenous due to the highly exothermic nature of oxidation of impurities: carbon,
silicon, manganese, and phosphorus, which generate sufficient heat to raise the
temperature of the bath well above the melting point of steel. In EAF, the main
source of heat is electric power, whereas in open-hearth furnace, liquid or gaseous
fuel is used. At present, BOF and EAF together account for the major production of
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primary steel throughout the world. The open-hearth process, the major producer of
steel a few decades ago, has presently disappeared from the scene.

Conversion of pig iron containing about 10 wt% of carbon, silicon, manganese,
phosphorus, and so on to steel containing about 1 wt% of controlled amount of
impurities by preferential oxidation as well as production of steel from steel scrap,
sponge iron/DRI are referred as “primary steelmaking.” Along with the principal
gaseous oxidizing agent, oxygen, some iron ore is added in the converter. Oxidation
of carbon forms gaseous products CO and CO2, whereas oxidation of other impu-
rities, as referred earlier, form SiO2, MnO, P2O5, and so on, which are fluxed with
lime and fluorspar to generate a basic slag (CaO as the major content). The role of
slag in refining, as well as its structure, properties, and theories, have been discussed
in Chap. 4.

In recent years, demand for high-quality steel with extremely low sulfur and
phosphorus has enforced further refining, desulfurization, degassing, and so on
along with deoxidation of the liquid steel tapped in the ladle. These operations are
collectively known as ‘secondary steelmaking’. Presently, such units have become
an essential part of steel melting shops of any integrated steel plant. In order to
produce a better quality steel at the primary level itself, pretreatment of the hot metal
tapped from the blast furnace is carried out in the ladle with different reagents to
reduce S, Si, and P before charging into the steelmaking units. Manufacture of
stainless steel may be considered under secondary steelmaking because the EAF is
used mainly as a melting unit where very little decarburization is carried out; for
adequate decarburization, argon–oxygen decarburization vessel is employed.

In this chapter, the physical chemistry of sulfur, phosphorus, silicon, manganese,
and carbon reactions have been discussed to derive optimum conditions for desul-
furization, dephosphorization, and also for recovery of silicon and manganese. These
physicochemical principles are applicable in general to all the steelmaking pro-
cesses. A brief account on different processes with salient features of chemical
reactions showing sequence of removal of impurities during refining has been
included in this chapter. Deoxidation, degassing, and stainless steelmaking will be
discussed with the aid of problems in Chap. 8.

7.2 Physicochemical Principles

As mentioned above, the process of steelmaking is based on the principle of fire
refining. Elements having higher affinity for oxygen are preferentially oxidized and
slagged off. Considering the fact that pig iron contains carbon, silicon, manganese,
sulfur, and phosphorus as major impurities, it would be appropriate and interesting to
discuss these reactions in order to set optimum conditions for removal/recovery of
these elements, as the case may be.
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7.2.1 Sulfur Reactions

Despite having a very low boiling point, an appreciable amount of sulfur remains in
the hot metal due to its strong attraction with iron. Making use of interaction
coefficients for the effect of various elements on the activity coefficient of sulfur
in iron, activity of sulfur can be calculated by the expression:

log fS ¼ 0:29�%Pþ 0:11�%Cþ 0:063�%Siþ 0:035�%Alþ 0:0097�%Wþ 0:0027�%Moþ
0:0026�%Co� 0:0984�%Cu� 0:011�%Cr � 0:013�%Nb� 0:016�%V� 0:026�%Ca�
0:027�%O� 0:28�%S� 0:952�%Zr

ð7:1Þ

Sulfur exists in slag as CaS to the extent of a few percent. Distribution of sulfur
between slag and metal can be discussed according to the reaction:

S½ � þ O2�� � ¼ O½ � þ S2�
� � ð7:2Þ

K ¼ aO½ �: aS2�ð Þ
aS½ �: aO2�ð Þ ð7:3Þ

Since the concentration of the impurity element in the melt is low, we can express the
activity according to the Henry’s law, ai ¼ fi. wt % i, and applying Temkin theory of
ionic slag melt, Eq. 7.3 may be expressed as:

K ¼ f O:%O½ �: xS2�ð Þ
fS:%S½ �: xO2�ð Þ ð7:4Þ

Desulfurizing index, DS (also known as the partition coefficient), which is the ratio
of the amount of sulfur in the slag to that in the metal, may be written as:

DS ¼ xS2�ð Þ
%S½ � ¼

K: xO2�ð Þ: fS½ �
fO:%O½ � ¼ K 0 xO2�ð Þ

%O½ � ð7:5Þ

In Eq. 7.5, xO2�ð Þ is related to the amount of CaO and other basic oxides that control
the basicity (b) of the slag. [%O] in the hot metal depends on the FeO content of the
slag, which controls the oxygen potential. The variation of the index with basicity
and (%FeO) in the slag is shown in Fig. 7.1. The whole range [5] of FeO found in
blast furnace, electric arc, and open-hearth furnaces have been indicated in the
figure. The plot emphasizes the dominant role of the iron oxide content on desul-
furization. Increasing basicity promotes desulfurization. The highly reducing slag
typical of blast furnace has low FeO up to 0.1 mol%, whereas slag from an electric
furnace contains approximately 1 mol% FeO. For a fixed basicity, the index is
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inversely proportional to the (FeO) content in the slag or the oxygen dissolved in the
metal [%O]. Assuming xS2� ¼ %Sð Þ, from Eq. 7.5, we can write:

%Sð Þ
%S½ � /

1
%O½ � /

1
%FeOð Þ

For a fixed FeO content of the slag: %Sð Þ
%S½ � / xO2�ð Þ / (%CaO)

Hence, for efficient removal of sulfur, high basicity and low oxygen potential are
essential. Since K is favored at low temperature, thermodynamically lower temper-
ature favors desulfurization but from kinetic viewpoint higher temperature is
required. Equation 7.5 also concludes that higher activity coefficient of sulfur in
the hot metal [fS] favors desulfurization. Hence, removal of sulfur from pig iron is
relatively easier than from steel because [fS] increases in the presence of usual
impurities in hot metal.

The relative desulfurization ability of basic cations can be visualized from Flood
[6, 7] equation:

logK 0 ¼ �1:4 N 0
Ca2þ � 1:9 N 0

Fe2þ � 2:0 N 0
Mn2þ � 3:5 N 0

Mg2þ þ 1:63N 0
Naþ þ : . . . . . .

ð7:6Þ
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where N0 and K0 stand for the electrically equivalent ionic fraction and equilibrium
quotient, respectively. The relative contribution of different basic oxides to desul-
furization can be estimated from the numerical coefficients of the Eq. 7.6. Based on
such calculations, it has been estimated that the desulfurizing power of various
cations relative to calcium (as unity) are in the ratio [6]:

Na 1070ð Þ : Ca 1:00ð Þ : Fe 0:325ð Þ : Mn 0:25ð Þ : Mg 0:0075ð Þ

The contribution of Na2O has been included for comparison. But soda ash is not used
because of its extremely corrosive action on the furnace lining. Hence, CaO makes
the major contribution to desulfurization by its influence in producing high value of
K. Although FeO may help in desulfurization as a basic oxide, the oxidizing
potential of the slag is adversely affected. Negligible contribution of Mg2+ points
out the difficulty in achieving adequate desulfurization in the blast furnace operating
with high magnesia burden.

As steelmaking is carried out under oxidizing conditions (except electric arc
furnaces—reducing slag period), the efficiency of desulfurization is very low. The
value of the index ranges from 50 to 100 under blast furnace conditions and drops to
5–10 under basic steelmaking conditions. In slow processes like open hearth, 50% of
the sulfur present in the charge may be eliminated. Thus, a maximum of 0.06–0.10%
sulfur can be tolerated in the pig iron in such slow processes to produce finished steel
with less than 0.005% sulfur. Due to insufficient time available for the transfer of
sulfur from the metal to slag, there is no appropriate desulfurization in faster
processes such as LD, OBM, and Hybrid. Hence, sulfur content of the molten pig
iron must be below 0.05%. As sulfur content in steel is becoming more and more
stringent, it should be less than 0.04%. Conditions in an electric furnace are
favorable for desulfurization under reducing period. From the above discussion, it
is evident that blast furnace has more favorable conditions for desulfurization.
Hence, it is better to remove sulfur in the blast furnace. A pig iron containing high
sulfur should be desulfurized outside the blast furnace before charging into the
steelmaking furnace. This is known as external desulfurization of the hot metal.

In addition to the slag–metal equilibria considered above regarding sulfur distri-
bution, there is a possibility of sulfur transfer from the furnace atmosphere to the
slag–metal system according to the reaction [6]:

1
2

S2f g þ O2�� � ¼ 1
2

O2f g þ S2�
� � ð7:7Þ

The equilibrium constant for the reaction (7.7) may be expressed as:

K ¼ aS2�ð Þ
aO2�ð Þ

pO2

pS2

� �1=2

ð7:8Þ
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The value of K cannot be estimated accurately because of the limitations of measur-
ing the partial pressure of oxygen at the slag–metal interface in the working furnace.
According to the law of mass action, sulfur transfer from the furnace atmosphere to
the slag can be minimized by maintaining highly oxidizing atmosphere in the gas
phase. This means the fuel must be burnt in excessive air or oxygen.

Making use of Flood’s additive function, the modified equilibrium constant [7]
can be expressed as

logK 0 ¼ 2:26N 0
Ca2þ þ 2:76N 0

Fe2þ þ 2:86N 0
Mn2þ þ 4:36N 0

Mg2þ ð7:9Þ

For lower sulfur in the slag phase, K0 should be higher. CaO, FeO, and MnO seem to
be equally effective in increasing the value of K0, whereas MgO is more effective due
to higher coefficient. Flushing of slag surface with oxygen will help transfer of sulfur
from the slag to the furnace gas, but it is not practicable. Thus, removal of sulfur
from metal to gas via slag is not of much significance; however, in open-hearth
furnace, there is some desulfurization in this manner. Based on the above discussion,
optimum conditions for maximum desulfurization can be summarized from the

equation of Desulfurizing Index: DS ¼ xS2�ð Þ
%S½ � ¼ K: xO2�ð Þ: fS½ �

fO:%O½ �

(i) Basic slag gives high xO2�ð Þ, and hence favors desulfurization.
(ii) High lime content—CaO makes the major contribution to desulfurization by its

influence in producing high value of K.
(iii) Low iron oxide content—FeO below 2% as in the blast furnace or in the EAF

under reducing conditions favors desulfurization. FeO has little effect in more
oxidizing slag because increasing FeO increases both [wt% O] and K in an
approximately compensating manner.

(iv) Low temperature favors a high value of K.
(v) High C, Si, and P in pig iron increase fS and decrease fO and for this reason blast

furnace metal is more easily desulfurized than steel. It is therefore advantageous
to remove sulfur in the blast furnace itself.

(vi) High MgO in slag increases the value of K, and hence favors desulfurization.
(vii) High pO2

in furnace atmosphere is beneficial for desulfurization.

In addition to equilibrium factors, the rate of approach to equilibrium must be
reasonably rapid, which can be achieved by maneuvering the following:

(i) Using a slag of appropriate fluidity and avoiding highly acid slag or operations
below the liquidus temperature.

(ii) Adding fluorspar (CaF2) that not only increases fluidity but also increases the
rate of desulfurization.

(iii) Stirring the bath by CO2 evolution in open-hearth, mechanical stirring in rotor
process or gas bubbling in all the pneumatic processes.

(iv) Oxidizing atmosphere which is achieved by a high air/fuel ratio or by direct
impingement of oxygen on the gas-slag interface.

Normally, it is believed that sulfur is transferred to the steelmaking slag in the
form of sulfide, but recent investigations [8] have produced evidences for the
presence of calcium sulfate in the slag during basic oxygen steelmaking. This may
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be due to the highly oxidizing conditions prevailing in basic oxygen converters
during refining of the pig iron. The formation of CaS and CaSO4 can be expressed
according to the reactions: [S] + (CaO) + [Fe] ¼ (CaS) + (FeO) (under reducing
conditions); [S] + (CaO) + 3(FeO) ¼ 3[Fe] + (CaSO4) (under oxidizing conditions).
In recent years, theoretical and industrial studies have been conducted on desulfur-
ization using high- and low-basicity slags [9–11].

7.2.2 Phosphorus Reactions

Making use of the interaction coefficients for the effect of various elements on the
activity coefficient of phosphorus in iron, the activity of phosphorus can be esti-
mated by the expression:

log f P ¼ 0:13�%Cþ 0:13�%Oþ 0:12�%Siþ 0:062�%Pþ 0:024�%Cuþ 0:028�%S

þ0:006�%Mn� 0:0002�%Ni� 0:03�%Cr

ð7:10Þ

Practically, all the phosphorus present in the ore gets reduced along with iron in the
blast furnace and joins the pig iron because the free energy of formation FeO, Fe2O3,
Fe3O4, and P2O5 are of similar order. This is very much evident from the iron and
phosphorus lines corresponding to the formation of oxides of iron and phosphorus in
the Ellingham diagram, shown in Fig. 5.1. The two lines can be widely separated in
the presence of strong and excess flux, lime [6]. ΔGo vs T plots under standard and
non-standard conditions are shown in Fig. 7.2. The activity of P2O5 in steelmaking
slag of basicity 2.4 (containing even 25% P2O5) is reduced drastically to 10�15

–

10�20. Thus, for effective removal of phosphorus, basic steelmaking processes have
to employ slag of high basicity. If basicity falls, phosphorus may revert to the metal
phase. In acid steelmaking processes, it is not possible to remove phosphorus
because the slag is almost saturated with silica.

Alternatively, one can visualize that for phosphorus to oxidize in preference to
iron at 1600 �C, the free energy of formation of P2O5 should be lower than that of
FeO, that is, ΔGP2O5 < ΔGFeO. Hence, according to the van’t Hoff isotherm under
non-standard conditions for the reaction: 2[P] + 5[O] ¼ (P2O5), we can write:

ΔGP2O5 ¼ ΔGo
P2O5

þ RT ln
aP2O5ð Þ

aP½ �2: aO½ �5 ð7:11Þ

In order to satisfy the desired condition: ΔGP2O5 < ΔGFeO, the variable term in
Eq. 7.11 must be made negative by lowering down the activity of P2O5, which is
possible by using a basic slag. Figure 7.2 indicates that aP2O5ð Þ is drastically lowered
in the presence of lime by producing a basic slag according to the reaction:

4CaOþ P2O5 ! Ca3 PO4ð Þ2 þ extra CaO ð7:12Þ
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Activity of P2O5 can also be reduced by increasing the oxidation potential of the hot
metal, which is achieved by adding iron ore or mill scale or by blowing oxygen.
Effect of temperature [12] on ΔGo for the reaction: 2[P] + 5[O] ¼ (P2O5), expressed
as ΔGo ¼ � 683000 + 580 T J mol�1, indicates that the negative value of ΔGo

increases with decrease of temperature. Hence, formation of P2O5 (i.e.,
dephosphorization reaction) is favored at lower temperature. But the melt tempera-
ture has to be maintained at the desired level to achieve the appropriate rate of
refining at adequate fluidity. The distribution of phosphorus between slag and metal
can be represented as:

2 P½ � þ 5 FeOð Þ þ 3 CaOð Þ ¼ 3CaO:P2O5ð Þ þ 5 Fe½ �
or 2 P½ � þ 5 O½ � þ 3 O2�� � ¼ 2 PO4

3�� � ð7:13Þ

K ¼
a2
PO3�

4

� �
aP½ �2: aO½ �5: aO2�ð Þ3 ð7:14Þ
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Assuming Henrian behavior in the melt and applying Temkin rule for ionic melts in
the slag, we can write:

K ¼
x2
PO3�

4

� �
fP:%P½ �2: fO:%O½ �5: xO2�ð Þ3 ð7:14aÞ

The dephosphorization index, DP (i. e., phosphorus partition ratio),which is the ratio
of the amount of phosphorus in the slag to that in the metal, is given by the
expression:

DP ¼
xPO3�

4

� �
%P½ � ¼ K 01=2 %O½ �5=2: xO2�ð Þ3=2 ð7:15Þ

Healy [14] has expressed the effect of temperature on the phosphorus partition
ratio correlating it with lime and iron contents of the slag by the following relation:

log
%Pð Þ
%P½ � ¼

22350
T

þ 0:08 %CaOð Þ þ 2:5 log Fetotalð Þ � 16� 0:4 ð7:16Þ

DP is higher for higher basicity index and higher oxidizing power of the slag.
Contribution of basic ions in DP according to Flood and Grjotheim [6, 7] are as
follows:

log K 0 ¼ 21 N0
Ca

2þ þ 18 N0
Mg

2þ þ 13 N0
Mn

2þ þ 12 N0
Fe

2þ ð7:17Þ

Based on Eq. 7.17, the dephosphorizing ability of various cations is in the ratio of:

Ca : Mg : Mn : Fe

1021 : 1018 : 1013 : 1012

Thus, the equilibrium quotient for a lime slag will be 103 times larger than that for a
slag in which magnesia is substituted for lime, and 108 and 109 times, larger than for
MnO and FeO slag, respectively. The change in the dephosphorization index

DP ¼
xPO3�

4

� �
%P½ �

2
4

3
5 will not be very significant as this ratio appears squared in the

definition of the equilibrium quotient and hence the dephosphorization ability of
various cations will be approximately in the ratio of:

Ca Mg Mn Fe

30000 : 1000 : 3 : 1
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Thus, lime is 30 times more effective on molar basis and 20 times more effective on
weight basis as compared to magnesia. Manganese and ferrous oxides make insig-
nificant contributions. FeO is not only a base but is also effective as an oxidizing
agent. Figure 7.3 shows the effect of basicity and FeO content of the slag on the
dephosphorizing index, DP. From the figure, it is clear that DP increases with
increase in the (FeO) content up to 15% due to the high oxidizing power. Beyond
15%, DP decreases due to decrease in the lime proportion. In other words, the effect
is neutral due to the loss of lime in the slag. Maximum dephosphorization is obtained
when FeO content [6, 13] is around 15%. Dephosphorization is more effective at
lower temperature because DP increases with decrease of temperature. The soda ash
is 100 times more effective compared to lime on molar basis, but it is avoided in
practice due to its severe corrosive action on the furnace lining. The magnesia
content of a basic steelmaking slag reaches an equilibrium with the lining and is
hence not under control, and MnO depends on charge and is hence not much
adjustable. The steel maker has the option of controlling lime, silica, and FeO. For
charges containing high percentage of phosphorus, more than one slag is made to
dephosphorize the metal bath to the desired level. In brief, high basicity, low
temperature, and FeO content [13] around 15% favor dephosphorization of the hot
metal by basic slags.
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In the BOF or other oxygen top-blown practices, for example, LD, LDAC, Kaldo,
and rotor, dephosphorization is realized in the early stages of refining when the
carbon content of the bath is relatively high. This is due to the formation of a highly
oxidizing basic slag in the early stages of oxygen blowing. However, because of the
adverse effect of silica on aP2O5 in the slag, the silicon in the charge should be
maintained at less than 0.5% while blowing high-phosphorus pig iron. During
refining of the high phosphorus charge, it is often necessary to employ a double-
slag technique to ensure low residual phosphorus in the steel. With the low P charge,
for example, 0.1% or less, single slag practice is adequate to produce steel with
0.01% P or less.

The optimum conditions for dephosphorization can be derived from the equation
defining the index:

DP ¼
xPO3�

4

� �
%P½ � ¼ K 01=2 %O½ �5=2: xO2�ð Þ3=2

(i) Basic slag gives a high value of xO2�ð Þ
(ii) High lime content—lime makes largest contribution to K0.
(iii) Soda ash and other alkali oxides are even stronger dephosphorizers but

extremely corrosive to the refractory lining, hence not used.
(iv) Ferrous oxide close to 15%, although FeO increases [%O], it also decreases K0

and thus optimum is about 15%.
(v) Low temperature gives a high value of K0.

From elementary mass transport considerations, dephosphorization will be acceler-
ated by the use of fluid stag and by turbulence in the slag–metal system as in the case
of desulfurization. From the above discussion, it is clear that basicity and oxygen
potential are the two important factors in desulfurization, as well as in
dephosphorization.

7.2.3 Silicon Reactions

One of the most important parameters in determining the quality of pig iron obtained
from the blast furnace is the silicon content, which is closely watched before tapping.
High-silicon pig iron is required in the acid steelmaking processes to make relatively
acid slag to ensure longer life of the refractory lining. Oxidation of silicon also
generates sufficient heat. However, basic steelmaking processes need low silicon
iron because the entire amount of acid silica generated due to the oxidation of silicon
has to be neutralized by lime to produce slag with basicity (CaO/SiO2 ratio) between
2 and 4, which is needed for effective desulfurization, as well as dephosphorization.
Pig irons containing high silicon together with high phosphorus and high sulfur are
not suitable for acid, as well as basic steelmaking processes. Such pig irons are first
subjected to external desiliconization to reduce the silicon content to a level suitable
for basic steelmaking, which can remove phosphorus. In addition to its contributions

7.2 Physicochemical Principles 255



in selection of acid or basic steelmaking process, silicon plays an important role in
deoxidation of steel and also as an alloying element in acid-resistant and transformer
steels. Depending on the steelmaking practice and the type of hot metal used, the
silicon content of the charge varies from 0.5 to 1.5%.

Due to the strong attraction between iron and silicon, the Fe–Si system exhibits
large negative deviation from the Raoult’s law. The activity coefficient of silicon in
iron in the presence of various elements can be calculated by the following expres-
sion incorporating interaction coefficients:

log fSi ¼ 0:18�%Cþ 0:11�%Siþ 0:058�%Al� 0:058�%Sþ 0:025�%Vþ 0:014�
%Cuþ 0:005�%Niþ 0:002�%Mn� 0:0023�%Co� 0:23�%O ð7:18Þ

Oxidation of silicon is an exothermic reaction and provides some of the heat
necessary for increasing the temperature of the bath during blowing.

Si½ � þ 2 O½ � ¼ SiO2 sð Þ ð7:19Þ
K ¼ aSiO2

aSi½ � aO½ �2 ¼
aSiO2

fSi:%Si½ � fO:%O½ �2

∴ %Si½ � %O½ �2 ¼ aSiO2

fSi: f
2
O:K

ð7:20Þ

With increasing silicon content in iron the activity coefficient of oxygen decreases
and that of silicon increases. Since silica is a very stable oxide once silicon is
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oxidized to SiO2, the danger of its reversion does not arise. K has been found to be
constant because of the compensating nature of aO and aSi. This constancy gives rise
to a linear variation [15] of [%Si] with [%O] (Fig. 7.4). However, one should also
consider the effect of [%Mn] on the variation of [%Si] with [%O] because hot metal
contains Mn and the slag contains MnO. This will be discussed in the next section.

The extremely low activity of silica in basic steelmaking slag poses no danger of
preferential reduction of silica like that of phosphorus removal. In basic steelmaking
process, the silicon content of pig iron should be kept as low as possible to decrease
the lime consumption with the prime objective of controlling the required basicity
for phosphorus removal at a minimum slag volume. In case of high silicon entering
the basic steelmaking furnace, either double slag practice or slag flushing has to be
adopted. Alternatively, external desiliconization of the hot metal has to be done
outside the blast furnace before charging it in a basic steelmaking furnace.

7.2.4 Manganese Reactions

Manganese is the second important element in determining the quality of pig iron.
About 50–75% of the manganese in the burden gets reduced and joins the hot metal.
Hence, the resulting pig iron contains 0.5–2.5% manganese. During steelmaking, a
major amount of manganese is lost into the slag and very little is used to meet the
specifications. Some heat is generated during steelmaking by the oxidation of
manganese. Some manganese is required to control the deleterious effects of sulfur
and oxygen and also for the improvement of mechanical properties of the steel.

The inter-relationship between Si, Mn, and O contents of iron in equilibrium with
silica-saturated SiO2–MnO–FeO slag, shown in Fig. 7.5, is of direct interest in
steelmaking. From the figure, it is evident that (i) for a slag containing about 20%
MnO at equilibrium, a maximum of 0.1% Mn is found in the metal at the steelmak-
ing temperature and (ii) with increasing [%Mn] content of the metal, the (%MnO)
content of the slag (containing 50% SiO2 and the rest being FeO and MnO)
increases, whereas the oxygen content of the metal decreases and silicon content
increases. The activity coefficient of MnO is much higher in basic steelmaking slag
compared to that of acid steelmaking. Hence, conditions for maximum recovery of
manganese can be derived by considering the following equilibria:

FeOð Þ þ Mn½ � ¼ MnOð Þ þ Fe½ �
or Fe2þ

� �þ Mn½ � ¼ Mn2þ
� �þ Fe½ � ð7:21Þ

K ¼ aMn2þð Þ aFe½ �
aFe2þð Þ aMn½ � ¼

xMn2þð Þ: f Fe:%Fe½ �
xFe2þð Þ: fMn:%Mn½ � ð7:22Þ

or
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K 0 ¼ xMn2þð Þ: %Fe½ �
xFe2þð Þ: %Mn½ � ð7:23Þ

At equilibrium, the distribution of Mn in the slag and metal is given by the relation:

xMn2þð Þ
%Mn½ � ¼ K 0 xFe2þð Þ

%Fe½ � ð7:24Þ

From the equation, it is apparent that the conditions for the highest possible recovery
of Mn, that is, minimum slag–metal distribution ratio, are as follows:

(i) Minimum xFe2þð Þ, that is, a low FeO content in the slag.
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(ii) Minimum K0 requires a low SiO2 content as evident from the following relation
[6] showing the effect of various anions in the slag:

logK 0 ¼ 3:1xSiO4�
4
þ 2:5xPO3�

4
þ 2:4xO2� þ 1:5xF� ð7:25Þ

(iii) Low slag volume and a high temperature
(iv) High manganese in the charge
(v) Partial or complete flushing of the slag

7.2.5 Carbon Reactions

During refining of steel, oxidation of silicon, manganese, and phosphorus takes
place at the slag–metal interface. The oxidation of carbon practically does not take
place at the slag–metal interface because of the difficulty of nucleation of CO
bubbles there. C–O reaction takes place at the gas–metal interface since it eliminates
the necessity of nucleating gas bubbles. During refining of steel, oxygen has to
dissolve first in the bath before it reacts with the dissolved impurities. In the absence
of other slag forming constituents, the maximum solubility of oxygen in liquid iron
at 1600 �C is 0.23 wt%. Beyond this composition, liquid FeO is formed.

The oxidizing power of the slag is proportional to the FeO content of the slag,
which in turn depends on the oxygen content of the metal. During steelmaking, the
reaction between carbon and dissolved oxygen is of utmost importance. Generally,
pig iron contains about 4 wt% carbon. The solubility of carbon in steel is affected by
the presence of impurities and alloying elements. The solubility of carbon in iron
decreases in the presence of V, Cr, Mn, and W, whereas it increases due to Co, Ni,
Sn, and Cu. The combined effect of alloying elements on the activity coefficient of
carbon can be estimated by the following equation incorporating the interaction
coefficients:

log fC ¼ eCC:%Cþ eVC :%Vþ eCrC :%Cr þ eMn
C :%Mn þ

eWC :%Wþ eCoC :%Coþ eNiC :%Niþ . . . ð7:26Þ

Oxidation of carbon may be considered by the reaction:

C½ � þ O½ � ¼ CO ð7:27Þ
K ¼ pCO

aC½ �: aO½ � ¼
pCO

fC:%C½ �: fO:%O½ � ð7:28Þ

∴ %C½ �: %O½ � ¼ pCO
K: fC: fO

¼ pCO
K 0 ð7:29Þ
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At any chosen pressure of CO, [%C] vs [%O] plot (Fig. 7.6) presents an inverse
hyperbolic [6, 16] relationship. During oxidation, oxygen is continuously transferred
from the slag to the bath, where it continuously reacts with carbon to form CO. The
main resistance to the oxygen flow is the slag–metal and the metal-gas interfaces,
whereas inside the steel bath the transfer of dissolved oxygen is very fast. The
temperature dependence of the equilibrium constant [17], K has been reported as:

logK ¼ 1056
T

þ 2:131 ð7:30Þ

and

K ¼ pCO
aC½ �: aO½ � ¼

pCO
%C½ �: %O½ � ð7:31Þ

In Eq. 7.31, activities of carbon and oxygen have been taken as being equal to [%C]
and [%O] considering the solutions at infinite dilution.

The activity coefficient of carbon in iron increases with increasing carbon
content and that of oxygen decreases with increasing carbon content. The net
result is that the product [%C]�[%O] for a given pCO decreases slightly [18] with
increasing carbon content (Fig. 7.7). For [C] below 0.5% and at steelmaking
temperature, the product [%C]�[%O] is 0.002 at pCO ¼ 1 atm. Since steelmaking
is a dynamic process, the concentration of carbon and oxygen in the bulk metal
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Fig. 7.6 Carbon and oxygen contents of molten iron in equilibrium with carbon monoxide at
different pressures (From An Introduction to Physical Chemistry of Iron and Steelmaking by R. G.
Ward [6], © 1962, p 88, Edward Arnold. Reproduced with the permission of Edward Arnold.
Originally from S. Marshall and J. Chipman [16] with the permission of American Society for
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phase is not in equilibrium with the CO pressure prevailing in the bubbles. At the
gas bubble–metal interface the reaction is close to equilibrium. Thus, it can be
observed that the excess oxygen and carbon in the bulk metal phase is helpful in
the transfer of the reactants by diffusion to the gas–metal interface in the violently
stirred metal bath. From Sect. 4.4.1, it is clear that the oxygen content of the hot
metal, [%O] increases with increase of (aFeO) in the slag and decreases with
increase of carbon content [%C] in the bath (Fig. 7.6). Thus, while considering
the relations in Figs. 7.6 and 7.7 and the effect of (aFeO) on [%O], it follows that in
BOH and BOF practices the iron oxide contents of the slag increases with decreas-
ing carbon in steel during refining and at tap. Hence, there is a general trend in the
variation of slag composition with the carbon content of the metal.

At low [%C] content, the gas evolution from the melt that results from decarburi-
zation contains some CO2 with CO as the major species. For reactions
{CO} + [O] ¼ {CO2} and [C] + [O] ¼ {CO} making use of K values, the gas
composition can be computed. In practice, however, the gas composition in the
converter remains essentially unchanged (about 10% CO2 and 90% CO) during
blowing. This gas composition is close to that for liquid iron (with 0.01% C at 1 atm
total pressure and 1600 �C) in equilibrium with pure liquid iron oxide (i.e., aFeO¼ 1).

7.2.6 Kinetics of Slag–Metal Reactions

Slag–metal reactions in refining of steel for removal of silicon, manganese, and
phosphorus and in ironmaking for removal of sulfur belong to the category of
heterogeneous liquid–liquid interfacial reactions. As temperatures are high enough
in both ironmaking and steelmaking, reactions are generally very fast. Hence, a
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thermodynamic equilibrium is achieved everywhere particularly at the interface. The
chemical potential of all the species present in the top level of the metal and the
bottom level of the slag is the same. In well-organized convective transfer, the
composition on either side of the interface is constant in the stagnant boundary
layer of thickness, δ. The value of δ in steelmaking is supposed to be 0.015 and
0.003 cm in the slag and metal sides [19], respectively. In fluids, transport is by
convection over long distances except when the fluid is very viscous where diffusion
is much slower. Mechanical, electromagnetic, pneumatic, or hydraulic stirring are
normal methods for achieving adequate convective transfer and to reduce the
boundary layer thickness. In laminar fluid flow (i.e., parallel to the surface within
the layer), the mass transfer is normal to surface by diffusion.

Diffusion across the thin film is governed by Fick’s law. The flux, J (g cm�2 s�1)
of any species diffusing at any point in the direction x is given by:

J ¼ �D
dc
dx

� 	
ð7:32Þ

where D is the diffusion coefficient of the species in the phase through which it is
diffusing, and dc

dx is the concentration gradient in the direction of x. The value of
the diffusion coefficient depends on the nature of the diffusing species, as well as the
medium, concentration level, and the temperature. However, variation with concen-
tration is complicated, and the effect of temperature on D is expressed as:

D ¼ Do e
�E=RT ð7:33Þ

where Do and E stand, respectively, for a constant and the activation energy for
diffusion. E is the energy required to bring the diffusing atom or molecule into the
intermediate position between the two lattice sites from which it is likely to fall into
an empty site adjacent to that being vacated as it is likely to return to its original
position. The activation energy of diffusion in metals is low (generally up to about
20 kcal mol�1) and seems to depend mainly on the nature of the solvent. This value
is lower than the activation energy for chemical reactions. The activation energy of
diffusion in slag is considerably larger (~100 kcal mol�1) due to the higher viscosity
of the slag.

The rate of reaction at the interface of two liquid phases, for example, metal and
slag, is affected by several factors. During smelting of iron ore in a blast furnace, the
transfer of sulfur from metal to slag involves following three steps:

(i) Transport of reactants to the slag/metal interface, for example, in the transfer of
sulfur from pig iron to the slag, oxygen ions in the slag (O2�) and sulfur
dissolved in the metal [S] are the two reactants.

(ii) Chemical reaction at the interface: (O2�) + [S] ¼ (S2�) + [O]
(iii) Transport of the products such as sulfide ions in the slag (S2�) and oxygen

dissolved in the metal [O] away from the slag/metal interface.
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The second step involving the chemical reaction that obeys the laws of chemical
kinetics is temperature-dependent. According to the Arrhenius equation, the rate
constant, k, is expressed as:

k ¼ A e�E=RT ð7:34Þ

where A is the frequency factor. As smelting temperature is high, the rate of the
chemical reaction will be high and hence the reaction at the interface will not be rate-
controlling. On the other hand, if E, the activation energy for the reaction is large, the
rate of the chemical reaction (step ii) will be as important as the mass transport in
steps (i) and (iii) in controlling the overall rate of the heterogeneous reaction. In the
example cited above the activation energy of 100 kcal mol�1 for the chemical
reaction (step ii) involving the transfer of sulfur from metal to slag in ironmaking
is high. Hence step (ii) seems to be rate-controlling.

The mass transfer occurring near the boundary of a fluid phase depends on the
nature of the phase on the other side of the boundary. The transport of the species on
both sides of the stagnant boundary layer becomes important. According to the
two-film theory, a static boundary layer exists at both sides of the interface. Fig-
ure 7.8 shows the transfer of species from liquid metal to liquid slag. For the
transport from the bulk of the metal phase to the metal interface, the amount of
substance passing per unit time per unit area, that is, flux:

J ¼ dm
dt=A ð7:35Þ
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Fig. 7.8 Transport in liquid
slag and metal phases across
the slag/metal interface, δm
and δs are the effective
boundary layer thickness in
the metal and slag phases,
respectively (From An
Introduction to Chemical
Metallurgy by R. H. Parker
[19], © 1978, p
255, Pergamon Press Ltd.
Reproduced with the
permission of Pergamon
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where, dm
dt is rate of mass transfer and A is the area of the interface. If δ is the

thickness of the stagnant boundary layer, the concentration gradient across the
boundary is given by:

dc
dx

¼ dc
δ

ð7:36Þ

From Eqs. 7.32, 7.35, and 7.36, we can write:

dm
dt

¼ JA ¼ � DA
δ

� �
cmb � cmi
� � ¼ kmm cmi � cmb

� � ð7:37Þ

where kmm ¼ DA
δ

� �
is the mass transfer coefficient, cmi and cmb are the concentrations at

the interface and in the bulk of the metal phase, respectively. In case there is no
accumulation of the substance at the interface, the rate of mass transfer away from
the slag interface may be expressed as:

dm
dt

¼ ksm csi � csb
� � ð7:38Þ

where csi and csb are the concentrations at the interface and in the bulk of the slag
phase, respectively. At steady state, the two rates are equal.

∴kmm cmi � cmb
� � ¼ �ksm csi � csb

� � ð7:39Þ

The change in sign accounts for the mass transfer in opposite directions relative to
the interface.

∴
kmm
ksm

¼ csb � csi
cmi � cmb


 �
ð7:40Þ

It is important to note that the boundary layer thickness in the metal and slag
phases, as well as the diffusivities of the substance in these phases, will differ. In the
above example of S transfer reaction (Eq. 7.2), the diffusion of atomic sulfur in pig
iron is not the same as the diffusion of ionic sulfur in the slag. The importance of
increasing A in Eqs. 7.35 and 7.37 by increasing the area of the slag/metal interface
in the slag/metal reaction and reducing δ by stirring in Eq. 7.37 need not be over
emphasized. Both these objectives are achieved by introducing gas bubbles in the
liquid metal. This principle, which is based on the reactions that take place at the
slag/metal interface when a basic slag rich in lime is used, is applied in all steel-
making processes for removal of S and P from steel.

During removal/transfer of Mn from metal to slag, oxygen has to be first
transferred from slag to metal according to the reaction:
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O2�� � ¼ O½ � þ 2e ð7:41Þ

The available oxygen in basic slag exists as ions (O2�) because the basic slag
consists of oxides completely dissociated into ions. The two electrons released in
Eq. 7.41 are balanced as per the reaction:

Fe2þ
� �þ 2e ¼ Fe½ � ð7:42Þ

Thus, the overall reaction is

FeOð Þ ¼ Fe2þ
� �þ O2�� � ¼ Fe½ � þ O½ � ð7:43Þ

If manganese has to be transferred from the metal (pig iron) to the oxidizing slag
(i.e., containing high FeO), the reaction would be:

O½ � þ Mn½ � ¼ MnOð Þ ð7:44Þ

This reaction may involve two stages: (i) the dissociation of FeO and (ii) the
nucleation of MnO. But the theory of slag structure discussed in Chap. 4 confirms
that ionization of FeO in steelmaking slag is a fast process. Being highly soluble in
slag, nucleation of MnO may not occur at the slag/metal interface. Therefore, both
these are not rate-controlling. The rate may be controlled either by the diffusion of
oxygen to the interface, or Fe2+ through the slag, or Mn through the metal. Diffusion
through slag is probably slower during most of the process and is hence rate-
controlling. On the other hand, if MnO is to be reduced from the slag to the metal
for recovery, the reaction sequence would be as follows:

MnOð Þ ¼ Mn2þ
� �þ O2�� � ð7:45Þ

O2�� � ¼ O½ � þ 2e ð7:46Þ

and

Mn2�
� �þ 2e ¼ Mn½ � ð7:47Þ

This reaction stops if oxygen gets accumulated in the metal phase. For the above
reactions to proceed, oxygen has to be removed by decarburization reaction:
[C] + [O] ¼ CO (g). Since nucleation of CO involves a high activation energy, it
is slow enough to control the rate of the overall reaction:

MnOð Þ þ C½ � ¼ Mn½ � þ COf g ð7:48Þ

This reaction is controlled by oxygen diffusion to sites where the evolution of CO
proceeds easily. Reduction of SiO2 in the hearth of the blast furnace is much slow
and takes place in several steps:
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(i) Dissociation of silica into ions: 2SiO2 ¼ SiO4�
4 + Si4+.

(ii) Spontaneous disintegration of silicate anions at the metal surface:

SiO4�
4 ¼ Si½ � þ 4 O½ � þ 4e

(iii) Dissolution of [Si] and [O] in the metal and neutralization of positive ions by
the electrons released: Si4+ + 4e ¼ Si.

For the above reactions to proceed smoothly, it is essential to avoid accumulation of
[O]. Hence, the reaction [C] + [O] ¼ CO (g) must occur.

The overall reaction being first order is likely to be controlled by diffusion of
oxygen to sites where CO is evolved or nucleated. But very high activation energy
for the C–O reaction (of the order of 250 kJ mol�1), suggests that reaction is not
diffusion controlled. Instead, reaction is controlled by the rupture [20] of the high
energy Si-O bond in the second step of the chain of reactions.

7.3 Pre-treatment of Hot Metal

In recent years, the demand for high-quality steel with specific properties such as
improved strength, ductility, and toughness under severe forming conditions has
forced steelmakers to look at options to drastically reduce the impurities in steel, in
some steels even to the level of a few parts per million. Out of the main impurities
carbon, silicon, sulfur, and phosphorus present in the hot metal, carbon is reduced
from 4.0–4.5% to 0.03–0.04% at the end of oxygen blow in the converter. It can be
further reduced by vacuum degassing. Silicon gets eliminated almost completely
along with carbon oxidation. But varying amounts of sulfur and phosphorus remain
in liquid steel even at the end of the blow. As it is not always possible to reduce
sulfur and phosphorus simultaneously, it has become almost essential to charge hot
metal containing 0.005–0.010% each of sulfur and phosphorus to produce steel
products that have a good finished surface free from internal cracks. Thus, stringent
requirement of high-quality steel and factors arising due to the availability of poor
quality raw materials such as coke with high sulfur and iron ore with high phospho-
rus have forced the addition of one more step, that is, pretreatment between the blast
furnace and the steelmaking unit.

Pretreatment of hot metal reduces flux consumption, slag volume, iron loss, and
slopping and hence increases productivity because ideally speaking, steelmakers
have now to worry only about decarburization. Silicon, sulfur, and phosphorus can
be reduced by addition of appropriate reagents. The reagents are injected into the hot
metal as fine powder to increase the surface area in order to enhance the rate of
reaction. In this operation, hot metal is subjected to external treatments in ladles
(before charging the hot metal in steelmaking units) for removal of silicon, sulfur,
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and phosphorus. Such treatments are known as external desiliconization, external
desulfurization, and external dephosphorization, respectively.

7.3.1 External Desiliconization

Silicon is removed by injecting a mixture of mill scale, lime, fluorspar (CaF2),
sinter fines, iron ore/manganese ore fines along with oxygen gas to produce a
neutral slag. In order to maintain the desired basicity of the slag during steelmaking
the amount of flux proportionally increases with increasing silicon content in the
hot metal. The resulting increase in slag volume requires extra heat for melting and
fluxing during slag formation. This favors transfer of more FeO into the slag phase
in order to maintain the required oxidizing power. External desiliconization lowers
down flux consumption, as well as FeO loss. But it is not practiced under normal
conditions in order to avoid problems in handling highly siliceous slag that causes
severe attack on basic refractories. Hence, it is advisable to take necessary steps to
produce low silicon hot metal in the blast furnace itself. For this purpose, the blast
furnace has to be operated under acid burdening condition so that the basicity is
maintained close to unity. Such a hot metal has less than 0.5% silicon and a slightly
higher sulfur content that can be removed by external desulfurization.

7.3.2 External Desulfurization

From Sect. 7.2.1, it is evident that the optimum conditions necessary for desulfur-
ization requires highly basic slag, reducing atmosphere, and high temperature,
which prevail in blast furnaces. Even under these conditions if the resulting hot
metal contains higher sulfur, it is treated in ladles for additional removal of sulfur
before charging into steelmaking units. Desulfurization increases the productivity
of the blast furnace and reduces slag volume, coke and flux consumption, and
alkali build up on the furnace wall. It also facilitates production of low silicon pig
iron. In order to produce steel for (i) efficient continuous casting unit, (ii) special
steel plates, and (iii) manufacture of pipe lines free from hydrogen-induced
cracking, the sulfur content must be brought down to 0.02%, 0.01%, and 0.001%
(10 ppm), respectively. In order to achieve these specifications in steels, the initial
sulfur in the hot metal should be lowered down to a minimum of 0.02–0.03%. This
can be achieved by injecting a powder mixture [1] of calcium carbide, limestone,
lime, and carbon in proportion (by weight), varying from 48 to 68% CaC2, 31 to
9% CaCO3, 17 to 22% CaO, and 4 to 1% C. Each constituent in the mixture
contributes in its own way. On injection into the hot metal calcium carbide gets
decomposed into calcium vapor and a graphite layer. The vapor instantaneously
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reacts with sulfur present in the hot metal and forms calcium sulfide. Lime
increases the basicity of the slag formed, whereas dissociation of limestone pro-
vides CO2 for agitation and helps in generating reducing atmosphere at the reaction
sites (on reaction with carbon). Injection of a mixture of carbide and magnesium
granules brings down the sulfur level to 0.01%. Soda ash is very effective due to its
high sulfide capacity, but its use is restricted owing to its hazardous effects.

7.3.3 External Dephosphorization

Since almost the entire phosphorus present in the blast furnace burden joins the hot
metal produced by reduction smelting, phosphorus has to be removed externally like
silicon and sulfur when very low phosphorus steel needs to be produced. The
optimum conditions for phosphorus removal as discussed in Sect. 7.2.2 have to be
fulfilled for external dephosphorization in the ladle. However, it is not practiced
because the demand for very low phosphorus steel is limited. Occasional require-
ments are managed by multiple slag practice at the primary steelmaking stage itself
without bothering about minor loss of productivity.

7.3.4 Simultaneous Removal of Sulfur and Phosphorus

Although dephosphorization reduces the cost of hot metal by increased recycling of
the slag to blast furnace, permits tapping of steel for continuous casting at higher
temperature, and lowers down the final sulfur and phosphorus in high alloy steels, it
is not practiced under normal conditions in bulk steel production. The reason being
that dephosphorization is favored at lower temperature under oxidizing conditions in
the presence of highly basic slag that is produced only after complete removal of
silicon. Hence, an alternative method like blowing of lime powder along with
oxygen (as practiced in the LDAC process) is adopted to refine high-phosphorus
hot metal (1–2% P). Since desulfurization requires highly basic slag, reducing
atmosphere, and high temperature, the simultaneous removal of sulfur and phos-
phorus is not feasible to the desired extent during steelmaking. However, based on
recent researches, Japanese steelmakers [1] have suggested that simultaneous
removal of sulfur and phosphorus can be achieved at high basicity (CaO/SiO2) of
2 at temperature less than 1400 �C for a hot metal containing less than 0.25% silicon.
Desiliconization in the first step and simultaneous removal of sulfur and phosphorus
in the second step is carried out. It is important to note that simultaneous removal of
silicon, sulfur, and phosphorus is not advisable due to high reagent consumption
together with sudden temperature drop, problem in handling large volume of slag,
and increased production cost.

Pig iron containing high percentage of carbon can be treated with sodium
carbonate for excessive removal of silicon, sulfur, and phosphorus. Such a
pretreatment will produce hot metal requiring decarburization by oxygen blowing
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during the steelmaking step by generating a small quantity of slag. The following
reactions take place in soda ash treatment [4]:

Na2CO3 þ Si½ � ¼ Na2Oð Þ þ SiO2ð Þ þ C½ � ð7:49Þ
Na2CO3 þ S½ � þ 2 C½ � ¼ Na2Sð Þ þ 3CO ð7:50Þ

5Na2CO3 þ 4 P½ � ¼ 5 Na2Oð Þ þ 2 P2O5ð Þ þ 5 C½ � ð7:51Þ

However, use of soda ash has been restricted in recent years because addition of
Na2CO3 to hot metal generates dense fumes which pollute environment and slag
disposal contaminates the ground water.

Pretreatment of hot metal will be more widely adapted in future not only due to
increasing demand of lower level of sulfur and phosphorus in steel but also due to the
deteriorating quality of raw materials, such as high phosphorus iron ore and high
sulfur coke.

7.4 Chemistry of Refining

The physicochemical principles involved in deriving optimum conditions for
desulfarization, dephosphorization, and recovery of silicon and manganese,
discussed in Sect. 7.2, are invariably applicable in all the steelmaking processes.
The chemistry of conversion of hot metal into steel is essentially the same for all the
steelmaking processes, mentioned in Sect. 7.1. However, in this section, more
emphasis has been given to basic oxygen and electric arc furnaces, which are
currently employed for major production of steels. Basic oxygen furnace processes
include top-blown oxygen, bottom-blown oxygen, combined-blown (hybrid/bath
agitated), and rotating oxygen-blown converters. A brief discussion on Bessemer
and open-hearth processes has also been included for comparison.

7.4.1 Important Chemical Reactions in Steelmaking

It is important to note that for effective refining of steel, the activities of impurities
and oxygen should be high and those of product oxides should be low. The silicon
and manganese contents of the hot metal can be adjusted in such a way that FeO and
MnO formed during refining dissolves SiO2 to produce a low melting ternary slag:
FeO–MnO–SiO2. But this slag does not dissolve P2O5 because FeO–MnO is a weak
base. The addition of CaO and/or MgO forms a basic slag (CaO–FeO–MnO) of high
basicity to absorb P2O5 without any chance of reversion of phosphorus. Sulfur
removal to some extent is also possible by such a slag. Based on the above
discussion, two important conclusions may be drawn for selecting a steelmaking
process: (i) sulfur and phosphorus cannot be removed along with silicon and (ii) the
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removal of silicon should not be attempted simultaneously with phosphorus and to
some extent sulfur.

The heat generated by the highly exothermic oxidation of carbon, silicon, man-
ganese, sulfur, and phosphorus present in the hot metal during blowing in the BOF
converters is sufficient to raise the temperature of the melt from the initial
1250–1350 �C (melting temperature of pig iron containing about 10% of impurities)
to 1600–1650 �C (temperature required to produce molten steel containing about 1%
impurities).

7.4.1.1 Top-Blown Basic Oxygen Converter Process

In LD converter, oxygen gas is blown at a pressure of 8–10 atmosphere with
supersonic speed (1.5–2.2 times the speed of sound) through a convergent-divergent
nozzle. The jet is retarded during its travel in the converter atmosphere and becomes
subsonic at some distance from the nozzle. The length of the supersonic region
(in which velocity of jet is more than the velocity of sound) is affected by the
blowing speed and the ratio of the densities of the jet gas and the medium. Thus,
some ambient medium is carried away along with the oxygen jet. Depending upon
rate of blowing and lance height, jet may contain 60% O2 and balance CO and CO2

at the point where it strikes the bath. The amount of (CO + CO2) increases from
supersonic core to the subsonic region of the jet. Jet strike causes stirring in the bath
though its kinetic energy is not sufficient to bring out proper mixing of the slag and
metal. This results in a temperature and a concentration gradient, which are both
responsible for ejection as well as slopping. As soon as oxygen is blown into the hot
metal, iron is oxidized first, due to its abundance, although the free energy of
formation of FeO is higher than those of SiO2, MnO, P2O5, and CO. Some Fe2O3

is also formed:

2 Fe½ � þ O2f g ¼ 2 FeOð Þ ð7:52Þ
4 FeOð Þ þ O2f g ¼ 2 Fe2O3ð Þ ð7:53Þ

Thus, FeO formed together with iron ore/mill scale present in the charge makes iron
rich slag during the early stage of the blow. [Si] and [Mn] present in the metal react
with the slag constituents to form silicate slag according to the reactions:

2 FeOð Þ þ Si½ � ¼ SiO2ð Þ þ Fe½ � ð7:54Þ
FeOð Þ þ Mn½ � ¼ MnOð Þ þ Fe½ � ð7:55Þ

SiO2ð Þ þ 2 FeOð Þ ¼ 2 FeO � SiO2ð Þ ð7:56Þ
SiO2ð Þ þ 2 MnOð Þ ¼ 2 MnO � SiO2ð Þ ð7:57Þ

(FeO) and (MnO) are released upon the dissolution of lime in FeO rich slag,
according to the reactions:
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2 FeO � SiO2ð Þ þ 2 CaOð Þ ¼ 2CaO � SiO2ð Þ þ 2 FeOð Þ ð7:58Þ
2 MnO � SiO2ð Þ þ 2 CaOð Þ ¼ 2 CaO � SiO2ð Þ þ 2 MnOð Þ ð7:59Þ

During blowing, the elimination of silicon and manganese start simultaneously,
although the former gets eliminated within 3–5 min of blow, whereas manganese
follows silicon only up to a certain point. Thereafter, it may remain the same for a
while or revert to a limited extent toward the end of the blow. The carbon removal
starts only after a few minutes of blowing. Dephosphorization goes concurrently
along with decarburization but is completed well before carbon is completely
removed. As the silicon content decreases the rate of decarburization increases.
The rate increases from an initial low value to attain a peak in the middle of the
blow and decreases thereafter in the third and last stage of the blow when carbon
level lowers to 0.2% or less and emulsion collapses. During the initial period of slow
decarburization, the FeO content of the slag increases up to 14–16%, whereas it
decreases to 7–9% in the middle stage of the peak period due to the higher
consumption of oxygen than supply. During the initial period of the blow, the
[Mn] content in the bath decreases [reactions (7.55) and (7.57)] due to the formation
of a manganese silicate (2 MnO�SiO2) slag. However, lime dissolution [reaction
(7.59)] releases MnO, which gets reduced by carbon:

MnOð Þ þ C½ � ¼ Mn½ � þ COf g ð7:60Þ

The above reaction during the extensive decarburization period increases the
[Mn] content of the bath, which decreases again toward the end of the blow due to
reoxidation when the decarburization rate becomes low. Figure 7.9, while showing
the sequence of impurity removal during blowing in LD converters, clearly displays
Mn hump [21] related to the change in oxidation/reduction pattern of the manganese
reaction.

The reason for dephosphorization and decarburization proceeding simultaneously
during the initial period of the blow is due to the formation of basic and oxidizing
slag containing about 15% FeO. The efficiency of dephosphorization increases with
an increase in slag basicity (optimum 3.5–3.6).

2 P½ � þ 5 FeOð Þ ¼ P2O5ð Þ þ 5 Fe½ � ð7:61Þ
P2O5ð Þ þ 4 CaOð Þ ! Ca3 PO4ð Þ2 þ excess CaO ð7:62Þ

Despite the requirement of reducing condition, 6–8% S is removed in the LD
converter in the presence of the oxidizing slag due to its highly basic nature and
the high temperature of the bath (1650–1700 �C).

FeSð Þ þ CaOð Þ ¼ CaSð Þ þ FeOð Þ ð7:63Þ
FeSð Þ þ Mn½ � ¼ MnSð Þ þ Fe½ � ð7:64Þ
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FeSð Þ þ MgOð Þ ¼ MgSð Þ þ FeOð Þ ð7:65Þ

Mechanism of Refining Although the bath in the LD converter is stirred by the
oxygen gas blown at a pressure of 8–10 atmosphere at supersonic speed (1.5–2.2
times the speed of sound) through a convergent-divergent nozzle, the slag and the
metal are not properly mixed due to the lack of sufficient kinetic energy generated
by the striking jet. The insufficient mixing gives rise to temperature and concen-
tration gradients that cause ejection as slopping. The oxygen molecules striking the
surface of the hot metal may lead to (i) the formation of CO by C–O interaction,
(ii) formation of FeO, and (iii) [O] pick-up by the hot metal. The high activation
energy involved in the nucleation of CO prevents the first reaction, whereas the
third reaction is unlikely to take place due to the limited solubility of oxygen in
iron (~ 0.23%). The total requirement of oxygen is about 3 wt% of the mass of the
metallic bath for the oxidation of impurities, which cannot be achieved in 15 min of
blowing. This suggests that oxygen is transferred to the metallic bath by the highly
exothermic oxidation of iron to FeO (i.e., process ii) and its subsequent dissolution
in the bath. The heat generated during process (ii) is adequate to increase
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temperature of the impact zone (known as the hot spot) to 2200–2500 �C. The hot
spot was earlier considered to be the cause of the high rate of refining in the LD
converter but now it has been confirmed that the high rate of reaction is in fact due
to the formation of slag–metal–gas emulsion. As the jet velocity increases, the
peripheral liquid is splashed in the converter atmosphere as droplets, which burn in
oxygen to produce CO:

2 C½ � þ O2f g ¼ 2 COf g ð7:66Þ

Since the droplets not only contain FeO and/or slag inclusions but also carbon and
oxygen, FeO–C reaction leading to the formation of CO gas is favored. The highly
viscous slag formed at the beginning of the blow (before complete dissolution of
lime) helps in the formation of foam/emulsion. The formation of slag–metal–gas
emulsion takes place from the two immiscible liquids (slag and metal), which cover
the gas bubbles. Continuous generation of CO increases the volume of emulsion,
which can persist until the FeO–C reaction continues in the metal droplets. Viscosity
and surface tension play an important role in stabilizing the foam and emulsion. The
emulsion increases the interfacial area of contact between the two phases to a great
extent. It has been estimated that an apparent area of about 12–14 m2 of a 100-ton
LD converter increases to as high as 7500 m2 [22] due to the formation of slag–
metal–gas emulsion. The tremendous interfacial area increases the rate of decarbu-
rization up to 10–12 wt% C h�1, comparable with the rate of refining achieved in
Bessemer converters. Thus, there are two separate zones of refining in the LD vessel,
namely, reaction in the bulk metallic phase and reaction in the emulsion. Major
refining takes place after emulsion is formed. About 65–70% of the total carbon is
removed through emulsion reaction. The slower bulk phase refining before the
formation of emulsion becomes major toward the end after the collapse of the
emulsion. As concentration of carbon in droplets held in emulsion approaches the
metallic bath composition, the overall decarburization rate decreases because the
emulsion cannot persist any longer due to the insufficient available volume of CO
within the emulsion. From this stage onward, the rate of decarburization is not
controlled by the supply of oxygen, but by the carbon content.

From Sect. 7.2.2, it is clear that efficient dephosphorization requires highly
oxidizing and fluid slag, which is formed after 4–6 min of the blow. As
dephosphorization proceeds concurrently with decarburization, efficient elimination
of phosphorus and carbon demands early formation of such a slag. Since
dephosphorization is extremely fast due to the large interfacial area and efficient
mass transport in emulsion, phosphorus should be completely removed before the
collapse of emulsion, failing which it has to be performed in the bulk phase.
Considering the fact that dephosphorization in the bulk phase is extremely slow, it
needs to be completed by the time carbon is reduced to 0.7–1.0%, that is, well before
the collapse of emulsion, which starts at about 0.3% C.

The rate of refining is affected by the rate of oxygen flow, number of holes in the
lance tip, lance height (distance between the lance tip and the bath surface),
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characteristics of the oxygen jet impinging the bath surface (pressure, velocity, etc.),
bath temperature, slag characteristics, and so on. For example, increase in lance
height decreases the rate of decarburization but increases the dephosphorization rate.
Generally, lance height of 1.5–2.0 m is used at the start of the blow to favor early slag
formation and of about 0.8–1.2 m for decarburization. The composition and tem-
perature of the bath at the end of refining are greatly influenced by the basic design of
the LD vessel, degree of combustion of waste gases, blowing time, and the volume/
basicity/viscosity of the slag. However, prior planning has to be made for effective
dephosphorization well before decarburization. Some operators vary the oxygen
pressure keeping the lance height constant during the entire period of blow, whereas
others prefer altering the lance height at constant pressure of oxygen gas.

LDAC process follows an almost similar blowing procedure to that practiced in
the LD converter. In this process also dephosphorization and decarburization are
favored by increasing and decreasing the lance height, respectively. Charge
consisting of scrap, iron ore, bauxite, and lumpy lime is fed into the hot converter
containing some slag from the previous heat. Hot metal is then poured. In case the
silicon content of the hot metal is low, some silica may be added for early formation
of foamy slag. Keeping the lance at the highest position oxygen blow is started. After
5 min of blow, powdered lime (1–2 mm size) is fed through the lance at a
predetermined rate. The lance is then lowered to control the foam. The blowing is
stopped after 15 min by which time the bath temperature reaches 1650–1690 �C. The
lime required for dephosphorization is charged in two or three steps with intermittent
slagging. After the formation of the initial slag with lumpy lime, powdered lime is
blown with oxygen through the lance in the hot spot (impact zone) to facilitate foam
formation, which increases the rate of dephosphorization reaction (7.61/7.62). Foaming
is controlled by maneuvering the lance height, flow rates of oxygen, and lime powder.

At the end of the first stage of blow, carbon and phosphorus are, respectively,
lowered down to 1–1.5 wt% from the initial 3.8–4.0 wt% and to 0.2–0.4 wt% from
0.8–1 wt%. The first stage slag containing 60% CaO, 20–25% P2O5, 3–5% Fe
(as oxide), and few percent of MnO and MgO is drained off and can be sold as
fertilizer. After removal of the first slag, blow (oxygen and lime powder) is resumed
again with fresh addition of coolant (iron ore, scrap) depending on the bath temper-
ature. The second stage of blowing brings down carbon to 0.5 wt% and phosphorus
to 0.1 wt% and bath temperature attains 1600 �C. The second slag contains 50–52%
CaO, 10–15% P2O5, 10–15% Fe (as oxide), and a few per cent of MnO and MgO.
After draining off part of this slag also, third-stage blowing is carried out to achieve
the desired carbon level in steel. The duration of blow in the second and third stages
is decided by the carbon level attained at the end of the first stage. The final slag
(after the third stage), which is low in quantity containing about 20% Fe, may be
retained in the converter for the next operation. LDAC process removes a major
fraction of phosphorus present in the pig iron by draining two intermediate slags and
thereby renders very effective desulfurization. Finally, it produces steel containing
0.02% P, low S, and 0.001–0.002% N with 99.5% pure oxygen blowing. However,
the yield is slightly less and the duration of blow is longer (about 50–60 min) as
compared to the LD process.

274 7 Steelmaking



7.4.1.2 Bottom-Blown Oxygen Converter Process

The concept of the OBM converter was derived from the fact that blowing oxygen
from the bottom would definitely improve the reaction kinetics compared with the
air blown Bessemer converter. Immediately after charging scrap and hot metal, lime
is blown with oxygen gas. The blow is divided into three parts. The first blow that
lasts for 16–17 min produces high P2O5 slag (18–22% P2O5 and 12–15% FeO) and
reduces carbon to 0.3 wt% and phosphorus to 0.08%. The second stage blow that
lasts for about a minute (after charging fresh lime) reduces carbon to 0.1 wt% and
phosphorus to 0.025 wt%. Finally, nitrogen is blown to reduce hydrogen dissolved.
The resulting steel contains 0.004 wt% H and 0.005 wt% N. The process can
produce different varieties of plain carbon steels from varying quality of hot metals.

It is well known that the rate of decarburization in the conventional air-blown
Bessemer converter is extremely fast, taking only 20–25 min for a 20–25 ton vessel.
The rate of decarburization (hence the overall refining) in the OBM process may be
even faster compared to Bessemer because reaction kinetics is definitely affected by
the presence of the large percentage of nitrogen in air blown. The slag–metal and
gas–metal interfaces in the OBM converter attain near equilibrium condition due to
stirring caused by bottom blowing. In the LD converter, oxygen is supplied to the
metal through the slag layer. As the top blowing supersonic oxygen jet does not
provide sufficient stirring, the slag is over-oxidized beyond equilibrium state. Inad-
equate stirring causes temperature and concentration gradients, which give rise to
slopping and ejections. Bottom-blowing prevents building up of any such gradients
and reduces iron loss in slag by 5 wt% as compared to top-blown converter
processes. As a result, an OBM converter can easily produce very low carbon steels,
which can be obtained in an LD process only at the cost of extra loss of iron in slag.
Due to intensive stirring, OBM provides better partitioning of phosphorus and sulfur
and offers high manganese recovery. Figure 7.10 shows the sequence of removal of
impurities in an OBM converter. As blowing pure oxygen through the bottom
generates intense heat, these injectors known as the Savard-Lee injectors [23] are
protected by flowing methane or propane gas/fuel oil through the outer pipe sur-
rounding the inner oxygen pipe. Endothermic decomposition of the gas/oil on
entering the melt absorbs heat from steel bath near the injector tip and thus protects
the injectors and furnace wall from overheating. Hydrogen generated by dissociation
is dissolved in liquid steel. Hence, nitrogen is bubbled through the melt to remove
hydrogen before tapping.

The OBM process is ideally suited for production of very low carbon steel
(0.01–0.02 wt%). However, it faces problems like difficulty in feeding lime from
the bottom, careful adjustment of flow rates of oxygen, hydrocarbon, and lime to
achieve proper thermal balance at the tuyere junction, maintenance and repair of
tuyeres, and so on. Despite these limitations the overall performance of the OBM
process may be categorized as an efficient one. The advantages derived from bottom-
blowing are listed below:

(i) Lower temperature and concentration gradient
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(ii) Reduction in FeO loss in slag results in better metallic yield
(iii) Lesser slopping and dust formation
(iv) Higher recovery of manganese and aluminum due to lower residual oxygen in

the melt
(v) Lower residual sulfur and phosphorus in steel on account of blowing powdered

lime and improved agitation
(vi) Production of ultra-low carbon steel without over-oxidation of the melt and slag

However, the following difficulties are encountered in bottom-blowing:

(i) Highly specialized and skilled workers are needed to manufacture and maintain
the bottom of the converter for injection of gas, as well as solid (oxygen and
lime together).

(ii) Relatively higher nitrogen content of the finished steel makes it unsuitable for
deep drawing.

(iii) Each tuyere that pierces through the bottom functions as the heart of the
converter and needs special attention in terms of heat balance around it during
the blowing period. Depending upon the amount of oxygen blown, the coolant
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must be supplied in appropriate proportion so as to enable tuyeres to serve for
longer duration.

7.4.1.3 Hybrid/Bath-Agitated/Combined-Blown Process

Better mixing of slag and metal in the hybrid process at all stages of blowing
prevents slopping and ejections and eliminates temperature and concentration gra-
dients in the bath. After charging scrap and ore and pouring hot metal, two-third of
the lime powder and oxygen are blown from the top and bottom in the first stage of
blowing. The first stage of blow reduces carbon to 1.5 wt% from the initial
3.5–4.0 wt% and phosphorus to 0.2–0.4 wt% from 1.8 wt%. The bath temperature
gradually rises to 1600–1650 �C at the end of the blow due to exothermic oxidation
of silicon, carbon, and iron. Oxidation of silicon starts first because SiO2 is much
more stable compared to the other oxides. In order to protect the basic lining of the
vessel, lime is blown right from the beginning. After elimination of silicon, oxidation
of carbon to CO starts and continues throughout the blow. Major phosphorus
removal takes place at the end of the blow. The resulting slag contains about 60%
CaO, 20–25% P2O5, and 3–5% Fe (as oxide). The non-foamy slag rich in P2O5 is
partly drained off. The slag containing 60% CaO produced in the first stage of
blowing favors dephosphorization whereas low FeO content enhances
desulfurization.

After draining off part of the first slag some scrap and iron ore are charged
depending on the temperature attained during the first stage of blowing. This is
followed by the second stage blowing of lime powder with oxygen. The second stage
blow produces metal containing 0.5% C and less than 0.1% P and a slag containing
about 50–52% CaO, 15–20% P2O5, and 7–10% Fe (as oxide). A part of this slag is
also drained off to remove additional phosphorus and sulfur. Blowing of oxygen and
lime powder in the third and last stage is carried out to achieve the final desired level
of carbon in the steel. The carbon level attained after the first stage blow decides the
total duration of blow in the second and third stages. If low carbon steel has to be
made, the small quantity of the final slag, which contains about 20% Fe (as oxide) is
left in the converter for continuous operation.

The hybrid process makes manufacture of very low phosphorus and sulfur steel
easier by draining off two intermediate slags. In this process, dephosphorization
takes place even in the presence of carbon and a low phosphorus steel is produced by
stopping refining at the desired carbon content. The basic intermediate slags with
high partition coefficient (15–20 for the first slag and 10 for the second) favor
desulfurization. Use of 99.5% pure oxygen finally produces steel with
0.001–0.002 wt% nitrogen. The sequence of removal of impurities in the hybrid
converter is shown in Fig. 7.11. The change in slag composition during the course of
blowing for the same converter is depicted in Fig. 7.12. During the initial stages of
blow, slag temperature is higher (by about 100 �C) than that of the metal. But as
blow progresses, this temperature difference decreases to about 30–50 �C, which is
further brought down by blowing argon gas from the bottom tuyeres for about 2 min
at the end of oxygen blow.
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The post-blow inert gas stirring also helps in composition homogenization and
dephosphorization because slag is highly basic and oxidizing due to high CaO and
FeO contents. From Fig. 7.12, it is clear that CaO content of the slag increases
continuously during the blow due to successive dissolution of lime. In the limited
slag volume, initially the FeO concentration is high but it decreases as slag volume
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increases with the progress of blow. As the carbon content in the bath decreases, C–
O reaction diminishes toward the end of the blow, the iron in the bath (rather than
carbon) starts reacting with oxygen, thereby increasing the FeO content of the slag.
Thus, the quantity of slag goes on increasing as more and more lime gets dissolved
with the progress of the blow. In order to insure adequate refining and removal of
impurities, CaO/SiO2 ratio of at least 3.0 has to be maintained in the final slag.
Hence, the amount of lime required depends mainly on the silicon content of the hot
metal; for example, lime requirement increases from 60 kg ton�1 of liquid steel to
120 kg ton�1 as silicon in bath increases from 0.6 to 1.2%. The bath-agitated process
offers benefits like:

(i) Reduction in slopping and FeO content in the slag as compared to the LD
process

(ii) Better possibility of treating higher silicon hot metal
(iii) Better control of bath composition
(iv) Better recovery of manganese
(v) Production of ultra-low carbon steels without over-oxidation of the metal and

slag
(vi) Better gas–slag–metal interactions as compared to the interactions occurring in

LD converters

The combined top and bottom blowing in the hybrid process provides better
mixing of slag and metal and prevents slopping and ejections. This combination also
eliminates temperature and concentration gradients in the bath and generates condi-
tions closer to equilibrium for slag–metal and gas–metal reactions in the converter.
In this process, adequate mixing is achieved by bottom blowing (OBM process)
whereas decarburization and dephosphorization are controlled by raising and low-
ering of the lance at a constant pressure of oxygen (LD process). In this way, the
hybrid process derives benefits from both processes and thus has emerged as the
improved version of LD and OBM. It is steadily gaining prominence on account of
the above listed advantages. One can ascertain that no more new LD and OBM
vessels will be installed. There is every likelihood that they will be replaced with
hybrid converters with slight modifications depending upon available facilities.

7.4.1.4 Rotating Oxygen-Blown Converter Process

In the Kaldo process for converting operation lime, ore and fluxing material are
charged in the hot vessel (in vertical position) containing some slag left over from the
previous heat. After rotating the vessel in the horizontal position, first the scrap is
charged and then the hot metal is poured. The converter is tilted to the blowing angle
of 16–20� to the horizontal and lance is inserted through the hood at a proper angle.
The speed of rotation of the vessel and the rate of flow of oxygen are increased
slowly to their maximum value in about 5–7 min. Conditions are generated to
oxidize the entire silicon, most of the manganese present in the charge and some
of the iron. A basic, oxidizing and fluid slag is generated when lime gets dissolved in
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SiO2, MnO, and FeO formed by oxidation. After 18–20 min of blow when the entire
solid charge becomes molten, the speed of rotation of the vessel and oxygen flow
rate are reduced to about half of the starting value. Maximum dephosphorization
takes place in this period and the blow is stopped after about 25 min, and P2O5 rich
slag is drained off completely. The blow is resumed again at 6–8 rpm and low
oxygen flow rate after addition of fresh lime and coolant (ore: depending on the bath
temperature). The second blow is continued for a predetermined time in the case of
two slag practice. When a very low phosphorous content is desired the second
intermediate slag is discarded and blowing is continued again. This slag (generated
after the third stage of blowing) is retained in the converter for the next heat. In the
Kaldo process, refining is controlled by adjusting the operating variables, namely,
speed of rotation of the converter, rate of flow of oxygen, pressure of oxygen, and
lance angle. Slow speed of rotation helps in cooling the refractory lining heated by
combustion of CO inside the vessel. At high speed (30–40 rpm), the metal drawn up
along the wall falls as a shower of molten droplets through the gaseous atmosphere
and is oxidized directly. It also generates an enormous slag–metal interface suitable
for oxidation of silicon, manganese, and phosphorus as well as subsequent transfer
of SiO2, MnO, and P2O5 to the slag phase.

Since oxygen is supplied at an angle to the bath surface at a lower jet velocity
(as compared to that in an LD vessel), formation of emulsion does not take place to
any significant extent as it happens in an LD converter. The speed of rotation also
subsides emulsion formation. Silicon and manganese are oxidized during the early
part of the blow. Formation of basic, oxidizing, and fluid slag within a short time of
10–12 min due to the presence of slag from the previous heat and slow speed of
rotation at the beginning favors high rate of dephosphorization. The initial slow rate
of decarburization increases rapidly when metal droplets start falling in the converter
atmosphere at high speed of rotation. Since decarburization and dephosphorization
take place independently in the Kaldo converter, there is no binding as in the LD
process that dephosphorization has to be completed well before collapse of the
emulsion. In this process, a major amount of carbon is eliminated well before
phosphorus removal. The rate of dephosphorization increases with (i) decrease of
speed of rotation of the converter (ii) decrease of oxygen flow rate (iii) increase of
lance height, and (iv) increase in lance angle. The decarburization rate increases with
(i) increase in speed of rotation of the vessel (ii) increase in oxygen flow rate (iii)
decrease in lance height, and (iv) decrease in lance angle.

The relative rates of decarburization and dephosphorization can be achieved by
an appropriate combination of the above listed factors. Thus, the Kaldo process is
more versatile compared to the LD process and can produce a large range of products
using hot metal of varying composition. As the process is controlled by several
operating variables, it can produce steels with low P, S, C, and N for extra deep-
drawing applications. In addition to the production of carbon and alloy steels like in
the LD process, it also produces fertilizer-grade slag as a by-product. Despite being a
versatile process, it has not been commercially exploited due to high refractory
consumption. The life of refractory lining in a Kaldo converter is nearly 60–100
heats as against 200–300 heats for similar materials in an LD vessel. Productivity
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decreases considerably because of limited availability of the converter on account of
repair of the lining.

In the rotor process, a part or entire amount of the final slag from the previous heat
is retained. The heat is started by charging some lime that is spread all over the lining
by rotating the vessel. This is followed by charging the balanced lime, scrap, ore, and
hot metal. After bringing the vessel to the blowing position, oxygen is blown
through the primary lance at a constant flow rate of 70–85 m3 min�1, while the
vessel is under rotation. The blow of enriched air or pure oxygen, along with lime
powder if required, through the secondary lance starts a little later. The rotor is blown
for half the time from each end to maintain an even condition of the lining
throughout the entire length. The first stage of blow takes nearly 20–24 min
(10–12 min from each end) and produces high P2O5 slag (fertilizer grade). Blowing
is stopped and the vessel is rotated to separate slag and metal. The slag is drained off
and blowing resumes after charging fresh lime and little sand to facilitate slag
formation. In the rotor process, decarburization is favored by increasing the depth
of the primary lance in the bath, whereas dephosphorization is enhanced by reducing
the depth. The FeO content of the slag increases, that is, the slag becomes oxidizing
when primary lance is withdrawn from the bath. The low speed employed in this
process does not affect refining because rate of refining is controlled by varying
oxygen pressures in both the lances.

The process, however, did not achieve much success as it could not compete with
the LD process in terms of rate of production, capital, and operational cost. Further,
fairly high consumption of refractory in the rotor process due to rotation and
intensive heat generated on account of combustion of CO proved to be the main
bottleneck in its adoption.

7.4.2 Electric Arc Furnace (EAF) Process

The charge consisting of sponge iron, steel scrap, lime/limestone, iron ore, and coke
is dropped from baskets by raising the electrodes and swinging the roof. Hot metal
(if used) is poured through the door. As soon as the arc is struck, melting begins and
a pool of molten metal is formed. Oxidation of silicon, manganese, and phosphorus
(into their respective oxides, SiO2, MnO, and P2O5) in liquid medium leads to slag
formation. The basicity of the slag increases with dissolution of lime in the slag. CO
generated due to the oxidation of carbon stirs the bath and helps in flushing out the
dissolved gases and floating out inclusions. Basic oxidizing slag favors
dephosphorization according to reactions (7.61 and 7.62). The slag is drained off
through the door after tilting the furnace to remove a major amount of the oxidized
phosphorus. In order to maintain the basicity of the slag, fresh lime and iron ore are
charged for further refining. Removal of phosphorus enhances the C–O reaction,
which in turn produces frothing in the slag due to intensive carbon boil. Rise in the
slag level due to frothing causes an overflow through the door sill. Discard of (P2O5)
with the overflowing slag helps further dephosphorization and brings down the
phosphorus level to 0.015–0.02%. After draining out the slag, the bath is first

7.4 Chemistry of Refining 281



deoxidized in the furnace itself with ferrosilicon and ferromanganese. Finally,
deoxidation is carried out with aluminum after tapping the steel melt in a ladle.

In order to meet the demand of restrictive sulfur content, a second reducing slag is
made after draining the oxidizing slag completely. The reducing slag is formed by
charging burnt lime, sand, and fluorspar. Addition of pulverized coke forms calcium
carbide under the arc according to the reaction:

CaOð Þ þ 3C ¼ CaC2ð Þ þ COf g ð7:67Þ

(CaC2) reacts with FeO in the slag:

CaC2ð Þ þ 3 FeOð Þ ¼ CaOð Þ þ 3Feþ 2 COf g ð7:68Þ

This favors diffusion of [FeO] from the metal to the slag for further reduction of
(FeO) in the slag. Thus, carbide automatically reduces FeO content of the slag,
which amounts to decrease in oxidation potential of the bath. The EAF slag
containing 60–65% CaO, 18–22% SiO2, 7–9% MgO, 1–2% CaC2 and small
amounts of FeO, CaS, MnO, Al2O3, and so on is reducing in nature, hence favors
desulfurization.

7.4.3 Open-Hearth Process

Open-hearth furnace can treat varying proportions of steel scrap and hot metal to
produce steel. In basic open-hearth process, iron ore, limestone or lime are added to
generate basic oxidizing slag in order to remove phosphorus present in the hot metal.
It is important to note that the silicon content of the hot metal, containing
0.22–0.30% phosphorus, should not exceed 1% so as to achieve the desired basicity
of the slag. In open-hearth furnace, slag performs dual functions: (i) receives impu-
rities and (ii) refines the medium. As per normal practice in steel plants, scrap,
limestone, and iron ore were charged first. After heating the charge to a state of
incipient fusion, hot metal was poured. Addition of limestone was advantageous
because its decomposition gives rise to evolution of CO2, which causes agitation in
the bath. For melting, the charge burners were turned on in full. In the melt, silicon
and manganese were oxidized as per reactions (7.54) and (7.55) which were facil-
itated by reaction (7.52). As free energy of formation of SiO2 is much less compared
to that of CO, oxidation of carbon normally does not occur in the melting down
period. During melting, lime reacts with SiO2 to form slag (reactions 7.58 and 7.59).
In order to achieve the desired carbon content in steel, extra carbon in the form of
petroleum/ anthracite coke or graphite block had to be added below the level of steel
scrap, particularly when the charge consisted of a larger proportion of scrap.

As steelmaking is an oxidizing process, a steady and continuous supply of oxygen
has to be maintained by dissociation of iron ore. Being an endothermic reaction
dissociation of Fe2O3 at the slag–metal interface is slow due to limited supply of heat
at the interface. Hence, supply of oxygen is increased by oxygen lancing into the bath
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(hot metal) beneath the slag level. The bath is agitated vigorously by evolution of CO
due to C–O reaction at the steelmaking temperature. The CO evolution is known as
carbon boil, which improves heat transfer, slag–metal interaction, and flotation of
inclusions. Increased solubility of lime at higher temperature increases basicity of the
slag. Viscosity is controlled by the addition of fluorspar (CaF2). The two main slag–
metal reactions, dephosphorization and desulfurization, are favored by highly basic
slag. But the former requires oxidizing slag and low temperature, whereas the latter
needs reducing slag and high temperature. As the basic open-hearth slag that contains
about 15% FeO is highly oxidizing, it is suitable for dephosphorization; desulfuriza-
tion takes place only to a limited extent. In order to avoid phosphorus reversion,
excess oxygen is partially removed by addition of ferrosilicon and ferromanganese.
Finally, deoxidation is carried out by aluminum after tapping the steel in a ladle.

7.4.4 Bessemer Process

As oxidation of carbon, silicon, manganese, sulfur, and phosphorus are highly
exothermic reactions, the heat generated during blowing makes the Bessemer process
self-sustaining and no extra fuel is required. The hot metal containing about
3.5–4.0% C, 0.04–0.05% S, 0.03–0.04% P, 2.0–2.5% Si, and 0.75–1.0% Mn was
refined in acid Bessemer converter, whereas basic Bessemer was employed for the hot
metal analyzing 3.0–3.5%C, 0.08–0.10% S, 1.8–2.5% P, 0.6–1.0% Si, and 1.0–2.5%
Mn. Oxidation of silicon and phosphorus is the principal source of heat in acid as well
as in basic Bessemer processes, respectively. Oxidation of carbon and manganese
also provides some heat to make up part of the requirement. Oxidation of all these
impurities raises the temperature of the hot metal from the initial 1250–1350 �C to
1600–1650 �C, suitable for refining molten steel. Oxidation of carbon produces long
flames at the mouth of the converter. The C–O reaction controls the flame length,
which diminishes when reaction ceases. However, oxidation of phosphorus continues
for another 3–4 min. Due to larger mass, initially iron gets oxidized as soon as air is
blown into the hot metal. In both acid and basic Bessemer processes, the FeO formed
first reacts with silicon. This is followed by the oxidation of manganese present in the
hot metal. Excess (FeO) and (MnO) react with (SiO2) to form silicate slag (reactions:
7.56 and 7.57). Oxidation of carbon begins only after silicon and manganese present
in the hot metal are completely oxidized: ([C] + (FeO) ¼ [Fe] + {CO}).

In the Bessemer converter, the heterogeneous C–O reaction takes place at sites of
nitrogen bubbles formed in the metallic bath, in which air is blown. CO that escapes
through the mouth of the converter burns and produces flame. The flame is longer
when C–O reaction is fast and gradually diminishes as reaction ceases. The converter
is tilted for addition of deoxidizers (ferrosilicon and ferromanganese) and carbon in
appropriate form for adjustment of the composition.

Operation of the basic Bessemer differs from that of the acid Bessemer in
charging limestone before starting the blow. The sequence of removal of silicon,
manganese, and carbon is similar to that followed in the acid Bessemer process; that
is, oxidation of carbon starts after silicon and manganese have been completely
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removed. In basic process, oxidation of phosphorus starts when the flame due to
burning of CO has almost diminished. This necessitates blowing to be continued for
an additional 3–4 min. This duration is known as the “after-blow period.” During
this period, oxidation of phosphorus generates sufficient heat for lime dissolution in
the slag. Phosphorus oxidized to P2O5 in the after-blow period reacts with (CaO) to
form calcium phosphate (reactions: 7.61, and 7.62). The basic slag is helpful in
desulfurization to some extent (reactions: 7.63, 7.64, and 7.65).

There is large variation in the slag produced by acid and basic processes. For
example, acid Bessemer slag contained 57–67% SiO2, 12.0–18.0% FeO,
12.0–18.0% MnO, 2.0–4.0% Al2O3, less than 1.0% FeO, CaO, and MgO in traces,
whereas basic Bessemer slag analyzed 7.0–10% SiO2, 12.0–17.0% FeO,
25.0–30.0% CaO, 18.0–22.0% P2O5, 10.0–15.0% MgO, 10.0% Al2O3, 5.0–6.0%
Fe2O3, and MnO in traces.

It is interesting to note that the first revolution in the steel industry was observed
in the 1850s by invention of the Bessemer pneumatic process. The second revolution
took place in the 1950s by the availability of tonnage oxygen. The third revolution in
steelmaking technology came through the hybrid process in the late twentieth
century. The second revolution is important from the view point of thermodynamics
of refining, whereas the third one representing near equilibrium conditions is based
on the thorough understanding of thermodynamics and kinetics of refining reactions.
The close equilibrium is attained without loss of production and quality of steel even
by charging scrap and hot metal in certain proportions.

7.5 Problems [25–27]

Problem 7.1
A pig iron containing 0.1% S, 0.3% Si, 3.4% C, 0.8% Mn, and 1.8% P is
desulfurized at 1300 �C according to the following two reactions:

1. [S]1wt % + (CaO) (s) + [C] ¼ (CaS) (s) + CO (g), ΔGo
1¼ 23,090–25.14 T cal

2. [S]1wt % + 2 (CaO) (s) + ½ [Si] ¼ (CaS) (s) + ½ (2CaO.SiO2) (s),
ΔGo

2¼ � 53,945 + 17.85 T cal

Assuming that iron is saturated with carbon and all solid compounds are pure and
pCO ¼ 1 atm, show that desulfurization is favored in the presence of silicon, given
that, fS ¼ 3.6 and fSi ¼ 4.5.

Solution
T ¼ 1573 K,

ΔGo
1 ¼ 23090� 25:14 T cal ¼ �RT lnK1,ΔGo

1 ¼ �16455:7,K1 ¼ 193:4

ΔGo
2 ¼ �53945þ 17:85 T cal ¼ �RT lnK2,ΔGo

2 ¼ �25867,K2 ¼ 3930
K1 and K2 for reactions (1) and (2), respectively, can be expressed as:
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K1 ¼ 193:4 ¼ aCaS:pCO
aS½ � aCaOð Þ aC½ � ¼

1
fS:%S½ �

(since CaS, CaO and 2CaO.SiO2 are pure solids, aCaS ¼ 1 ¼ aCaO ¼ a2CaO:SiO2

and pig iron is saturated with C, aC ¼ 1 and [aS] ¼ [fS. % S])

∴ %S½ �1 ¼
1

fS:K1
¼ 1

3:6� 193:4
¼ 0:00144

K2 ¼
aCaS:a

1=2
2CaO:SiO2

aS½ �: a2CaO
� �

: aSi½ �1=2 ¼
1

fS:%S½ �: fSi:%Si½ �1=2

∴ %S½ �2 ¼
1

K2 fS: fSi:%Si½ �1=2

¼ 1

3930� 3:6 4:5� 0:3½ �1=2 ¼ 0:00006

Hence, the presence of silicon in reaction (2) favors desulfurization.

Problem 7.2
(Elliott, J. F., 1980–1981, personal communication, Massachusetts Institute of
Technology, Cambridge)

Using the interaction coefficients and thermodynamic data, compare the relative
case with which sulfur can be removed from the following two compositions of
liquid iron at 1600 �C.

Liquid iron %C %Si %Mn %S %P

A 0.05 0.002 0.05 0.025 0.01

B 2.00 0.80 0.90 0.025 0.05

Given that:

%C½ � þ %O½ � ¼ CO gð Þ,ΔGo ¼ �22400� 39:6 T , J

eCS ¼ 0:11, eSiS ¼ 0:063, eMn
S ¼ �0:026, eSS ¼ �0:028, ePS ¼ 0:29, and eOS ¼ �0:27

eCO ¼ �0:34, eSiO ¼ �0:23, eMn
O ¼ �0:083, eSO ¼ �0:27, ePO ¼ 0:13, and eOO ¼ �0:20

Solution
The desulfurization reaction may be considered as follows:

S½ � þ O2�� � ¼ S2�
� �þ O½ � ð1Þ

K ¼ aO½ �: aS2�ð Þ
aO2�ð Þ: aS½ � ¼

fO%O½ �: xS2�ð Þ
xO2�ð Þ: fS%S½ � ð2Þ
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log K ¼ log
xS2�
xO2�

� 	
þ log %O½ � þ log fO � log %S½ � � log fS ð3Þ

log xS2�
xO2�

� �
refers to the property of slag only, and further the above Eq. (3) can be

written separately for two iron A and B, marked correspondingly and on equating the
log K, we get:

log
xS2�
xO2�

� 	
þ log %O½ �A þ log f AO � log %S½ �A � log f AS

¼ log
xS2�
xO2�

� 	
þ log %O½ �B þ log f BO � log %S½ �B � log f BS

log
%S½ �A
%S½ �B

" #
¼ log %O½ �A þ log f AO � log f AS � log %O½ �B � log f BO

þ log f BS ð4Þ

Assuming pCO ¼ 1 atm for the CO bubbles coming out of the melt.
[% C] + [% O] ¼ CO (g), ΔGo ¼ � 22400 � 39.6 T, J
at T ¼ 1873 K,
ΔGo ¼ � 96570.8 J ¼ � RTlnK
Assuming the validity of Henry’s law: ai ¼ wt % i

K ¼ pCO
aC:aO

¼ pCO
%C½ �: %O½ �

∴lnK ¼ ln
pCO

%C½ �: %O½ �
� 	

¼ 96570:8
8:314� 1873

¼ 6:2015

∴
pCO

%C½ �: %O½ � ¼ 493:5

In iron A, [%C] ¼ 0.05

%O½ �A ¼ 1
493:5� %C½ � ¼

1
493:5� 0:05

¼ 0:04053

In iron B, [%C] ¼ 2.00, [%O]B ¼ 0.00101
From the value of interaction coefficients:

log f AS ¼ %C:eCS þ%Si:eSiS þ%Mn:eMn
S þ%S:eSS þ%P:ePS þ%O:eOS

¼ 0:05� 0:11ð Þ þ 0:002� 0:063ð Þ þ 0:05� �0:026ð Þ þ 0:025�
�0:028ð Þ þ 0:01� 0:29ð Þ þ 0:041� �0:27ð Þ ¼ �0:004544
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log f BS ¼ 2:0� 0:11ð Þ þ 0:80� 0:063ð Þ þ 0:90� �0:026ð Þ þ 0:025�
�0:028ð Þ þ 0:05� 0:29ð Þ þ 0:00101� �0:27ð Þ ¼ 0:2614

log f AO ¼ %C:eCO þ%Si:eSiO þ%Mn:eMn
O þ%S:eSO þ%P:ePO þ%O:eOO

¼ 0:05� �0:34ð Þ þ 0:002� �0:23ð Þ þ 0:05� �0:083ð Þ þ 0:025�
�0:27ð Þ þ þ0:01� 0:13ð Þ þ 0:041� �0:20ð Þ ¼ �0:03526

Similarly, log f BO ¼ �0.93897
Substituting the values in Eq. (4)

log
%S½ �A
%S½ �B

" #
¼ log %O½ �A þ log f AO � log f AS � log %O½ �B � log f BO þ log f BS

¼ log 0:04053ð Þ � 0:03526� �0:0045ð Þ � log 0:00101ð Þ � �0:93897ð Þ þ 0:2614

¼ 2:7731

∴
%S½ �A
%S½ �B

" #
¼ 593

Hence, after desulfurization [%S] in iron B ¼ 1
593 ½%S] in iron A. Thus, better

desulfurization (i.e., lower residual sulfur in the hot metal) can be achieved in the
presence of larger amount of impurities (i.e., total of C, Si, Mn and P).

Problem 7.3
Calculate the pressure of CO and CO2 in the gas bubbles formed from the reaction
between carbon and oxygen in liquid iron at 1600 �C for melts containing (a) 1% C,
(b) 0.1% C, and (c) 0.03% C. Assume: ai ¼ %i½ � and pCO þ pCO2

¼ 1 atm
Given that:

CO2 (g) ¼ [%C] + 2 [%O], ΔGo
1¼ 184,100–47.9 T J

[%C] + [%O] ¼ CO (g), ΔGo
2¼ �22,400 – 39.6 T J

Solution
For the reaction under question:

CO2 gð Þ þ %C½ � ¼ 2CO gð Þ,ΔGo ¼ ΔGo
1 þ 2:ΔGo

2 ¼ 139300� 127:1T ¼ �RT lnK

and K ¼ p2CO
pCO2

: %C½ � ,ΔG
o at 1873K ¼ �98758:3 J

Thus, we can write:
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ΔGo ¼ �98758:3 ¼ �8:314� 1873� ln
p2CO

pCO2
%C½ �

" #

∴ ln
p2CO

pCO2
%C½ �

" #
¼ 6:342

and
p2CO

pCO2
%C½ �

" #
¼ 567:93

given pCO þ pCO2
¼ 1 atm

∴
p2CO

1�pCOð Þ %C½ �
h i

¼ 567:93

(a) [%C] ¼ 1 wt%, on substitution we get the following equation:

p2CO þ 567:93 pCO � 567:93 ¼ 0

∴pCO ¼ 0:998 atm

and pCO2:
¼ 0.002 atm

(b) similarly when [%C] ¼ 0.1%, pCO ¼ 0:983 atm and pCO2
¼ 0.017 atm

(c) when [%C] ¼ 0.03%, pCO ¼ 0:947 atm and pCO2:
¼ 0.053 atm Ans.

Problem 7.4
Carbon in the liquid iron can reduce silica in the refractory by the reaction:

2[%C] + SiO2(l) ¼ [%Si] + 2CO(g). The standard free energy of formation of
silica is given as

[%Si] + 2[%O] ¼ SiO2 (l), ΔGo ¼ � 594100 + 230 T J

(a) What are the equilibrium concentrations of carbon and oxygen in the metal at
1600 �C and pCO ¼ 1 atm when %Si ¼ 0.16?

(b) What will happen to the composition of the metal in part (a) if the temperature of
the system is raised to 1800 �C?

Assume that activities of species in themetal are equal to their compositions inwt%.

Solution
%Si½ � þ 2 %O½ � ¼ SiO2 lð Þ,ΔGo

1 ¼ �594100þ 230T J

From the previous question we know that [%C] + [%O] ¼ CO (g),

ΔGo
2 ¼ �22400� 39:6T J

Therefore,ΔGo for the reaction under question: 2[%C] + SiO2 (l)¼ [%Si] + 2CO (g)
is obtained as ΔGo ¼ 2ΔGo

2 � ΔGo
1 ¼ 549300� 309.2T J at 1873 K,

ΔGo ¼ � 29831.6 J ¼ � RTlnK
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and K ¼ %Si½ �:p2CO
%C½ �2::aSiO2

∴ΔGo ¼ �29831:6 J ¼ �8:314� 1873� ln
%Si½ �:p2CO
%C½ �2::aSiO2

" #

ln
%Si½ �:p2CO
%C½ �2::aSiO2

" #
¼ 1:9157

%Si½ �:p2CO
%C½ �2::aSiO2

" #
¼ 6:792

if aSiO2 ¼ 1,
%Si½ �:p2CO
%C½ �2: ¼ 6:792

(a) pCO ¼ 1 atm, [% Si] ¼ 0.16

%C½ �2 ¼ 0:16� 1
6:791

%C½ � ¼ 0:1535 wt% Ans

Consider equation: [C] + [O] ¼ CO (g), ΔGo
2¼ �22,400 – 39.6 T

at 1873 K, ΔGo
2¼ �96570.8 J ¼ �RT lnK, K ¼ 493.5 ¼ pCO

%C½ �: %O½ �

∴ %O½ � ¼ pCO
%C½ �:493:5 ¼ 1

0:1535� 493:5
¼ 0:013% Ans:

(b) when T ¼ 1800 �C ¼ 2073 K,

ΔGo ¼ 549300� 309:2 T ¼ 549300� 309:2� 2073 ¼ �91671:6 J

∴ ln
%Si½ �:p2CO
%C½ �2:

" #
¼ 91671:6

8:314� 2073
¼ 5:319

and
%Si½ �:p2CO
%C½ �2:

" #
¼ 204:168

when pCO ¼ 1 atm and [% Si] ¼ 0.16
[%C] ¼ 0.028%

for the reaction: [% C] + [% O] ¼ CO (g), at 2073 K, ΔGo
2 ¼ �104490:8 J
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∴ ln
pCO

%C½ �: %O½ �

 �

¼ 104490:8
8:314� 2073

¼ 6:063

or pCO
%C½ �: %O½ � ¼ 429:6

when pCO ¼ 1 atm and [%C] ¼ 0.028%

%O½ � ¼ pCO
%C½ �:429:6 ¼ 1

0:028� 429:6
¼ 0:083

Hence, the composition of the metal at 2073 K would be as follows:

%Si½ � ¼ 0:16 wt%, %C½ � ¼ 0:028 wt%, and %O½ � ¼ 0:083 wt%: Ans

Discussion With the increase of temperature from 1600 �C to 1800 �C, the free
energy for the decarburization reaction decreases (for example, at 1600 �C, ΔG0¼
�96570.8 J and at 1800 �C, ΔG0 ¼ � 104490.8 J). This means decarburization
reaction becomes more feasible with increase of temperature; hence, lower carbon is
attained in the melt.

Problem 7.5
In the basic open-hearth process, the reaction of manganese in the bath with iron
oxide (FeO) in the slag attains a condition very close to true equilibrium. The steel
contains 0.065 at % Mn and the slag analyzes (by wt%) as FeO-76.94%, Fe2O3-
4.15%, MnO-13.86%, MgO-3.74%, SiO2–1.06%, and CaO-0.25%. Calculate the
value of equilibrium constant and standard free energy change for the above reaction
at 1655 �C, assuming that the slag and Fe–Mn system behave ideally at this
temperature. Neglect the effect of other metalloids present in the steel.

Given that: molecular weights of FeO: 71.85, Fe2O3:159.70, MnO: 70.94, MgO:
40.32, SiO2: 60.09, and CaO: 56.08.

Solution
The reaction may be represented as:

FeOð Þslag þ Mn½ �metal ¼ MnOð Þslag þ Fe½ �metal

K ¼ aMnOð Þ: aFe½ �
aFeOð Þ: aMn½ �

Assuming ideal behavior in the slag and in Fe–Mn system at 1655 �C, we can
write:

K ¼ xMnOð Þ: xFe½ �
xFeOð Þ: xMn½ �

Since the other metalloids present are negligible and Mn content is small, mole
fraction of Fe may be assumed to be 1.
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∴K ¼ xMnOð Þ
xFeOð Þ: xMn½ �

Analysis of the slag needs to be converted into mole fraction:

Constituents wt% mol wt g mol

FeO 76.94 71.85 1.0710

Fe2O3 4.15 159.70 0.0260

MnO 13.86 70.94 0.1954

MgO 3.74 40.32 0.0928

SiO2 1.06 60.09 0.0176

CaO 0.25 56.08 0.0045

In slag, iron and oxygen are also present as Fe2O3. Hence, mole fraction of Fe2O3

should be converted in terms of FeO in order to obtain total value of xFeO. Since the
conversion takes place according to the reaction: Fe2O3(s) ! 2FeO(s) + 1

2 O2 gð Þ ,
1 mol of Fe2O3 will give 2 mol of FeO.

∴Total number of g mol of FeO ¼ g mole of FeOþ 2� g mol of Fe2O3

¼ 1:0710þ 2� 0:0260 ¼ 1:1230
Total g mol of constituents in the

slag¼ 1.1230 + 0.1954 + 0.0928 + 0.0176 + 0.0045 ¼ 1.4333

∴Total xFeOð Þ ¼ 1:1230
1:4333

¼ 0:7835

xMnOð Þ ¼ 0:1954
1:4333

¼ 0:1363

xMn½ � ¼ 0:065
100

¼ 0:065� 10�2

∴K ¼ xMnOð Þ
xFeOð Þ: xMn½ � ¼

0:1363
0:7835� 0:065� 10�2

� � ¼ 267:7

ΔGo ¼ �1:987� 1928� ln 267:7ð Þ ¼ �21414 cal Ans
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Chapter 8
Secondary Steelmaking

Until the recent past, the mechanical properties and surface quality of steel produced
by conventional processes, for example, open hearth, LD, OBM, and so on were up
to the satisfaction of consumers in meeting their general requirements. However, in
recent years, there has been a steadily increasing demand for better quality steels in
terms of lower impurity contents, better surface finish, better internal quality (i.e.,
inclusion-free), and specific grain size as well as in their mechanical properties in
terms of strength, toughness, and workability under extreme forming conditions. In
order to fulfill the stringent demand of consumers it has become essential on the part
of steel producers to drastically lower down the impurity level in steel, in some cases
to a few parts per million. For example, alloy steel forgings, line-pipe steel, and
HIC-resistant steel need ultralow sulfur, as low as 0.001% S (10 ppm). It is important
to note that secondary treatment reduces the concentration of sulfur, oxygen, nitro-
gen, hydrogen, and nonmetallic inclusions. Thus, modern steelmaking is classified
into two categories: “primary and secondary.” The first category includes the major
bulk of steelmaking processes that carry out total refining and melting (if required).
In fast (primary steelmaking) processes where operations are completed within
60 min, the resulting steel may not always meet the desired specifications. Hence,
the primary steelmaking processes are nowadays restricted to bulk steel production
of ordinary quality steels for construction purposes. In order to adhere to the specific
composition, molten steel from these units is processed in ladles. This ladle treat-
ment is known as “secondary steelmaking,” which in fact is the second stage of
refining that is carried out for the final refining and finishing. By controlling the
composition in this way, the deleterious effect of impurities on the mechanical
properties is avoided and steel with better internal quality and ultralow carbon/
sulfur/phosphorus can be produced. Nowadays, secondary steelmaking units have
become an essential part of the integrated steel plants to supply sophisticated grade
of steel for continuous casting. In recent years, a large number of research investi-
gations [1–6] have been conducted on secondary refining to produce inclusion-free
steels containing ultralow carbon, silicon, and phosphorus.
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Secondary steel refining homogenizes the temperature and composition of the
steel bath; facilitates decarburization, desulfurization, dephosphorization, deoxida-
tion, nitrogen and hydrogen removal, and attainment of the required teeming tem-
perature; controls the shape of the inclusions; and improves the cleanliness of the
steel. All these objectives cannot be achieved in one single unit. In order to fulfill
these requirements, one or more units like inert gas purging (IGP), ladle furnace
(LF), injection metallurgy (IM), vacuum degassing, and so on may be employed. In
this chapter, a brief account on IGP, LF, and IM will be given and the physicochem-
ical aspects of refining using synthetic slag, deoxidation, and degassing will be
discussed. These units are employed according to the requirement of the desired
quality of steels. The sequence of use of units differs from plant to plant. Stainless
steelmaking, which involves melting in electric arc furnaces (EAF) and decarburi-
zation and alloying in ladles either under argon or vacuum, will also be discussed in
this chapter.

8.1 Inert Gas Purging (IGP)

In 1933, the Perrin process was developed as a novel method for thorough mixing of
slag and metal with the prime objective of effective removal of nonmetallic inclu-
sions from steel before casting. In this process, liquid steel is allowed to fall in a short
time as a fine stream over a synthetic nonoxidizing molten slag pool. The heavy
turbulence due to enforcement, which causes the vigorous mixing of the slag and
metal results in effective and efficient desulfurization as well as in deoxidation and
scavenging of nonmetallic inclusions to produce finally cleaner low-sulfur steel.
Better results were obtained by pouring the synthetic slag and the liquid refined steel
simultaneously in a transfer ladle. In recent years, efficient mixing is brought out by
purging molten steel with argon from the ladle bottom either through porous bricks
or through a top lance immersed into the melt in an open ladle. The stirring caused by
gas bubbles, not only helps in the homogenization of temperature and composition
(better mixing of alloying elements) but also facilitates faster deoxidation and
flotation of inclusions. IGP is used very effectively for efficient mixing of slag and
metal in synthetic slag refining as well as in IM for desulfurization and
dephosphorization. A high degree of deoxidation and desulfurization can be
achieved by maintaining proper slag composition and by thorough stirring of the
slag and metal by vigorous gas blowing. Nonmetallic inclusions are carried away by
the rising argon bubbles to join the slag phase. Dissolved hydrogen in the metal
diffuses into the bubbles which act as sites for C–O reaction. CO gas formed also
diffuses into argon bubbles.

In recent years, the introduction of Sealed Argon Bubbling (SAB) and Capped
Argon Bubbling (CAB) by Japanese has further improved the IGP technique. In
SAB, an immersion box is dipped below the synthetic slag layer kept on the surface
of the bath in such a way that it is located above the porous plug fitted at the bottom
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of the ladle. This arrangement protects the steel from atmospheric exposure by rising
bubbles. In CAB, a cover is placed over the ladle. The Nippon Steel Corporation has
introduced a new process known as CAS-OB (standing for Composition Adjustment
by Sealed Argon Bubbling—Oxygen Bubbling) to minimize the loss of deoxidizers
and alloy additions. The combination of high turbulence and stirring makes disso-
lution faster as well as raises the bath temperature due to exothermic oxidation of
aluminum by oxygen blown in the melt.

8.2 Ladle Furnace (LF)

In recent years, ladle furnaces are used extensively to carry out most of the secondary
refining economically. A simple ladle fitted with a bottom plug for purging/intro-
ducing argon and a lid with piercing electrodes works like an arc furnace for heating
the steel bath. The lid (top cover) protects the bath from atmospheric oxidation. For
evacuation, another lid with openings for additions and injection is attached to the
ladle. Thus, in one unit that is equipped with heating facility, stirring, vacuum
treatment, deoxidation, desulfurization, composition adjustment, synthetic slag
refining, injection, and so on can be carried out with proper control of temperature.
Slag composition can also be adjusted in the ladle furnace according to the require-
ment by adding CaO, CaF2, and so on.

In the ladle furnace, steel can be refined to the desired adequate level by a
synthetic slag. A basic slag consisting of CaO (50–55%), MgO (9–10%), SiO2

(5–12%), Al2O3 (20–25%), FeO + MnO (1–2%), TiO2 (0.4%), and some CaF2 is
generally used. The heating and stirring capabilities make the ladle versatile for
(i) deoxidation either in vacuum or by addition of Mn, Si, Al, and so on (ii) faster
melting and homogenization after alloy additions, (iii) effective desulfurization by
forming suitable slag, (iv) elimination of nonmetallic inclusions, and (v) better alloy
recovery.

8.3 Deoxidation

Iron ore is smelted under highly reducing conditions to produce hot metal (molten
pig iron) that is refined under oxidizing conditions to make steel. In all steelmaking
processes, either air or oxygen is blown or surplus air/oxygen is provided to facilitate
quick oxidation of impurities. Under these conditions, oxygen easily gets dissolved
in the steel melt. At 1600 �C, the maximum solubility of oxygen in pure iron is
0.23 wt%, which increases to 0.48% [7] at 1800 �C. Solubility is affected by
impurities like C, Si, Mn, P, and so on and alloying elements, such as Ni, Co,
Cr, V, and so on. The effect of alloying elements on the activity coefficient of oxygen

8.3 Deoxidation 295



in liquid iron at 1600 �C is shown in Fig. 8.1. During steelmaking, as refining
progresses, the concentrations of impurities decrease, and there is a continuous
increase of dissolved oxygen in the steel melt. Thus, finally as high as 0.05–0.1%
[O] is dissolved in the melt. The excess oxygen is expelled during the solidification
of steel due to the low solid solubility of about only 0.003% (i.e., 30 ppm). Hence,
the production of sound castings warrants the removal of residual oxygen from the
refined steel. The process of removal of oxygen from the steel melt is known as
“deoxidation.” Oxygen from the steel melt can be removed by the following two
methods:

1. Precipitation deoxidation, where the residual oxygen is allowed to react with
elements having higher affinity for oxygen (compared to what iron has for
oxygen) to form oxide products. These oxides are relatively more stable as
compared to FeO and have very limited solubility in liquid steel. Being lighter
than steel the oxide products rise to the top surface and can be easily removed.
Precipitation deoxidation is practiced extensively because it is very effective in
decreasing oxygen content of the steel.

2. Alternatively, the oxygen content of the refined steel can be reduced by vacuum
treatment of the bath or by bubbling inert gas through the melt. Application of
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vacuum as well as bubbling of inert gas lowers down the partial pressure of CO in
the system and favors oxygen removal from the melt due to the formation of CO
gas according to the reaction:

C½ � þ O½ � ¼ CO gð Þ ð8:1Þ

8.3.1 Choice of Deoxidizers

On addition of the appropriate amount of the deoxidizer in the steel bath, the reaction
affecting the removal of some dissolved oxygen and the formation of the oxide of the
most reactive metal present in the deoxidizer takes place. The reaction continues
until equilibrium is attained between the oxygen in the bath and the deoxidizing
element and the oxide formed. A generalized form of chemical equilibrium that deals
with the deoxidation product in contact with the steel melt may be represented as:

x M½ � þ y O½ � ¼ MxOy s, lð Þ ð8:2Þ

for which the equilibrium constant is given as:

K ¼ aMxOy

aM½ �x aO½ �y ð8:3Þ

If the deoxidation product is pure solid, aMxOy ¼ 1 and since we are dealing with
infinitely dilute solutions of deoxidizers and oxygen in the melt, in the simplest case,
according to Henry’s law, we can write aM ¼ [%M] and aO ¼ [%O]. Then the
solubility product, K0 ¼ [%M]x[%O]y is constant at a given temperature. K0 is known
as the deoxidation constant of the element, M. However, in most cases, the deoxi-
dation problem is not so simple. In order to account for any deviation from Henry’s
law (ai ¼ fi. [%i]), Eq. 8.3 is modified as:

K ¼ 1
f xM %M½ �x f yO %O½ �y ð8:4Þ

Thus, the equilibrium constant, K and the deoxidation constant, K0 are related as:

f xM: f
y
O:K

0 ¼ 1
K

ð8:5Þ

When Henry’s law is obeyed in infinitely dilute solution, fM and fO!1 as [% M]
and [%O]! 0, the two constants K and K0 are simply the inverse of each other (i.e.,
K 0 ¼ 1

K).
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The choice of deoxidizers depends on a number of factors based on thermody-
namics and the physics of formation and removal of the oxide products. Thermo-
dynamically, the best deoxidizing element (deoxidizer) should have the least amount
of dissolved oxygen [O] left in equilibrium with its own lowest concentration in the
steel melt. Aluminum, silicon, and manganese are used as common deoxidizers
because they are reasonably cheap. Sometimes zirconium, titanium, and calcium are
used in deoxidation of steel but they are costlier than common deoxidizers. Although
rare earths, beryllium, and thorium can serve as deoxidizers because their oxides are
more stable, the high cost factor encourages their application only in special cases.
They are normally added in the steel bath after adequate deoxidation. Chromium,
vanadium, and boron form relatively stable oxides resulting in the reduction in
oxygen content of the bath but there is some loss of the added elements. Nickel,
copper, cobalt, tin, lead, silver, niobium (columbium), and tantalum will not deox-
idize the steel bath because their oxides are less stable as compared to FeO. In
addition to the stability of the oxides, the activity of the elements and oxygen in the
bath as well as the composition, purity, and nature (acid or basic) of the oxide formed
must be given due consideration in understanding the behavior of the element toward
oxygen. The residual content of the deoxidizer in steel after deoxidation should not
adversely affect the mechanical properties of steel. Thus, it is essential that the
residual deoxidizing element left must be controlled within the prescribed limit of
the chemical specifications. The rate of deoxidation, that is, the formation of oxide
products must be fast. Since kinetic data on deoxidation are very limited, thermo-
dynamic consideration plays a major role in the selection of deoxidizers as well as in
the estimation of residual content of the deoxidizers in steel at the end of
deoxidation.

Zirconium being the most powerful deoxidizer is used in alloy steelmaking. The
extent of deoxidation achieved by 8 wt% Si can be easily obtained by 0.7 wt% B or
0.1% Ti or 0.002% Al or 0.00003% Zr [7]. The deoxidizing power of a number of
elements has been shown in Fig. 8.2 in terms of activities of oxygen and the
deoxidizers (added elements). Activity instead of composition is preferred because
the oxygen content in alloy steels will be strongly affected by the presence of
alloying elements in the steel melt. Hence, the knowledge of the interaction coeffi-
cients [10] of all the elements present in the melt with oxygen and the deoxidizing
element is essential for a precise estimation of the oxygen content of the bath on
addition of the deoxidizer. Under normal conditions, when the steel melt is
deoxidized by a strong deoxidizer like Al the concentration of oxygen is calculated
by the activity of Al only after its equilibrium is reached. However, the case is not so
simple when more than one deoxidizer is used.

8.3.2 Complex Deoxidizers

Deoxidation carried out by only one element is called “Simple Deoxidation”
whereas addition of more than one element in the steel bath for this purpose is
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known as “Complex Deoxidation,” Si + Mn, Si + Mn + Al, Ca + Si, and Ca + Si + Al
are important complex deoxidizers. The use of complex deoxidizers may result in a
different reaction product from that obtained when only one element is used. The
resulting oxide products may form a solution in which the activities of each of these
oxides may be reduced extensively. Lowering of activities increases the deoxidizing
power of the element to a degree much above what would be achieved by using one
element. Silicon and manganese present the most widely used combination of
complex deoxidizer. These are added simultaneously in the form of ferroalloys in
the steel bath held in a furnace or ladle. Deoxidation with manganese gives rise to the
formation of liquid or solid solution of FeO and MnO, which may be represented as:

Mn½ � þ FeOð Þ s, lð Þ ¼ Fe½ � lð Þ þ MnOð Þ s, lð Þ ð8:6Þ

Since FeO andMnO form ideal solutions (ai¼ xi) and at infinite dilution aMn¼ [%
Mn] and aFe ¼ 1.

KMn ¼ xMnOð Þ
xFeOð Þ %Mn½ � ð8:7Þ
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The temperature dependence of KMn [9] for the liquid and solid oxides is given as:

logKMn liqð Þ ¼ 6440
T
� 2:95 ð8:8Þ

logKMn solð Þ ¼ 6945
T
� 2:95 ð8:9Þ

From the equilibrium studies [11, 12] of a Si–O reaction in liquid iron, it has been
concluded that the deoxidation constant, K 0Si ¼ %Si½ �: %O½ �2 is independent of the
silicon content in silica-saturated melt containing < 3 wt% Si. With increasing
percent Si up to approximately 3%, fSi and fO increase and decrease, respectively,
in such a way that KSi remains constant. Deoxidation with silicon is much more
effective as compared to manganese but simultaneous deoxidation by both the
elements leaves much lower residual oxygen in the melt due to reduced activity of
SiO2 in an FeO–MnO–SiO2 slag. Assuming that the deoxidation product is pure
manganese silicate, the sum of deoxidation reactions [9] by silicon and manganese is
represented as:

Si½ � þ 2 MnOð Þ ¼ 2 Mn½ � þ SiO2ð Þ ð8:10Þ

For the above reaction:

KMn,Si ¼ %Mn½ �2 aSiO2ð Þ
%Si½ � a2MnO

� � ð8:11Þ

and logKMn:Si ¼ 1510
T
þ 1:27 Ref:9ð Þ ð8:12Þ

The results based on such calculations are shown in Fig. 8.3. The figure highlights
the role of manganese in enhancing the deoxidizing power of silicon although the
effect decreases with increasing silicon content. From the figure, it is clear that the
residual oxygen in the melt containing 0.05% Si decreases from 0.022 to 0.015 wt%
when the manganese content is increased from zero to 0.8%. However, when the
silicon content increases to 0.15% a similar increase in manganese in the melt
reduces the residual oxygen from 0.013 to 0.009 wt%.

From the above equilibrium data, the amount of Si/Mn to be added in a steel melt
to get the desired level of deoxidation can be calculated. The deoxidation product,
solid silica, is formed above a critical ratio [9] of [%Si]/[%Mn] at a particular
temperature. The critical Si and Mn contents of steel in equilibrium with silica-
saturated MnSiO3 slag after deoxidation at different temperatures have been
presented in Fig. 8.4. From the figure, it is evident that at all temperatures for the
metal compositions lying above the curve, manganese does not take part in the
deoxidation reaction and solid silica is formed. On the other hand, for the metal
composition lying below the curve, the deoxidation product is liquid manganese
silicate whose composition is controlled by the ratio [%Si]/[%Mn] in the metal.
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From the above discussion, it is clear that silicon alone is a very effective deoxidizer
but it produces a solid product, which poses problems in separation from the steel
melt. Though manganese is not as effective as silicon, it produces a liquid deoxida-
tion product. Both silicon and manganese when used together give better results.
Deoxidation, first carried out by the addition of ferromanganese in steel melt pro-
duces the FeO–MnO liquid slag, which dissolves SiO2 when ferrosilicon deoxidizes
the melt in the second step.

In the resulting slag, FeO–MnO–SiO2, the activities of SiO2 and MnO are much
lower than when Fe–Mn and Fe–Si are used separately. Lowering of activity
improves their effectiveness in reducing the residual oxygen in steel when Mn and
Si are added in correct proportions. Solid silica will precipitate if the Mn/Si ratio [13]
is below 4 at 0.3 wt%Mn, 3 at 0.5%Mn, and 1.3 at 1.5%Mn. In practice, the ratio is
normally maintained between 7 and 4 to obtain a thin liquid slag as the deoxidation
product. At 1600 �C, the equilibrium oxygen level is approximately 0.1 wt% with
0.5 wt% Mn but addition of 0.1 wt% Si reduces residual oxygen to 0.015 wt%.

Aluminum is an even more effective deoxidizer as it has more affinity for oxygen
as compared to silicon and manganese. However, it cannot be used alone to
deoxidize steel completely because the deoxidation product, Al2O3, is a solid at
the steelmaking temperature. However, when used along with manganese and
silicon, alumina will dissolve in the liquid slag product of deoxidation. In order to
deoxidize steel to a very low level of residual oxygen complex, deoxidizers
containing alkaline earth [14] elements are used. The rare earth elements or alloys
based on them are employed in conjunction with common deoxidizers to lower
down sulfur and oxygen to the desired level. In a report submitted by the
U.S. Bureau of Mines, Leary et al. [14] have dealt with the use of rare earth silicides
and cryolite in molten steel. Similarly, a commercial rare earth mixture, known as
“REM” containing 48–50% Ce, 32–34% La, 13–14% Nd, 4–5% Ps, and 0.6–1.6%
higher lanthanides, has been reported [9]. For achieving low residual oxygen in steel,
the complex deoxidizers must exhibit low vapor pressure at the refining temperature.
The deoxidation product should be molten and the residual deoxidizer left in the
steel at the end of the treatment must be low. Calcium having stronger affinity for
oxygen and sulfur cannot deoxidize steel efficiently because its vapor pressure is
above 1 atm at the steelmaking temperature. In addition, the solubility of calcium in
liquid iron is very low: 0.032%Ca [9] at 1600 �C and 4 atm. The solubility increases to
about 0.35% in the presence of 10% Si. Thus, use of calcium silicide in deoxidation of
steel improves the efficiency of calcium. On dissolution in steel, calcium silicide reacts
with oxygen to form molten calcium silicate slag, which can flux alumina inclusions.
An alloy of Ca, Si, Al, and Ba is also a good deoxidizer to produce clean steel as it
possesses similar characteristics. Deoxidation with Ca + Si and Ca + Si + Al will be
further discussed under the heading refining with synthetic slag.

Boric oxide has the capacity to flux many refractory oxides but boron cannot be
used as a deoxidizer because the high residual boron left after deoxidation deterio-
rates the mechanical properties of steel. Occasionally, the deoxidation products are
beneficial if they remain entrapped in a very finely dispersed form. For example,
very fine dispersion of Al2O3 particles without coagulation provides the possible
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nucleation sites during solidification of steel resulting in a very fine grain structure.
Addition of zirconium prevents segregation of sulfides in free cutting steels. In order
to avoid intergranular fracture, the dissolved nitrogen in steel is fixed up as harmless
nitrides by the use of zirconium and titanium.

8.3.3 Vacuum Deoxidation

Carbon can serve as a very strong deoxidizer if the partial pressure of CO in the
melting unit is reduced by applying vacuum or blowing inert gas. It is important to
note that CO line in Fig. 8.2 goes below the line for aluminum if pCO is reduced from
1 atm to 0.001 atm. Deoxidation of a steel bath in this manner lowers the oxygen
concentration in the steel to such an extent that the bath reacts with the deoxidation
products, slag, and refractories, and hence the effectiveness of vacuum deoxidation
is limited. Advantages of lowering pCO by either argon bubbling or vacuum treat-
ment are made use of in decarburization of stainless steel in argon oxygen decarbu-
rization (AOD) and vacuum oxygen decarburization (VOD) processes. This will be
discussed in the next section.

8.3.4 Deoxidation Practice

On the industrial scale, there are three methods of deoxidation. After refining, molten
steel can be deoxidized either inside the furnace, called furnace deoxidation or
during tapping in a ladle, called ladle deoxidation. For production of fine-grained
steel or when inadequate deoxidation is required, a small part of total deoxidation is
carried out in ingot molds, known as ingot deoxidation.

As deoxidation lowers the oxidizing potential of the bath there is a fair chance of
reversion of the refining reactions if oxidized refining slag is present in contact with
the metal. Stable oxides like SiO2 and MnO are not prone to reversion in acid
steelmaking processes. However, P2O5 in basic steelmaking is very easily reduced
from the slag to the metal phase on drop of the oxygen potential. Hence, deoxidation
can be completed inside the acid furnace in the presence of the refining slag in
contact with the metal bath. However, in basic processes, the refining slag containing
P2O5 has to be removed prior to deoxidation of the bath inside the furnace.
Alternatively, deoxidation can be carried out in the ladle. In general, the refining
slag is flushed off in basic processes and deoxidation may be carried out partly in the
furnace and for a major part in the ladle. As products of deoxidation in the furnace
get more time to reach the surface of the bath, furnace deoxidation is useful in the
production of clean steel. In recent years, ladle furnaces equipped with heating and
purging facilities are employed for effective deoxidation and efficient removal of
deoxidation products.
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Since the amount of oxygen dissolved in steel is related to the carbon content,
three different types of ingots are teemed. Liquid steel containing less than 0.15%
carbon contains enough dissolved oxygen. This steel is not deoxidized at all because
the dissolved oxygen ensures rimming action during solidification. Since the
dissolved oxygen reduces with increase of carbon content, steel containing
0.15–0.30% carbon requires partial deoxidation to produce semi-killed or balanced
types of ingots. The high carbon steel containing more than 0.3% carbon is fully
deoxidized or killed. In this context it is important to note that alloy steels are fully
killed to get high recovery of alloying elements. From the recovery and loss point of
view, alloying elements may be classified into four groups. Recovery of elements
like Zn, Cd, and Pb is very poor due to their high vapor pressure at the steelmaking
temperature and hence cannot be easily added into the steel melt. Elements like Cu,
Ni, Co, Mo, and W can be recovered up to almost 100% because they do not get
oxidized, and hence can be added at any stage of steelmaking. A good recovery of P,
Mn, and Cr is possible only with proper care since they are partially oxidized during
steelmaking, and hence are added in a partially deoxidized bath. Highly oxidizable
elements like Al, Si, Ti, and Zr are added only after adequate deoxidation of the bath.
As some alloying elements are lost during deoxidation, the bath recovery of such
elements is poor.

8.3.5 Removal of Deoxidation Products

There are two different types of problems in deoxidation of steels. The first one is
related to dissolution of deoxidizer(s) into molten bath, chemical reaction between
the deoxidizing element(s) and the dissolved oxygen, and the nucleation and growth
of the deoxidation product(s). The second one is concerned with the elimination of
the deoxidation product(s) from the bath. The process with respect to the first aspect
is fast. The latter, which requires further growth of the product(s) by coalescence and
removal by flotation, is slow, and hence, rate limiting. Thus, the kinetics of removal
of the deoxidation product(s) from the bath becomes more important from the
viewpoint of production of cleaner steel as compared to the kinetics of deoxidation
reactions. The mechanism of precipitation deoxidation needs to be understood in
steps like (i) faster dissolution and homogenization of deoxidizer(s) in the bath in
order to facilitate quicker oxide formation, (ii) formation of critical nuclei of the
deoxidation product, (iii) growth of the deoxidation product, and (iv) removal of the
product by flotation to improve cleanliness.

The mechanically entrapped oxide products in steel are called nonmetallic inclu-
sions, which deteriorate the mechanical properties. The size, shape, distribution, and
chemical composition of inclusions contribute effectively in controlling the proper-
ties of steel. This makes it essential to remove the deoxidation products from the
steel melt to get clean steel. Thus, from a cleanliness point of view, a gaseous
product of deoxidation would be most appropriate. Only carbon produces a gaseous
deoxidation product under reduced pressure according to the reaction (8.1). As this
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reaction is not very favorable under standard conditions, and economics do not
permit vacuum treatment of steel on a large scale, carbon cannot be used as a
deoxidizer for the production of clean steel. Further, nucleation and growth of CO
bubble have to be considered under vacuum in the light of interfacial phenomena
discussed in Chap. 6. Deoxidizers other than carbon form liquid or solid products.

Formation of a solid deoxidation product will give rise to a new phase that will
grow during the course of deoxidation and has to rise to the surface of the melt for
elimination. Otherwise it will disperse in the melt and on solidification may be
entrapped in steel as nonmetallic inclusions. For nucleation and growth of deox-
idation products, the required interface may be provided by inhomogenities, for
example, the formation of Al2O3/steel interface while deoxidizing steel with
aluminum at the beginning. Final deoxidation may be carried by other deoxidizers.
The rate of rise of the deoxidation product (v) in a quiet bath may be estimated from
Stoke’s law [15]:

v ¼ 2
9
gr2

ρliq � ρdp
η

� �
ð8:13Þ

where g, r, ρliq, ρdp, and η stand respectively, for acceleration due to gravity, radius of
the deoxidation product, densities of the liquid metal and the deoxidation product,
and the viscosity of the liquid metal. Bodsworth and Bell [16] have shown that r2

factor plays an important role in controlling the time required for the particles to rise
to the surface of the metallic bath. On the basis of Stoke’s law, it can be demon-
strated that particles of deoxidation product less than 0.001 cm radius will not move
to the surface of the metallic bath in a usual ladle within the normal holding time of
20 min [13], whereas larger particles (radius > 0.01 cm) are completely eliminated.
These figures emphasize the significance of coalescence of deoxidation products in
the formation of particles of larger radii to facilitate rapid rise to the surface of the
steel melt. Since coalescence of the deoxidation product is more likely in liquid state,
deoxidation is often carried out to obtain liquid products. The liquid melt is never in
still condition. Due to the presence of convection currents of appreciable strength,
deoxidation products (particles) follow a zigzag path instead of moving vertically
upward according to Stoke’s law. During the process of zigzag movement, the
particles grow in size due to coalescence and are finally eliminated. The rate of
removal is also affected by the interfacial energy between the liquid metal and the
deoxidation product. Wetting of the product by the melt in case of low interfacial
energy will lower the rate of rise of the particle (hence removal) due to the dragging
effect of liquid metal on the particles. Contrary to this, high interfacial energy will
enhance the rate of removal of the product by lowering the dragging effect.

Turbulence caused by blowing inert gas increases the rate of flotation of solid
particles (nonmetallic inclusions). Thus, IGP from the bottom of the ladle is bene-
ficial in producing cleaner steel. The extent of deoxidation increases with increase of
the gas flow rate. However, there is an optimum flow rate beyond which the
deoxidation effect decreases. This may be due to the fact that excessive stirring
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brings back the floated oxide inclusions into the melt and also causes oxidation by
air. Hence, the net deoxidation obtained is a balance between the rate of removal of
oxide inclusions and the rate of oxidation.

8.4 Stainless Steelmaking

Ultralow carbon steels containing 12–30% chromium are classified as stainless
steels. Depending upon the need, other alloying elements like nickel, copper,
molybdenum, titanium, nitrogen, and so on may be added to develop/improve the
desired mechanical properties. By and large, stainless steels contain 17–18 wt%
chromium. Nickel increases the corrosion resistance and stabilizes the austenitic
structure. Most widely used austenitic stainless steel contains 18% chromium, 8%
nickel, and about 0.03% carbon. The next in use is the ferritic variety. Thus, it
appears simple and straightforward to manufacture stainless steel by either adding
chromium while decarburizing plain carbon steel bath or by melting stainless steel
scrap and adjusting the composition. However, simultaneous control of chromium
and carbon at the desired level encounters certain difficulties. Firstly, the main
source of chromium, ferrochrome (50–70% Cr) containing varying amounts of
carbon is available in three grades: low carbon (0.1% C), medium carbon (2% C),
and high carbon (7% C) ferrochrome. Although high carbon grade is the cheapest, its
use increases the carbon content of stainless steel. Use of the costly low carbon
ferrochrome increases the cost of production. On the other hand, use of stainless steel
scrap in the manufacture of stainless steel was discouraged earlier because it was not
possible to melt the scrap in an EAF without carbon pick-up due to carbon elec-
trodes. Hence, there was a huge stock of stainless steel lying as wasteful material.
The economics of recovery of valuable alloying elements (Cr, Ni, etc.) present in
stainless steel encouraged the steel industries to develop new processes of stainless
steelmaking. This has been possible by understanding the physical chemistry of
simultaneous oxidation of carbon and chromium at different temperatures.

8.4.1 Physicochemical Principles

The problem of increasing the chromium content of steel along with decarburization
of the bath to the desired specifications was analyzed by comparing the relative
stabilities of Cr2O3 and CO in the Ellingham diagram. Figure 5.1 shows that the lines
corresponding to the formation of Cr2O3 and CO according to the reactions:

4
3
Cr sð Þ þ O2 gð Þ ¼ 2

3
Cr2O3 sð Þ ð8:14Þ
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and 2C sð Þ þ O2 gð Þ ¼ 2CO gð Þ ð8:15Þ

intersect at 1220 �C. Hence, the two reactions are in equilibrium at this temperature
and the free energy change for the reaction:

2 Cr sð Þ þ 3CO gð Þ ¼ Cr2O3 sð Þ þ 3C sð Þ ð8:16Þ

is zero at 1220 �C. Above this temperature, CO is more stable as compared to Cr2O3.
Thus, carbon can be oxidized in preference to chromium at above 1220 �C. How-
ever, in practice, preferential oxidation of carbon in the Fe–Cr–Ni–Cmelt containing
10% Cr and 0.05% C occurs at above 1800 �C when pCO ¼ 1 atm. Even higher
temperature is required for preferential oxidation of carbon with increasing percent-
age of chromium in the melt. This restricts the initial chromium and carbon in the
bath while melting stainless steel scrap. Hence, the required chromium has to be
made up by charging costly low carbon ferrochrome in the finishing stage. Since
high temperature melting causes severe corrosion of the refractory lining, attempts
were made to develop processes that can be carried out at lower temperatures with
higher amount of stainless steel scrap and cheaper high carbon ferrochrome in the
charge.

In the light of the above discussion, it may be concluded that the entire operation
of stainless steelmaking is centered on the Fe–Cr–C system dealing with the prime
objective to achieve the desired concentration of Cr and C in the bath by injecting
oxygen. As chromium exhibits two valences, there is a lot of controversy over the
forms of oxides present in the slag. Although divalent and trivalent ions (Cr2+, Cr3+)
in oxidized states suggest the formation of CrO and Cr2O3, there is also evidence for
the existence of Cr3O4 in oxide melts. Thus, in the Fe–Cr–C–O system, liquid metal
coexists with liquid or solid oxide phases and a gas phase (mainly CO in a gaseous
mixture). The chemical equilibria concerning the preferential oxidation of carbon
from Fe–Cr alloys can be discussed in terms of reduction of Cr3O4, FeCr2O4

(chromite ore fed in the charge) and distorted spinnel (Fe0.67Cr2.33O4). While
discussing reduction of these oxides with carbon, Hilty and Kaveney [17] have
reported a simplified equation relating [% Cr] and [% C] in the melt as a function of
temperature at 1 atm pressure:

log
%Cr½ �
%C½ � ¼ �

13800
T
þ 8:76 ð8:17Þ

Considering the effect of pCO he has further modified the above equation [17] as:

log
%Cr½ �
%C½ � ¼ �

13800
T
þ 8:76� 0:925 log pCO ð8:18Þ

Equation 8.17 and the experimental data presented in Fig. 8.5 suggest that at any
[% Cr] in the melt, temperature has to be increased to lower down carbon. Equation

8.4 Stainless Steelmaking 307



8.18 and Fig. 8.6 demonstrate that the same Cr and C level in the melt can be
achieved at much lower temperature by lowering the partial pressure of carbon
monoxide ( pCO) in the converter by blowing a mixture of oxygen and argon. From
Fig. 8.5, it is evident that very high temperature is required for decarburization
below 0.04% C in the melt containing 15% Cr when pCO ¼ 1 atm but the same can
be achieved at much lower temperature when pCO is reduced (Fig. 8.6). Toward the
end of the operation, ferrosilicon (Fe–Si) is added to reduce chromium oxide held
in the slag during the oxidizing period. Chromium transfer from the slag to the
metallic bath improves the economics of the process, thermodynamic explanation
for which is given below:

Cr2O3ð Þ þ 3
2
Si½ � ¼ 2 Cr½ � þ 3

2
SiO2ð Þ ð8:19Þ

K ¼
a2Cr
� �

: a3=2SiO2

� 	

aCr2O3ð Þ: a3=2Si

h i ¼ f 2Cr: %Cr½ �2: a3=2SiO2

� 	

aCr2O3ð Þ: f 3=2Si : %Si½ �3=2
ð8:20Þ
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On rearranging the terms, we get:

aCr2O3ð Þ
%Cr½ �2 ¼

f 2Cr
f 3=2Si

:
1
K
:

a3=2SiO2

� 	

%Si½ �3=2
ð8:21Þ

By approximation, the above equation may be simplified as:

%Crð Þ
%Cr½ � ¼ K 0:

aSiO2ð Þ
%Si½ � ð8:22Þ

As the activity of silica is extremely low in basic slags the above equation suggests
that Cr can be easily transferred from the slag to the metallic bath by reducing Cr2O3

with ferrosilicon or aluminum.
According to the Le Chatelier principle, reaction (8.1) is more favorable in the

forward direction with decrease of pressure. Hence, more carbon will get oxidized
(i.e., decarburization or reduction in carbon content in steel) if the partial pressure of
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the system is lowered down either by diluting the effect of CO in a mixture of oxygen
and argon or by creating a vacuum while blowing oxygen. Figure 8.6 shows the
equilibrium between carbon and chromium contents in a stainless steel melt at
pCO ¼ 1 atm and 0.25 atm. The two methods of lowering down the partial pressure
of CO in the system directed the steelmakers to develop two different processes in
the 1960s for production of stainless steels. One process was based on the use of
argon–oxygen mixture blowing and is known as AOD and the other process
employing vacuum is known as the vacuum oxygen decarburization (VOD) process.

8.4.2 Stainless Steelmaking Processes

In recent years, a major fraction of stainless steel is obtained by the duplex process,
which combines an EAF and an AOD converter. In this process, the EAF is
employed mainly as a melting unit where very little decarburization is carried out.
A separate refining vessel (the AOD unit) is being used for adequate decarburization.
In case additional composition adjustment is needed, a ladle furnace is employed to
carry out the final refining under vacuum. This process known as Triplex Refining is
used in the production of stainless steel with very low carbon and nitrogen.

8.4.2.1 AOD Process

The AOD converters are lined with basic magnesite bricks. The molten charge from
the EAF is transferred into the converter and blown with oxygen or mixture of argon
and oxygen from the top through a supersonic lance similar to the one used in LD
converters. Blowing starts with an oxygen/argon mixture in the ratio of 3:1 when
initial carbon content of the bath is high. As decarburization progresses, carbon
decreases and the proportion of oxygen is gradually reduced to maintain an oxygen/
argon ratio of 1:3 in the final part of the blow. CO evolved is burnt by the supersonic
top lancing as in the case of the BOF process. This minimizes the proportion of CO
in the flue gas and thus helps in raising the bath temperature. By the end of the first
stage blow, the bath temperature rises to about 1700 �C, which is brought down to
the required level by addition of appropriate amount of coolants, such as nickel,
stainless steel scrap, and high carbon ferrochrome. At this stage, ferrosilicon and
aluminum are added to reduce the chromium oxide held in the slag and thus
chromium is transferred into the metallic phase. In case ultralow sulfur stainless
steel is required, the first oxidizing slag is drained off and a fresh reducing slag is
made under argon stirring. The entire operation takes about 2 h per heat and life of
the refractory lining is about 80 heats.
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8.4.2.2 VOD Process

The VOD unit consists of a vacuum tank, a ladle furnace with argon stirring, and a
cover with lance. The charge is first melted in an EAF and transferred to the VOD
vessel when carbon is reduced to 0.7–0.8%. After achieving the appropriate order of
vacuum, oxygen blow from the top and argon bubbling from the bottom of the ladle
are started. Argon bubbling helps in starting early decarburization. It is necessary as
otherwise decarburization reaction is delayed due to lack of turbulence. Carbon is
lowered to 0.02% at 15–18% chromium concentration by this technique at a
temperature of 1600 �C. Toward the end, vacuum is broken and the bath is
deoxidized with ferrosilicon and aluminum. This process can lower down carbon
to about 0.02% with 15–18% chromium in the steel melt, and is hence very useful in
the production of ultra-low carbon steel as well.

8.4.2.3 Direct Stainless Steelmaking Processes

When stainless steel is produced by reduction smelting of chromite ore with hot
metal and ferroalloys, the technique is categorized as direct stainless steelmaking
process. The technology is particularly useful in countries where stainless steel scrap
and ferrochrome are either expensive or not available. In this context, the process
developed by Kawasaki Steel Corporation, Japan, is worth mentioning. The hot
metal is first dephosphorized in a ladle and then charged into a combined-blown
converter. This is followed by charging of chromite ore, ferroalloy, and coke. The
charge mixture is reduction smelted. The process is popularly known as SR–KCB
(Smelting Reduction–Kawasaki Combined Blowing). For adjustment of carbon
composition and alloy additions, the VOD vessel is finally made use of. In recent
years, the following processes [18] have been developed for stainless steelmaking:

1. Metal Refining Process (MRP) based on OBM practice working under near
equilibrium conditions was developed by Mannesmann Demag, Germany.

2. Cruesot-Loire-Uddeholm (CLU) Process jointly developed by Uddeholm,
Belzium, and Cruesot-Loire, France, use a mixture of oxygen, steam, argon,
and nitrogen for bottom blow and a mixture of oxygen, argon, and nitrogen for
top blow.

3. K–BOP process developed by Kawasaki Steel Corporation, Japan, has been
modified by Voest Alpine Industrie-Anlageneinbau, Austria and renamed as
K-OBM-S.
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8.5 Injection Metallurgy (IM)

Injection technique has been extremely useful in the production of ultralow sulfur
steel. In this technique, the powder of a strong desulfurizing reagent along with a
carrier inert gas is injected in the refined molten steel kept in a transfer ladle. The
large interfacial area of contact of the fine powder brings out very efficient desul-
furization in a short time of 8–10 min. Continuous injection may be carried out either
by injecting reagent powder into molten steel along with argon flow through a lance
immersed from top or by feeding reagent powder encased in a steel tube immersed in
molten steel. Extensive desulfurization as well as deoxidation along with modifica-
tion of inclusions are possible by addition of Ca–Si alloy into the steel melt to obtain
the product with the desirable properties. IM has been successful in giving the
required calcium treatment to line-pipe steel employed for transporting natural gas
over long distances in arctic regions where pipes have to withstand high pressure,
H2S corrosion, and sub-zero temperature. Calcium boils at 1484 �C and its vapor
pressure at the steelmaking temperature of 1600 �C is approximately 1.92 atm. It is
alloyed with silicon to lower its vapor pressure so that it can be used as an effective
desulfurizer (in Ca–Si alloy, if aCa ¼ 0:15, pCa ¼ poCa:aCa ¼ 1:92� 0:15 ¼
0:288 atmÞ: Hence, injection of Ca–Si alloy eliminates the possibility of vapor
formation. The efficiency of desulfurization can be further improved by injecting
Ca–Si alloy powder at the deepest possible level in the melt. In this way, the problem
of vaporization from the bath surface is avoided. Alternatively, Ca–Si powder
encased in a steel tube is fed continuously into the melt by a machine. Increased
surface area of the injected powder gives better desulfurization whereas feeding
through the tube modifies inclusions.

By and large, under the current practice, the desulfurizing reagent is injected
along with a strong deoxidizer to effectively carry out both desulfurization and
deoxidation. It is important to note that steel melt must be deoxidized completely
for effective desulfurization. In general, desulfurizing agents are also very effective
deoxidizers, for example, Ca, Mg, and so on. The presence of a low or high amount
of silicon and manganese in the bath does not effectively deoxidize the melts. Hence,
the bath has to be deoxidized by at least aluminum (if not by any other strong
deoxidizer). Aluminum in the form of a big block, or cube, or wire is placed deep in
the bath in such a way that it travels in solid state well below the bath surface before
melting and reacts with the dissolved oxygen. Though aluminum is costly, it is more
effective when introduced in wire form.

When steel is deoxidized with aluminum, the deoxidation product, Al2O3, gets
dispersed in the melt as nonmetallic inclusions and poses problems in continuous
casting by forming alumina streaks in the product, which deteriorate the mechanical
properties. In a similar manner the desulfurization product, CaS, may also remain in
suspension thereby making nonclean/dirty steel. The problem caused by the disper-
sion/suspension of Al2O3 and CaS along with other inclusions may be reduced by
introducing calcium or a Ca–Al wire in the melt at the end of desulfurization. This
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treatment changes the morphology of alumina–sulfide inclusions from an acicular
shape to a globular shape, which does not cause any problem in rolling.

As nonmetallic inclusions (mostly oxides and some sulfides) in steels deteriorate
the mechanical properties and corrosion resistance, considerable efforts have been
made in recent years [1, 3, 5] to produce clean (inclusion-free) steels. In order to
control/check inclusions generating from (i) precipitation deoxidation due to reac-
tion between the deoxidizer and the dissolved oxygen, (ii) erosion of refractory
lining, and (iii) slag particle entrapment, the following measures should be taken:

(a) Transfer of slag containing high FeO andMnO from the furnace to the ladle must
be minimized.

(b) Liquid deoxidation products coalesce faster and hence removal becomes easier
by rapid flotation of bigger particles. Use of complex deoxidizers is beneficial in
this regard.

(c) Zigzag movement created by gas stirring is helpful in coalescence and flotation
of the deoxidation products. However, very high gas flow is not advisable from a
cleanliness viewpoint.

Since it is not possible to produce completely or nearly inclusion-free steel every
attempt is made to modify the nucleation of inclusions to make them harmless by
changing their shape and morphology. This is achieved by injecting calcium in
molten steel. As the presence of dissolved gases in steel causes the formation of
subsurface pinholes in continuous casting, the oxygen content in the melt is mini-
mized by killing (deoxidizing) steel with aluminum. The oxidation product, Al2O3,
causes nozzle clogging in continuous casting due to sticking of Al2O3 inclusion to
the inner wall of the casting nozzle. This problem can be avoided by calcium
treatment at the final stage in a ladle or tundish because it gives rise to the formation
of a low-melting deoxidation product consisting of CaO and Al2O3, may be some
SiO2 also. As a powerful desulfurizer, calcium forms CaS that generates a liquid
CaS–MnS solution with MnS. However, formation of low-melting compounds,
12CaO�7Al2O3 and 3CaO�Al2O3 (melting points: 1455 and 1535 �C) are preferred.

A group of 14 elements with identical chemical properties, popularly known as
rare earths (RE) are strong desulfurizers as well as deoxidizers. They are available as
REM [9] containing about 50% Ce. REM can modify inclusions and also refine
grains. However, they are not widely used like calcium due to the problem of process
control. Addition of selenium and tellurium improves the machinability of steels
containing sulfur by modifying inclusions in globular shape, which can be easily
deformed during hot working.

8.6 Refining with Synthetic Slag

Although sulfur present in coke joins the hot metal, it is effectively removed during
reduction smelting of the iron ore in the blast furnace by creating conditions (like
basic and reducing slag containing high CaO and <1% FeO) favorable to
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desulfurization. The resulting hot metal still containing more than 0.05% sulfur is
subjected to pretreatment in a ladle before charging into steelmaking units. The
treatment known as external desulfurization has already been discussed in Sect. 7.3.
Similarly, about 85–90% phosphorus present in iron ore joins the hot metal after
smelting. If phosphorus content of the hot metal is more than the normal value, it
may be removed by external dephosphorization. However, for the production of
ultralow sulfur steel containing nearly 0.001% S, hot metal has to be further
desulfurized by secondary refining using synthetic slag. In Sect. 7.2.1, for an ionic
reaction (7.2): [S] + (O2�) ¼ [O] + (S2�), the desulfurizing index (partition or
distribution ratio), DS, which is the ratio of amount of sulfur in slag to that in the
metal has been expressed as:

DS ¼ xS2‐ð Þ
%S½ � ¼

K: xO2�ð Þ: fS½ �
fO:%O½ � ¼ K 0

xO2�ð Þ
%O½ �

As xO2�ð Þ / %CaOð Þ assuming xS2�ð Þ ¼ %Sð Þ at a fixed %CaOð Þ we can write:

DS ¼ %Sð Þ
%S½ � /

1
%O½ � /

1
%FeOð Þ

For a fixed FeO content of the slag: %Sð Þ
%S½ � / xO2�ð Þ / %CaOð Þ

It has already been discussed in Sect. 7.2 that CaO is the most powerful
desulfurizer among all the basic oxides present in iron and steelmaking slags. For
better and efficient desulfurization, DS should have a higher value that can be
obtained by higher CaO in the slag and lower oxygen in the metal, that is, [%
O]. It is important to note that xO2�ð Þ increases with increase of (%CaO) in the slag,
and (%FeO) in slag decreases with decrease of [%O] in the metal bath.

In the production of high-quality fine-grained steels containing less than 20 ppm
[19] of oxygen and sulfur, calcium aluminate slags play specific roles in ladle
deoxidation and desulfurization. The isotropic mechanical properties of steel are
ensured by the formation of evenly dispersed fine globules of sulfide inclusions
during solidification. These objectives can be achieved by a fine dispersion of tiny
particles of liquid calcium aluminate in steel during the ladle treatment. However,
the presence of alumina inclusions corresponding to the concentration of oxygen in
the range of 15–25 ppm is objectionable in many applications. For example, tool life
is shortened by the presence of abrasive alumina in the steel. For longer life and
better machinability, the oxide inclusions should be dispersed in the form of finely
divided particles of calcium aluminate, silicate, or aluminosilicate. For production of
high-quality clean steel (steel with minimum nonmetallic inclusions), refining in
ladles can be controlled in a better manner if the exact equilibrium state of reactions
between liquid steel and calcium aluminate based slags is known.

Ozturk and Turkdogan [19] have discussed the theoretical and practical aspects of
ladle oxidation and desulfurization of steel in the production of clean steel. They
have reported that the desulfurization index (distribution or partition ratio), DS, for
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the lime-saturated calcium aluminate slag is about 100 times [20] larger than that for
the aluminate-saturated slag. It is important to note that the aluminate slag analyzing
50CaO–50Al2O3, generally employed in ladle desulfurization has only average
desulfurization capacity. Since alumina is generated when steel is deoxidized with
aluminum, a lime-saturated slag having (%CaO)/(%Al2O3) a ratio of 1.5 can be
obtained by the addition of an appropriate amount of dry burnt lime in the commer-
cially available pre-fused calcium aluminate. For such a lime-saturated slag in
equilibrium with the deoxidized steel containing approximately 0.04% Al
(dissolved) at approximately 1600 �C, the desulfurization index is approximately
1500. At the end of the ladle refining, if the concentration of sulfur in the lime-
saturated slag reaches to 1% (about half of the S saturation level), the equilibrium
residual sulfur content in the steel would be about 7 ppm. However, in order to
achieve such a low residual sulfur, the plant trials demonstrated that the aluminate
slag and the deoxidized steel must be thoroughly mixed by stirring the melt by argon
injection, preferably by employing a porous plug at the bottom of the ladle.

There is a vital difference between pretreatment and secondary refining. The
former is carried out in a ladle without any provision of bottom stirring whereas in
the latter case the ladle is fitted with a bottom porous plug for argon purging. Further,
in secondary refining, a lance is inserted in the melt from the top for gas stirring and
injection of desulfurizing agent. Thus, in the latter case, the ladle is very similar to
that used in IM, which is employed in secondary steelmaking for extensive desul-
furization to produce ultralow sulfur steel. Alternatively, for general usage, treatment
with synthetic slag on top of the molten steel in the ladle furnace brings out
satisfactory desulfurization. In synthetic slag refining, some CaF2, SiO2, and
Al2O3 are also added along with the major additives, CaO and Al. The efficiency
of desulfurization can be improved by a slag consisting of CaO, Al2O3, and SiO2 as
the major components. Aluminum not only deoxidizes the melt but also favors
desulfurization by forming a synthetic slag (CaO–Al2O3–SiO2). Aluminum being
a powerful deoxidizer helps to achieve low oxygen level in steel. The overall
reaction can be summarized as:

CaOð Þ þ S½ � þ 2
3
Al½ � ¼ CaSð Þ þ 1

3
Al2O3ð Þ ð8:23Þ

K ¼ aCaSð Þ: aAl2O3ð Þ1=3
aCaOð Þ: aS½ �: aAl½ �2=3

ð8:24Þ

Assuming Henrian behavior in the metallic bath and approximating (aCaS) ¼ (%S),
we can write:

K ¼ %Sð Þ: aAl2O3ð Þ1=3
aCaOð Þ: fS:%S½ �: fAl:%Al½ �2=3

ð8:25Þ
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The desulfurization index (partition or distribution ratio) can be expressed as:

DS ¼ %Sð Þ
%S½ � ¼

K aCaOð Þ: fS: f 2=3Al : %Al½ �2=3
aAl2O3ð Þ1=3

ð8:26Þ

Hence, DS / aCaOð Þ: %Al½ �2=3
aAl2O3ð Þ1=3

Since aCaSð Þ increases and aAl2O3ð Þ decreases with increase of wt% CaO in the
slag, DS increases with increase of wt% CaO in the slag and wt% Al in molten steel.
The effect of temperature on K for the reaction (8.23) has been expressed by the
following relation [19]:

logK ¼ 16680
T
� 4:965 ð8:27Þ

From the expression, it is evident that desulfurization is favored at lower temperature
because K (directly related to the value of desulfurization index, DS) increases with
decrease of temperature.

At the given temperature and concentration of aluminum dissolved in iron, DS

increases with increase of CaO in the slag. The DS for the lime saturated slag was
found to be two orders [19] of magnitude larger than that for the aluminate saturated
melt. At a given temperature and CaO/Al2O3 ratio in the aluminate slag, the DS

increases with the two-third power of the concentration of aluminum in steel.
However, it increases by a factor of approximately 4 on decrease of temperature
from 1650 to 1500 �C.

8.7 Vacuum Degassing

During steelmaking, impurities like carbon, silicon, manganese, and phosphorus are
eliminated but oxygen, nitrogen, and hydrogen dissolve in the steel melt. Due to
atomic dissolution, the solubility of these diatomic gases in iron/steel is directly
proportional to the square root of the partial pressure of the gas in equilibrium with
the melt. It also depends on the composition of steel and temperature. The solubility
of nitrogen and hydrogen in liquid iron is much higher than in solid iron. This large
difference in solubility is of great significance in the production of sound ingots and
castings. As solubility decreases with decrease of temperature, excess gases
dissolved in steel are liberated during solidification. As a result, the concentration
of the gas in the liquid near the solid/liquid interface increases and rapid build-up of
such concentrations may form gas bubbles that give rise to the formation of skin or
pinholes, blowholes, pipes, and so on in castings. The unsoundness caused by these
cavities affects the mechanical properties of steel except when the gas evolution is
controlled to produce ingots of semi-killed or rimming steels. Since solubility of
nitrogen as well as hydrogen is more in gamma iron [21] as compared to that in delta
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iron (Fig. 8.7), steels forming the gamma phase [8] during solidification will have
lesser tendency to form bubbles of hydrogen, or possibly nitrogen, than steels that
solidify to form the delta phase. Steels containing more than 0.5% C or sufficient
Mn/Ni belong to the former category. Vacuum degassing methods are employed for
removal of dissolved oxygen, nitrogen, and hydrogen as well as for the production of
clean steel. Removal of oxygen has been discussed in Sect. 8.3 under the heading
deoxidation. In this section, emphasis is given to the problems concerning the
solubility of nitrogen and hydrogen in steel and their removal.

8.7.1 Nitrogen in Iron and Steel

As steelmaking is carried out in open atmosphere, nitrogen gets a chance to enter in
liquid steel. It may also be picked up from the raw material charged in the furnace
and from the nitrogen coming in contact with the bath during melting and/or refining.
In refined steel, the nitrogen content depends on the steelmaking process employed.
Nitrogen is well known to cause yield-point phenomena and is hence responsible for
stretcher-strain formation in deep-drawing and pressing operations. In cast steels, the
presence of nitrogen as AlN causes intergranular fracture. On the other hand, AlN
precipitation in wrought iron is helpful in restricting the grain growth. As an alloying
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element, nitrogen stabilizes the austenitic structure in stainless steels. Thus, nitrogen
is harmful as well as useful in steelmaking and it is important to have knowledge of
the factors influencing its concentration in steels.

In practice, the nitrogen concentration in iron and steel is affected by the partial
pressure of nitrogen in the blast, time of contact, length of after blow, and the bath
temperature. Thus, the solubility of nitrogen can be reduced by decreasing the
contributions of these factors. These considerations have led to many modifications
in steelmaking processes, which are useful in reducing the nitrogen content in steels.
These may be listed as reduction in partial pressure of nitrogen by increasing the
oxygen content of the blast, reduction in bath depth by designing vessels to have
shallower bath, reduction in length of after blow by using oxygen-enriched blast, and
reduction in bath temperature by addition of iron ore or scrap. Depending on the
steelmaking practice, there is, however, a large variation in the nitrogen content in
steel. For example, steel resulting from Thomas and oxygen steelmaking processes
contains 0.022 and 0.002 wt% nitrogen, respectively. The low residual nitrogen of
the order of 0.0035–0.005 wt% in the open hearth process is due to the carbon boil
effect. At this level of nitrogen, there is no trouble in the manufacture of flat
products. Nitrogen should be below 0.002 wt% in deep drawing type of steels.
Oxygen steelmaking processes using 99.5% oxygen for blowing hot metal produce
steel containing less than 0.002 wt% nitrogen for bulk manufacturing of strips,
sheets, and so on. Although open hearth processes have become obsolete, it is
interesting to note that low nitrogen steels can be produced by effective carbon
boil. This phenomenon is also useful in reducing nitrogen in EAF steelmaking. CO
bubbles provide flushing action and help in nitrogen removal during the boil.

If the nitrogen content of bubbles is assumed to reach equilibrium with the
nitrogen in the steel melt, the nitrogen removed during any period of carbon
elimination can be calculated. The equilibrium partial pressure of nitrogen in the
bubbles is related to the solubility of nitrogen in steel, which can be explained by
considering its atomic dissolution in the following manner:

1
2
N2 ¼ N½ � ð8:28Þ

K ¼ aN½ �ffiffiffiffiffiffiffi
pN2

p ð8:29Þ

Since solubility of nitrogen is small, according to Henry’s law, activity of the
solute is proportional to concentration, that is, [ai] / [%i] or [ai] ¼ fi [%i]. At
infinitely dilute concentration, fi ¼ 1, hence [ai] ¼ [%i].

∴K ¼ f N: %N½ �ffiffiffiffiffiffiffi
pN2

p ð8:30Þ

At 1600 �C and 1 atm pressure of nitrogen gas, 0.045% nitrogen dissolves in iron
melt. At this low concentration, fN ¼ 1.

Thus, K ¼ 0.045 (from Eq. 8.30)
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∴pN2
¼ %N

0:045

� �2
ð8:31Þ

If the total pressure in the bubble is 1 atm, the volume fraction of N2 (vN2Þ and
CO (vCO) in the bubble is in the volume ratio of

%N
0:045

� �2
: 1� %N

0:045

� �2

since
%N
0:045

� �2
� 1

%N
0:045

� �2
: 1

As 1 g mol of all gases occupy the same volume, N2 and CO are in the weight ratio

%N
0:045

� �2
mol wt N2 : mol wt CO

and the weight percent of nitrogen and carbon removed is in the ratio %N
0:045

� �2
28: 12

If the rate of C drop is d [%C]/dt, the rate of nitrogen drop [13] will be

d %N½ �
dt
¼ 28

12
%N
0:045

� �2 d %C½ �
dt

ð8:32Þ

But the rate of nitrogen removal estimated from the observed rate of carbon drop
based on Eq. 8.32 gives rate 5–10 times higher than the observed values. This
suggests that nitrogen within the bubbles may not be in equilibrium with the molten
steel as assumed in the above derivation.

The solubility of nitrogen at 1 atm pressure of nitrogen in equilibrium with iron is
shown in Fig. 8.7. There is slow rise in the solubility of nitrogen in solid iron with
increasing temperature but at the melting point it increases very rapidly. It also rises
in liquid steel but at a slow rate. Extensive studies have demonstrated that the
solubility of nitrogen in iron is significantly influenced by alloying elements. The
solubility [8, 22] increases in the presence of vanadium, niobium (columbium),
tantalum, chromium, and manganese whereas it decreases due to carbon, silicon,
nickel, cobalt, copper, and tungsten (Fig. 8.8). The effect of alloying elements ( j) on
the activity coefficient of nitrogen [8, 22] in liquid iron at 1 atm pressure and 1600 �C
is presented in Fig. 8.9. Making use of the data in the figure, the interaction
coefficient of nitrogen for the effect of the alloying elements ( j) can be estimated.
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Thus, the solubility of nitrogen in alloy steels can be calculated by combining the
binary data in the following equation:

log f j
N ¼ eNN �%Nþ eVN �%Vþ eCrN �%Cr þ eMn

N �%Mnþ
eWN �%Wþ eNiN �%Niþ eCoN �%Coþ eSiN �%Siþ eCN �%C

ð8:33Þ

8.7.2 Hydrogen in Iron and Steel

Though completely unwanted, hydrogen somehow enters into all steels. Without any
increase in strength it decreases ductility of steels at all concentrations. On increasing
the concentrations beyond 1.5 ml/100 g of steel, the appearance of hairline cracks
seriously affects the mechanical properties of fully killed high-alloy steels. However,
there is no such problem in rimming or semi-killed steels because the scavenging
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action of gases reduces the hydrogen content below the safe level. At a concentration
exceeding the solid solubility limit, hydrogen is rejected on solidification, which
frequently results in ingot porosity and unsoundness, that is, the formation of
blowholes and pinholes. In steelmaking, the primary source of hydrogen is moisture,
which may come from slaked lime, moist air, wet scrap, wet or partially dried
refractories (channels and runners), wet molds, and rusty charge. Hence, the best
way to overcome problems with hydrogen would be to avoid charging wet materials
in the furnace or prevent such materials coming into contact with liquid steel. A
vigorous and prolonged boil can eliminate hydrogen to a major extent but vacuum
treatment is the most effective method of reducing hydrogen from steel.

In iron, hydrogen dissolves atomically according to the reaction:
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1
2
H2 ¼ H½ � ð8:34Þ

K ¼ H½ �ffiffiffiffiffiffiffi
pH2

p ð8:35Þ

In dilute solutions according to Henry’s law, we can write:

K ¼ %H½ �ffiffiffiffiffiffiffi
pH2

p ð8:36Þ

Elliott [8] has reported the effect of temperature on K by the expression:

logK ¼ � 1905
T
� 1:59 ð8:37Þ

The solubility of hydrogen in steel is so small that it is often expressed in terms of
parts per million (ppm) instead of weight percent (1 ppm ¼ 0.0001 wt%). On ppm
scale [8] log K is given as:

logK ppmð Þ ¼ � 1905
T
þ 2:41 ð8:38Þ

Figure 8.7 presents the effect of temperature on the solubility of hydrogen in pure
iron in equilibrium with hydrogen gas at 1 atm pressure. The dramatic change in
solubility caused by different alloying elements is evident from Fig. 8.10. The
alloying elements that form stable hydrides increase the solubility of hydrogen in
liquid iron whereas it is lowered by those not forming hydrides. The presence of
niobium (columbium), tantalum, vanadium, titanium, manganese, and chromium
increases the solubility whereas the presence of carbon, boron, silicon, aluminum,
germanium, tin, copper, and cobalt decreases the solubility [8, 23].

The variation of the activity coefficient of hydrogen [8, 23] in iron with the
alloying elements ( j) is presented in Fig. 8.11, and the data can be made use of in
estimating the interaction coefficients for the effect of alloying additions on the
activity coefficient of hydrogen in steel. Thus, the solubility of hydrogen in alloy
steels can be calculated from the interaction coefficients by the following equation:

log f j
H ¼ eHH �%Hþ eTaH �%Taþ eTiH �%Tiþ eNiH �%Ni þ

eCH �%Cþ eSiH �%Siþ eCrH �%Cr þ eCoH �%Co
ð8:39Þ

Water vapor coming in contact with steel or slag leads to the formation of
hydrogen which gets dissolved in the melt as per reaction:

H2O gð Þ ¼ 2 H½ � þ O½ � ð8:40Þ
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Since solubilities of hydrogen and oxygen in steel are very low, we can write:

K ¼ aH½ �2: aO½ �
pH2O

¼ %H½ �2 %O½ �
pH2O

ð8:41Þ

On wt% scale, log K has been expressed [13] as:

log K ¼ � 10390
T
þ 7:81 ð8:42Þ

Hence, at 1600 �C, %H½ � ¼ 1:35� 10�3 � p1=2
H2O

%O½ �1=2
ð8:43Þ
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8.7.3 Vacuum Treatment of Steel

The objectives of vacuum degassing include removal of hydrogen from steel to
avoid long annealing treatment, removal of oxygen as carbon monoxide, and
production of steels with very low carbon content (< 0.03 wt%). The principle is
based on the usefulness of the Sievert’s law relationship expressed by Eqs. 8.28 and
8.34. These equations suggest that according to the Le Chatelier principle, reactions
can be directed in the reverse direction by subjecting the molten steel to vacuum.
Hence, hydrogen, nitrogen, as well as the oxygen contents of steel can be lowered by
vacuum treatment according to the reactions:
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2 H½ � ¼ H2 gð Þ ð8:44Þ
2 N½ � ¼ N2 gð Þ ð8:45Þ

C½ � þ O½ � ¼ CO gð Þ ð8:46Þ

The effectiveness of vacuum treatment increases with increase of the surface area
of liquid steel exposed to vacuum. For this purpose, metal is allowed to flow in the
form of a thin stream or even fall as droplets to accelerate the degassing process. In
general, the vacuum treatment is employed to reduce the hydrogen and oxygen
contents of steel. Simultaneously, there is some reduction in nitrogen as well.
However, this treatment is not aimed for nitrogen removal alone due to slow kinetics.
The extent of removal of nitrogen under vacuum is limited to about 30%. On account
of its technical importance and complexity of problems, the thermodynamics of
solubility of nitrogen in steel and the kinetics of adsorption and desorption of
nitrogen were studied in detail by Pehlke and Elliott [22, 24]. The rate of dissolution
of nitrogen in steel is not much affected by alloying elements, such as Al, Nb (Cb),
Cr, Ni, Si, and W. However, the surface active solutes, O and S, decrease the rate
drastically by blocking the surface sites.

When argon is purged into molten steel, the gas bubbles start rising in the melt
and gradually leave. During this movement, dissolved nitrogen and/or hydrogen
diffuse(s) into the argon bubbles from the molten steel around. Depending on the rate
of diffusion bubbles pick up dissolved gas(es) according to the laws of thermody-
namic equilibria before leaving the melt. However, the rate of degassing will
basically depend on the rate of purging of the inert gas. The possible steps [24] in
transport of nitrogen from the bulk of molten iron/steel to the bulk of the gaseous
phase (Fig. 8.12) may be listed as:

(i) Transport of atomic or dissolved nitrogen [N] from the bulk metal to the metal
boundary layer (MBL).

(ii) Transport of the dissolved nitrogen [N] through the metal boundary layer
(MBL) to the gas boundary layer (GBL).

(iii) Chemical reaction (formation of molecular nitrogen) at the MBL/GBL
interface.

(iv) Transport (diffusion) of N2 molecules in GBL.
(v) Transport of N2 molecules from GBL to the bulk gas.

It is important to note that in a well-stirred melt, for example, in blowing inert gas
in vacuum degassing process, or carbon boil in open hearth, or vigorous stirring in
induction melting, step (i) is not likely to be rate controlling. Similarly, steps (iv) and
(v) are unlikely to be rate controlling because they are affected by the flow rate of the
carrier gas, which is generally very high. Thus, under these conditions either step
(ii) or (iii) may be rate controlling.

The rate controlling step (iii), that is, the chemical reaction on the interface
leading to the formation of molecular nitrogen is expressed as:
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2N

!
k

Ð
 
k

N2 gð Þ ð8:47Þ

The rate of nitrogen removal is given as:

� d %N½ �
dt
¼ A

v
k %N½ �2 � kpN2

� 	
ð8:48Þ

where A, v, and k are the interfacial area, volume of the melt, and rate constant,
respectively. pN2

¼ 0, when carrier gas used is pure argon.

∴� d %N½ �
dt
¼ A

v
k %N½ �2 ð8:49Þ

or � d %N½ �
%N½ �2 ¼

A
v
k dt ð8:50Þ

On integration from 0 to t for the corresponding nitrogen content: [%N]i to [%N] we
get:

�
Z %N½ �

%N½ �i

d %N½ �
%N½ �2 ¼

A
v
k

Z t

0
dt ð8:51Þ
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or
1

%N½ � �
1

%N½ �i
¼ A

v
kt ð8:52Þ

In Fe–O–N system plot of 1
%N½ � � 1

%N½ �i

n o
vs. Av t varies linearly although the slope

varies with the concentration of the dissolved oxygen [O]. If Ar–N2 mixture is used
as a carrier gas, the partial pressure of nitrogen must be considered. Following
important conclusions have been drawn from the above discussions:

1. Rate of desorption is proportional to the square of dissolved nitrogen concentra-
tion in the melt.

2. Desorption of nitrogen from liquid iron is a second order reaction.
3. Chemical reaction at the gas–metal interface controls the rate.
4. The decrease in rate of reaction is proportional to the partial pressure of nitrogen

above the liquid melt.

The vacuum degassing methods for treatment of steel may be classified into three
groups [25]:

8.7.3.1 Ladle Degassing

The teeming ladle filled with steel to one-fourth of its height is placed inside a
vacuum chamber that is connected to a pumping system. The upper and lower parts
of the ladle are usually lined with high alumina and fire bricks, respectively. In a
similar way, the vacuum chamber cover and bottom are also lined to protect them
from direct radiation and accidental failures. In order to make degassing effective,
the steel melt is stirred either by bubbling argon (Sect. 8.1) or by electromagnetic
induction. Gas purging follows just after evacuation begins. Introduction of gas for
stirring provides an interface which facilitates degassing and also homogenizes the
bath thoroughly. The fall of pressure causes vigorous reaction in the ladle and
therefore the bath looks as if it is boiling. In some cases, steel is heated electrically
to compensate for heat loss during degassing. A rough estimate is first made to see
how much time is required to achieve the level of degassing at a particular vacuum.
In general, pumping is carried out to attain the ultimate vacuum of 1–10 mm Hg,
which is supposed to be adequate for degassing. There are number of methods under
this category with varying combinations of stirring and heating. Ladle degassing is
most widely used because it is the simplest of all the degassing methods. Along with
degassing other metallurgical operations like deoxidation, decarburization, desulfur-
ization, alloying, and melt homogenization can be carried out under vacuum.

8.7.3.2 Stream Degassing

In this case, molten steel is allowed to flow down under vacuum as a stream from the
furnace to ladle to another ladle or a mold. A very high rate of degassing is achieved

8.7 Vacuum Degassing 327



due to the large increase in surface area of molten steel in the form of falling droplets.
In practice, various degassing methods, for example, ladle to mold, ladle to ladle,
and so on are used to accomplish degassing by pouring steel from one vessel to
another. In every method, degassing takes place when liquid steel droplets are
exposed to vacuum. Thus, choice of a proper vacuum pump and vacuum chamber
is important to achieve the adequate level of degassing. The chamber must be big
enough to house the ladle or the mold(s). Currently, steam degassing is not much
in use.

8.7.3.3 Circulation Degassing

Molten steel is circulated in the form of a stream exposed to vacuum. Alternatively, a
small portion (10–15%) may be lifted and subjected to vacuum exposure. The
former method is known as RH process after Ruhrstahl Heraus and the latter as
DH process after Dortmund-Horder and is also known as a lifter degassing process.
A brief description of both the methods is given below:

RH Degassing Process The process originally developed by Rheinstahl Heinrich
Shutte at Hattingen, Germany, was modified by the Horohito Works of the Fuji Iron
and Steel Co., Japan. Figure 8.13 shows the schematic arrangement of the RH
degassing unit. A long cylindrical steel vessel lined with alumina is attached with
two long legs, called snorkels. There are arrangements at the top for exhaust, alloy
addition, and so on. Snorkels lined with high alumina dip into the molten steel
contained in a ladle.

The chamber is preheated to 900–1000 �C prior to charging molten steel. The
vessel is lifted and lowered to an appropriate level to move the snorkels in the ladle
containing the steel. The chamber is evacuated and liquid steel rises in the chamber.
The lifter gas is then introduced in the inlet snorkel at the point where the alumina
tubular tip is attached to it. The melt is forced to rise in the vacuum chamber (the
cylindrical steel vessel) through one snorkel due to reduced pressure and by injecting
inert gas. In the chamber, liquid steel gets disintegrated into small droplets and
degassed and flows down through another snorkel under gravity. In this way the melt
is circulated. The degassed steel is cooler and heavier than that in the ladle and hence
it forces the light undegassed steel upward thereby ensuring adequate mixing and
homogeneity of the bath. The rate of degassing is controlled by adjusting the vacuum
and the rate of flow of the lifter gas. The average rate of circulation is 12 ton min�1.
Twenty minutes are required to treat 100 tons of steel to bring a 90% reduction of
hydrogen content. It is an efficient degassing process and used extensively.

If w ton of steel melt contained in a vessel is circulated to the vacuum chamber at
the rate of r ton min�1, the final (Hf) and the initial (Hin) hydrogen contents in the
melt, after t min of circulation, are related according to the expression:

ln
Hin � Heq

Hf � Heq

� �
¼ r

w
:t ð8:53Þ
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where Heq is the equilibrium hydrogen content in the steel melt under the reduced
pressure of pH2

(i.e., the order of vacuum).
In recent years, the RH process has been modified by providing additional facility

of oxygen blowing. The process known as RH-OB is useful for the production of
ultralow carbon steel. The modern degassing processes are employed for deoxida-
tion, desulfurization, alloying, melt homogenization, and faster removal of inclu-
sions in addition to degassing and decarburization.

DH Degassing Process The process also known as the Lifter Degassing process
was developed in Germany. In this process, about 10–15% of the total steel
contained in a ladle is lifted and treated at a time under vacuum. The process is
repeated a number of times until the required level of degassing is achieved.
Figure 8.14 shows the arrangement of the DH degassing unit.

The vacuum chamber has a long leg (snorkel lined from both sides), which dips in
the steel pool contained in a ladle. The chamber is lined with fire clay and alumina
refractory bricks in the upper and lower parts, respectively. The vessel is provided
with an exhaust, a hopper for alloy addition, and a heating device. As the atmo-
spheric pressure would force the molten steel to rise to a height of 1.4 m in the
chamber under vacuum, the length of the snorkel must be more than 1.4 m. Before
starting the process, the chamber is preheated. The snorkel tip is allowed to dip into
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Heating element

Exhaust

Rising bubbles

Snorkel

Ladle

Fig. 8.13 RH
degassing unit
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the liquid steel by lowering the preheated chamber in a tapping ladle. By moving the
evacuated chamber up and down, the molten steel is forced to enter the preheated
chamber so as to be exposed to the vacuum. The pattern of mixing is similar to that
of the RH process. The stroke of movement of the DH vessel is about 50–60 cm with
a cycle of 20 s. As only 10–15% of the molten steel is exposed to vacuum at a time,
7–10 cycles are needed to expose the total quantity of steel once. Thus, 20–30 cycles
are required to achieve the appropriate level of degassing in 15–20 min.

If 1/m part of the total quantity of steel taken in the DH degassing vessel is forced
to enter in the preheated vacuum chamber, the final hydrogen content Hf and the
initial hydrogen content Hi are related to number of times (n) the vessel is raised and
lowered by the expression [26]:

Hf ¼ Heq þ m� 1
m

� 	n

Hi ð8:54Þ

where Heq stands for the equilibrium hydrogen content in the steel melt under the
reduced pressure pH2

atm (i.e., the order of vacuum).
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8.8 Problems [27–29]

Problem 8.1
Steel is desulfurized with a synthetic slag, calcium aluminate (CaO–Al2O3), by
adding aluminum. If sulfur in steel is reduced from 0.015% to 0.0025% by equili-
brating 100 ton of steel with 1250 kg of slag, calculate the desulfurizing index/
partition ratio.

Solution
Amount of sulfur transferred from the steel melt to the slag

¼ 100� 1000� 0:0150� 0:0025ð Þ � 10�2 ¼ 12:5 kg

∴wt% S in slag %Sð Þ ¼ 12:5� 100
1250

¼ 1:0%

∴DS ¼ %Sð Þ
%S½ � ¼

1
0:0025

¼ 400 Ans:

Problem 8.2
Calculate the theoretical amount of pure aluminum required to deoxidize 100 ton of
steel at 1600 �C, if oxygen has to be reduced from the initial value of 0.03 to
0.001 wt%. What is the deoxidation constant?

Given that: 2[%Al] + 3[%O] ¼ Al2O3(s), ΔGo ¼ � 294800 + 94.75 T cal

Solution
For the reaction: 2[%Al] + 3[%O] ¼ Al2O3(s), at 1873 K,

ΔGo ¼ �294800þ 94:75� 1873 ¼ �117333 cal ¼ �RT lnK

K ¼ 4:92� 1013

The equilibrium constant, K ¼ aAl2O3ð Þ
a2Al
� �

: a3O
� �

As concentration of Al and O in the steel melt is very low we can assume that
Henry’s law (ai ¼ wt% i) is obeyed by both the solutes, aAl2O3 ¼ 1

∴K ¼ 1

%Al½ �2: %O½ �3 ¼ 4:92� 1013

Deoxidation constant,K 0 ¼ 1
K
¼ 2:03� 10�14 Ans:

¼ %Al½ �2: %O½ �3
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∴ %Al½ �2 ¼ 2:03� 10�14

%O½ �3 ¼ 2:03� 10�14

0:001½ �3 ¼ 2:03� 10�5

%Al½ � ¼ 4:50� 10�3

Residual Al in the melt ¼ 100� 1000� 4:50� 10�3

100
¼ 4:50 kg

Amount of Al consumed reactedð Þ in removal of oxygen

¼ 0:03� 0:001ð Þ
100

� 100� 1000� 54
48
¼ 32:625 kg

Total amount of Al required ¼ 4:50þ 32:625 ¼ 37:125 kg Ans:

Problem 8.3 (Elliott, J. F., 1980–1981, Personal Communication, Massachusetts
Institute of Technology, Cambridge)

The scrap charge to a steelmaking system usually contains elements like aluminum,
copper, nickel, and manganese. Some of these metals will remain principally in the
bath at the end of the refining operation, some will be distributed between the slag
and the bath and some will go completely into the slag.

(i) Set a criterion by which you may be able to determine into which of these
categories a metal may fall. Assume that the bath of steel at the end of the heat
and before deoxidation contains 0.1% C at 1600 �C. Make sure that your
criterion accounts in some simple way for the oxidizing strength of the slag.

(ii) Rank the four metals mentioned above according to the three categories.
Explain the reasoning behind your ranking.

Given that at 1600 �C

%C½ � þ %O½ � ¼ CO gð Þ,ΔGo ¼ �23100 cal

Fe lð Þ þ %O½ � ¼ FeO lð Þ,ΔGo ¼ �5500 cal

2 %Al½ � þ 3 %O½ � ¼ Al2O3 sð Þ,ΔGo ¼ �101400 cal

2 %Cu½ � þ %O½ � ¼ Cu2O lð Þ,ΔGo ¼ 40600 cal

%Ni½ � þ %O½ � ¼ NiO sð Þ,ΔGo ¼ 30700 cal

%Mn½ � þ %O½ � ¼ MnO sð Þ,ΔGo ¼ �12400 cal
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Solution
Considering the formation of oxides per atom of oxygen, the free energy of forma-
tion is listed below:

Oxide ΔGo (cal)

CO �23,100
FeO �5500
Al2/3O �33,800
Cu2O þ40,600
NiO þ30,700
MnO �12,400

These oxides are reduced by the dissolved carbon, [C] to form CO gas. In general,
the reduction of oxides may be expressed as follows:

MxOþ C½ � ¼ xMþ CO gð Þ ð1Þ

logK ¼ log
axM:pCO
aMxO:aC

� �

or log aMxO ¼ � logK þ log pCO þ x log aM � log aC ð2Þ

Considering, 0.05%M in themetallic bath, aM¼ [%M]¼ 0.05, log (0.05)¼ � 1.3,
pCO ¼ 1 atm, aC ¼ [%C] ¼ 0.1, Eq. 2 may be expressed as:

log aMxO ¼ � logK þ log 1ð Þ þ x log 0:05ð Þ � log 0:1ð Þ
¼ � logK � 1:3xþ 1:0

ð3Þ

Al2=3Oþ C½ � ¼ 2=3 Al lð Þ þ CO gð Þ ð4Þ
ΔGo

r ¼ ΔGo
CO � ΔGo

Al2=3O
¼ �23100� �33800ð Þ ¼ 10700 cal

¼ �RT lnK ¼ �4:575 T logK

logK ¼ � 10700
4:575�1873 ¼ �1:25, since for the reaction (4), we have pCO ¼ 1 atm,

aAl ¼ [%Al] ¼ 0.05, aC ¼ 0.1, x ¼ 2/3 , from Eq. 3, we can write:

∴ log aAl2=3O ¼� logK þ 2=3 log aAl þ 1:0 ¼ � logK þ 2=3 log 0:05ð Þ þ 1:0

¼� �1:25ð Þ þ 2=3 �1:3ð Þ þ 1:0 ¼ 1:3833

∴ log aAl2O3 ¼ 3� 1:3833 ¼ 4:15

Thus, aAl2O3 ¼ 14125

Cu2Oþ C½ � ¼ 2Cuþ CO gð Þ ð5Þ
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ΔGo
r ¼ ΔGo

CO � ΔGo
Cu2O
¼ �23100 � 40600 ¼ �63700 cal

¼ �4:575� 1873� logK

∴ logK ¼ 7:434

For Eq. 5, we have: pCO ¼ 1 atm, aCu ¼ [%Cu] ¼ 0.05, aC ¼ 0.1, x ¼ 2.
Hence, from Eq. 3, we can write:

log aCu2O ¼� logK þ 2 �1:3ð Þ þ 1:0

¼� 7:434� 2:6þ 1:0 ¼ �9:03
aCu2O ¼ 9:25� 10�10

Similarly, for the reaction: NiO + [O] ¼ Ni + CO(g), aNiO ¼ 2.64 � 10�7 and for
the reaction: MnO + [O] ¼ Mn + CO(g), aMnO ¼ 0.028.

Thus, the result, based on the criterion of activity of oxides in the slag, may be
summarized as follows:

MxOy logK log aMxOy aMxOy M distributed in

Al2O3 �1.25 4.15 14,125 Slag

Cu2O 7.43 �9.03 9.25 � 10�10 Metal

NiO 6.28 �6.58 2.64 � 10�7 Metal

MnO 1.25 �1.55 0.028 Slag/metal

From the values of activity of different oxides, it may be concluded that the metal
will join the slag or the metallic bath. For example, aluminum present in the charge
will get oxidized immediately and the oxide product, Al2O3, which attains a very
high activity will enter in the slag phase. Extremely low values of activities of Cu2O
and NiO suggest that there is hardly any chance of oxidation of copper and nickel.
Hence, both Cu and Ni will remain in the metallic phase, that is, pig iron.
aMnO ¼ 0.028, suggests that Mn will get distributed partially in the metallic bath
and partially in the slag.

Problem 8.4
180 tons of molten steel containing 0.2 wt% oxygen is deoxidized in an open hearth
furnace at 1627 �C by adding 900 kg of ferrosilicon (analyzing 50 wt% Si and
balance Fe). Assuming that Henry’s law is obeyed for the solutes, calculate the
equilibrium constant and the silicon and oxygen contents of the melt after
deoxidation.

Given that:

Si½ � in Feð Þ þ 2 O½ � in Feð Þ ¼ SiO2 sð Þ,ΔGo ¼ �142000þ 54:97T cal
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Solution
Since Henry’s Law is obeyed for both the solutes (i.e., for Si and O)

aSi ¼ [%Si], aO ¼ [%O], SiO2 being solid, aSiO2 ¼ 1

K ¼ aSiO2

%Si½ � � %O½ �2 ¼
1

%Si½ � � %O½ �2

ΔGo ¼ �RT ln K ¼ �142000þ 54:97 T ¼ �142000 þ 54:97� 1900

¼ �37557
K ¼ 20923

,100 kg steel contains 0.2 kg oxygen

∴Total oxygen in the steel melt before deoxidation ¼ 0, 2� 180� 1000
100

¼ 360 kg:

Amount of Si required ¼ 28
32
� 360 ¼ 315 kg, for the reaction:

Si½ � þ 2 O½ � ¼ SiO2ð Þ

but Si added ¼ 900
2
¼ 450 kg since ferrosilicon contains 50% Sið Þ

∴Excess Si addedð Þ going into the melt as Si ¼ 450� 315 ¼ 135 kg:

Total iron ¼ 180� 1000 kgþ 450 kg from ferrosiliconð Þ ¼ 180450 kg:

%Si½ � ¼ 135� 100
180450þ 135

¼ 0:075 ¼ aSi in Fe�Si�O after deoxidationð Þ

K ¼ 20923 ¼ 1

%Si½ � %O½ �2 ¼
1

0:075 %O½ �2

%O½ �2 ¼ 1
0:075� 20923

¼ 0:0006373

∴ %O½ � ¼ 0:025244

and %Si½ � ¼ 0:075

and equilibrium constant ¼ 20923 Ans:

Problem 8.5
Calculate the amount of ferrosilicon per ton of steel containing 0.3% C for deoxi-
dation at 1600 �C to obtain a final oxygen content of 0.006%. Ferrosilicon contains
80% Si.
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Given that:

CO gð Þ ¼ C½ � þ O½ �, K ¼ 2:4� 10�3 and

SiO2 sð Þ ¼ Si½ � þ 2 O½ �, K ¼ 2:82� 10�5

eCO ¼ �0:13, eOO ¼ �0:2, eSiSi ¼ 0:029, eCSi ¼ 0:24

How much ferrosilicon will be required in deoxidation of 200 tons of steel?

Solution
The initial oxygen content in steel can be obtained by considering oxygen–carbon
equilibrium. Since concentration of oxygen and carbon in steel is very low (i.e.,
solution is very dilute), we can assume the validity of Henry’s law for dissolution of
oxygen as well as carbon.

Hence, aO ¼ %O½ � and aC ¼ %C½ � ¼ 0:3

for the reaction CO gð Þ ¼ C½ � þ O½ �

K ¼ aC:aO
pCO

¼ 0:3� %O½ �
1

¼ 0:0024

∴ %O½ � ¼ 0:0024
0:3

¼ 0:008%

Consider Fe–O–C system

log fO ¼ eOO:%Oþ eCO:%C

¼ �0:2ð Þ � 0:008þ �0:13ð Þ � 0:3 ¼ �0:0406
∴ fO ¼ 0:91

Considering deviation from Henrian behavior :

aO ¼ fO: %O½ �

∴ %O½ � ¼ aO
fO
¼ 0:008

0:91 ¼ 0:009 (initial oxygen in steel before deoxidation)

Thus, oxygen removed by deoxidation ¼ 0.009 – 0.006 ¼ 0.003

SiO2 sð Þ ¼ Si½ � þ 2 O½ �
K ¼ aSi:a2O

aSiO2

¼ 2:82� 10�5 aSiO2 ¼ 1, SiO2 being a solidð Þ
∴aSi:a

2
O ¼ 2:82� 10�5

aO ¼ fO %O½ � ¼ 0:91� 0:006 ¼ 0:0055ð Þ
aSi ¼ 2:82� 10�5

a2O
¼ 2:82� 10�5

0:0055ð Þ2 ¼ 0:932 ¼ %Si½ �
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Now consider Fe–C–Si system

log fSi ¼ eSiSi:%Siþ eCSi:%C ¼ 0:029� 0:932þ 0:24� 0:3 ¼ 0:099

∴ fSi ¼ 1:256

%Si½ � ¼ aSi
fSi
¼ 0:932

1:256
¼ 0:7442 after deoxidationð Þ

Change in O½ � i:e: %O½ � removedð Þ ¼ 0:009� 0:006 ¼ 0:003

Corresponding amount of Si, removed as SiO2 ¼ 0:003� 28
32
¼ 0:00263

Amount of ferrosilicon added per ton of steel

¼ 0:00263
100

� 1000
0:8

� �
for SiO2 þ 0:7442

100
� 1000

0:8

h i
Si residual

¼ 0:033þ 9:303 ¼ 9:306 kg per ton of steel Ans:

Amount of ferrosilicon required for 200 tons of steel

¼ 9:306� 200 ¼ 1861:2 kg Ans:

Problem 8.6
Calculate the residual oxygen content of liquid iron containing 0.10% Si in equilib-
rium with solid silica at 1600 �C.

Given that: eSiSi ¼ 0:32, eOO ¼ �0:20, eOSi ¼ �0:24, eSiO ¼ �0:14

Si lð Þ þ O2 gð Þ ¼ SiO2 sð Þ, ΔGo
1 ¼ �226500þ 47:50 T cal

O2 gð Þ ¼ 2 O½ � % in Feð Þ, ΔGo
2 ¼ �55800� 1:46 T cal

Si lð Þ ¼ Si½ � % in Feð Þ, ΔGo
3 ¼ �28500� 6:1 T cal

Solution
In order to get the residual oxygen content of the liquid iron, one has to consider the
formation of pure silica from the dissolved [Si] and [O] in liquid iron.

Si½ � þ 2 O½ � ¼ SiO2 sð Þ
ΔGo

r ¼ ΔGo
1 � ΔGo

2 � ΔGo
3 ¼ �142200þ 55:06 T cal

ΔGo
1873 ¼ �39073 cal ¼ �RT lnK

ð1Þ
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K ¼ aSiO2ð Þ
aSi½ �: a2O

� � In dilute solutions : ai ¼ fi:%i

¼ 1

fSi:%Si½ �: fO:%O½ �2 since SiO2 is a solid, aSiO2 ¼ 1 ð2Þ

lnK ¼ �ΔGo
r

RT
¼ 39073

1:987� 1873
¼ 10:4987

K ¼ 36270
ð3Þ

From Eqs. 2 and 3, we get

1
K
¼ fSi:%Si½ �: fO:%O½ �2 ¼ 1

36270
¼ 2:76� 10�5 ð4Þ

log fSi ¼ %Si½ �:eSiSi þ %O½ �:eOSi ¼ 0:1� 0:32þ %O½ � � �0:24ð Þ
¼ 0:032� 0:24: %O½ � ð5Þ

log fO ¼ %O½ �:eOO þ %Si½ �:eSiO ¼ %O½ � � �0:20ð Þ þ 0:1� �0:14ð Þ
¼ �0:20: %O½ � � 0:014

ð6Þ

Taking log of Eq. 4, we get:

log fSi þ 2 log fO þ log %Si½ � þ 2 log %O½ � ¼ log 2:76� 10�5
� �

Substituting the values of log fSi and log fO from Eqs. 5 and 6, respectively, we get:

�0:032� 0:24: %O½ � � 0:40: %O½ � � 0:028þ log 0:10ð Þ þ 2 log %O½ � ¼ �4:5595
or 2 log %O½ � � 0:64: %O½ � ¼ �4:5595þ 1:0þ 0:06 ¼ �3:4995

Solving for [%O], we get [%O] ¼ 0.018 Ans.

Problem 8.7 (Elliott, J. F., 1980–1981, Personal Communication, Massachusetts
Institute of Technology, Cambridge)

An Fe–O–C melt contains 0.05 wt% C and 0.04 wt% O at 1600 �C. One kg of
silicon metal is added to one ton of the melt. (i) How much SiO2 is formed (% by
weight of metal) as a result of this addition, and what is the final composition of the
melt? The temperature is still 1600 �C and wt% C remains unchanged. (ii) The
deoxidized melt is then cooled to 1536 �C. How much SiO2 (wt%) is formed as a
result of the change in temperature, and what is the final composition of the melt?
The density of liquid iron is 7.2 gm cm�3.

Given that: SiO2(s) ¼ [%Si] + 2[%O], logK ¼ � 30400
T þ 11:58.
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Solution
(i) For the given Fe–O–C melt at 1600 �C, C ¼ 0.05 wt% and O ¼ 0.04 wt%

There is no change in composition on addition of Si at 1600 �C.

SiO2 sð Þ ¼ %Si½ � þ 2 %O½ �, logK ¼ � 30400
1873

þ 11:58 ¼ �4:6506 ð1Þ
x x 2x

That is, 28x [Si] reacts with 32x [O]
Initial wt% Si in the melt ¼ 1/1000 � 100 ¼ 0.1

wt% Si in the melt at ‘t’eq ¼ 0:1� 28x ð2Þ
wt% O in the melt at ‘t’eq ¼ 0:04� 32x ð3Þ

For the above reaction, K ¼ %Si½ �: %O½ �2
aSiO2

, neglecting the effect of interaction coeffi-

cients since [%O] as well as [%C] are very low in concentration.
aSiO2 ¼ 1 because SiO2 is a solid, hence we can write:

log K ¼ �4:6506 ¼ log %Si½ �: %O½ �2
n o

∴ %O½ �2 ¼ 2:2354�10�5
%Si½ � , substituting the values of [%O] and [%Si] from Eqs. 2 and 3,

we get 0:04� 32x½ �2 ¼ 2:2354�10�5
0:1�28x½ �

On simplification we get:

�28672x3 þ 174:08x2 � 0:301x ¼ �1:377� 10�4

Solving by trial and error, x ¼ 8.23 � 10�4

Hence, the final composition of the melt would be:

%C½ � ¼ 5� 10�2

%O½ � ¼ 0:04� 32� 8:23� 10�4
� � ¼ 1:372� 10�2

%Si½ � ¼ 0:10� 28� 8:23� 10�4
� � ¼ 7:7� 10�2

Hence, the final weight of Si in 1000 kg melt ¼ 7.7 � 10�2 � 10 ¼ 0.77 kg
Therefore, weight of Si consumed to form SiO2 ¼ 1.0 – 0.77 ¼ 0.23 kg
Amount of SiO2 formed by 0.23 kg of Si ¼ 60

28� 0:23 ¼ 0:493 kg Ans.
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(ii) In order to get the amount of SiO2 formed and to calculate the final composition
of the melt cooled to 1536 �C after deoxidation at 1600 �C, consider the
equilibrium at 1809 K.

logK ¼ � 30400
1809

þ 11:58 ¼ �5:2249
∴K ¼ 5:96� 10�6

∴ %O½ �2 ¼ 5:96� 10�6

%Si½ � ð4Þ

whereas from part (i): [%O] ¼ 0.01372 � 32x and

%Si½ � ¼ 0:077� 28x

Substituting the values of [%O] and [%Si] in Eq. 4, we get:

0:01372� 32xð Þ2 0:077� 28xð Þ ¼ 5:96� 10�6

or � 28672x3 þ 103:432x2 � 7:286� 10�2x ¼ �8:52� 10�6

Solving by trial and error, x ¼ 1.46 � 10�4, hence, the final composition of the melt
at 1536 �C would be

%O½ � ¼ 0:01372� 32� 1:46� 10�4 ¼ 9:048� 10�3

%Si½ � ¼ 0:077� 28� 1:46� 10�4 ¼ 7:29� 10�2

%C½ � ¼ 5� 10�2

∴ The final weight of Si in 1000 kg melt at 1536 �C ¼ 7:29�10�2
100 � 1000 ¼ 0:729 kg

Weight of Si in the melt at 1600 �C ¼ 0.77 kg
Hence, weight of Si consumed in forming SiO2 ¼ 0.77–0.729 ¼ 0.041 kg
∴ Weight of SiO2 formed as a result of the change of temperature from 1600 to

1536 �C ¼ 0:041� 60
28 ¼ 0.088 kg Ans

Problem 8.8 (Nagamori, M., 1979–1980, Personal Communication, University of
Utah, Salt Lake City)

What is the effect of temperature on decarburization limit in the production of
stainless steel? Assuming that the slag is saturated with chromite (FeCr2O4), dem-
onstrate this aspect by calculating the minimum carbon that can be achieved at
1600 �C and 1700 �C from the following data:
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Fe sð Þ þ 2Cr sð Þ þ 2O2 gð Þ ¼ FeCr2O4 sð Þ ΔGo
1 ¼ �333550þ 74:2 T cal

C sð Þ þ 0:5O2 gð Þ ¼ CO gð Þ ΔGo
2 ¼ �26700 � 20:95 T cal

C sð Þ ¼ %C½ � in Feð Þ ΔGo
3 ¼ 5400� 10:1 T cal

Cr sð Þ ¼ %Cr½ � in Feð Þ ΔGo
4 ¼ 5000� 11:31 T cal

Fe sð Þ ¼ Fe lð Þ ΔGo
5 ¼ 3587� 1:995 T cal

How would your answer get modified by accounting the given interaction
coefficients?

eCrC ¼ �0:024 and eCC ¼ 0:22

Solution
The extent of decarburization increases with increase of temperature.

As chromite is in equilibrium with carbon in steel, the following reaction may be
considered for stainless steel production:

FeCr2O4 sð Þ þ 4 %C½ � ¼ Fe lð Þ þ 2 %Cr½ � þ 4 CO gð Þ

The standard free energy change (ΔGo) for the above reaction can be obtained by
making use of the above five equations:

ΔGo ¼ ΔGo
5 þ 2ΔGo

4 þ 4ΔGo
2 � ΔGo

1 � 4ΔGo
3

¼ 218737� 142:2 T

At 1600 �C, ΔGo ¼ 218737 � 142.2 � 1873 ¼ � 47604 cal

K ¼ 3:59� 105

The equilibrium constant, K for the reaction under question is given as:

K ¼ aFe: %Cr½ �2:p4CO
aFeCr2O4: %C½ �4

¼ 0:95� 52 � 1

1� %C½ �4 ¼ 3:59� 105

assuming aFe ¼ 0:95, %Cr½ � ¼ 5, pCO ¼ 1 and aFeCr2O4 ¼ 1ð Þ
%C½ �4 ¼ 0:95� 25

3:59� 105
¼ 6:62� 10�5

∴ %C½ � ¼ 9:02� 10�2 ¼ 0:09% Henrian activity, aHC
� �

Similarly, at 1973 K, the equilibrium constant, K ¼ 7.07 � 106
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and %C½ �4 ¼ 0:95� 25
7:07� 106

¼ 3:36� 10�6

∴ %C½ � ¼ 0:043% Henrian activityð Þ

Thus, we see that lower carbon can be achieved by increasing the temperature from
1600 to 1700 �C. Ans.

At 1600� C the activity coefficient of steel containing 0.09% C and 5% Cr will be

log fC ¼ eCC: %C½ � þ eCrC : %Cr½ � ¼ 0:22� 0:09þ �0:024ð Þ � 5 ¼ �0:1002
∴ fC ¼ 0:794

As aHC ¼ f C: %C½ �actual
∴0:09 ¼ 0:794� %C½ �actual
or %C½ �actual ¼

0:09
0:794

¼ 0:1134%C

log fC ¼ eCC: %C½ � þ eCrC : %Cr½ � ¼ 0:22� 0:1134þ �0:024ð Þ � 5 ¼ 0:0951

∴ fC ¼ 0:8034, consequently,

%C½ � ¼ 0:09
0:8034

¼ 0:112% C � the actual carbon, 0:1134% Cð Þ

Similarly, at 1700 �C, %C½ �actual ¼ 0:043
0:794 ¼ 0:054% C

Thus, answer is modified by considering interaction coefficients in the steel melt
but higher degree of decarburization is achieved at higher temperature, 1700 �C.

Problem 8.9
Calculate the rate of removal of nitrogen at 1600 �C from a steel melt containing
0.005 wt% N with a carbon boil which removes carbon at the rate of 0.015% per
minute.

Solution
We can make use of Eq. 8.32 to calculate the rate of removal of nitrogen from the
steel melt.

d %N½ �
dt
¼ 28

12
%N
0:045

� �2 d %C½ �
dt

¼ 28
12

0:005
0:045

� �2
� 0:015

¼ 28
12
� 0:012� 0:015

¼ 4:2� 10�4 wt% per minute Ans:
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Problem 8.10
A large amount of liquid steel is processed at 1500 �C under reduced pressure of
130 Pa. Calculate the volume of gas liberated under these conditions when (i) the
melt reacts with 14 g mol of water according to the reaction: H2O (g) ¼ H2 (g) + [%
O], (ii) the melt reacts with 20 kg of slag containing 20% FeO according to the
reaction: (FeO) + [%C] ¼ Fe(l) + CO(g).

Solution
ið Þ P ¼ 130 Pa,T ¼ 1773 K

H2O gð Þ ¼ H2 gð Þ þ O½ � gð Þ ð1Þ

Since pressure on top of the melt is very low, the reaction (1) will take place in the
forward direction until the entire volume of water (14 g mol) is driven out.

14 g mol H2O will produce 14 g mol of H2 gas.

n ¼ 14 g mol,P ¼ 130 Nm�2,R ¼ 8:314 JK�1 mol�1

∴v ¼ nRT
P
¼ 14� 8:314� 1773

130
¼ 1587:5 m3

Thus, the volume of hydrogen gas liberated at 1500 �C and 130 Pa¼ 1587.5 m3 Ans.

iið Þ FeOð Þ þ %C½ � ¼ Fe lð Þ þ CO gð Þ ð2Þ

The above reaction will proceed unless entire amount of FeO present in the slag is
consumed in the formation of CO gas.

Amount of FeO in 20 kg of slag ¼ 20� 20
100
¼ 4 kg

From reaction (2), it is clear that (55.85 + 16) g of FeO produces (12 + 16) g of
CO gas.

That is, 1 g mol of FeO produces 1 g mol of CO

4� 1000
71:85

� 	
g mol of FeO produces

4� 1000
71:85

� 	
g mol of CO gas

nCO ¼ 4 000
71:85

� 	
,T ¼ 1773 K,P ¼ 130 N m�2

∴v ¼ nRT
P
¼ 4000� 8:314� 1773

71:85� 130
¼ 6312:6 m3

Thus, volume of CO gas liberated at 1500 �C and 130 Pa is 6312.6 m3 Ans.
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Problem 8.11
Why circulation method of degassing is preferred over ladle degassing? Justify your
answer in the light of the following data:

(i) 1
2 H2 gð Þ ¼ H½ � ppmð Þ, ΔGo ¼ 31973 � 44.36T J

(ii) Surface tension of the melt at 1600 �C ¼ 1.6 J m�2

(iii) Surrounding pressure in the melt at the location of the bubble of 10�8 m radius
is 1.5 atm.

Solution
ΔGo ¼ 31973� 44:36� 1873 ¼ �51113:3 J ¼ �RT lnK
lnK ¼ 3:2824,K ¼ 26:64

1
2
H2 gð Þ ¼ H½ � ppmð Þ

K ¼ H½ � ppmð Þffiffiffiffiffiffiffi
pH2

p ¼ 26:64ffiffiffi
1
p ¼ 26:64 pH2

¼ 1 atm
� �

∴ H½ � ppmð Þ ¼ K ¼ ffiffiffiffiffiffiffi
pH2

p ¼ 26:64

r ¼ 10�8 m, surrounding pressure ¼ 1:5 atm

pH2
¼ psurr þ 2σ

r
¼ 1:5� 105 Paþ 2� 1:6

10�8
J m�2

¼ 1:5� 105Paþ 3:2� 103 � 105Pa ¼ 105 1:5þ 3200ð ÞP ¼ 3201:5 atm

∴ H½ � ppmð Þ ¼ 26:64
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3201:5
p

¼ 1507:3 ppm: Ans:

Thus, we see that solubility of hydrogen in the melt decreases from bottom to the top
of the ladle on account of the corresponding decrease of pressure. At depth where
surrounding pressure on the bubble is 1.5 atm, solubility is 1507.3 ppm and at the top
it is 26.64 ppm (i.e., at one atm pressure). Hence, circulation degassing will be faster
and more effective compared to ladle degassing because under circulation the entire
steel melt is gradually exposed to vacuum in the form of tiny droplets.

Problem 8.12
The surface tension of liquid iron at 1600 �C is 1.8 J m�2

(i) What is the concentration of hydrogen in the melt when it is in equilibrium with
hydrogen gas at 1 atm pressure?

(ii) What would be the concentration of hydrogen in the melt, if instead, it were in
equilibrium with bubbles of pure hydrogen of diameter 0.1 μm? The total
pressure in the melt at the location of the bubbles is 1 atm. Given that,

1
2
H2 gð Þ ¼ H½ � ppmð Þ,ΔGo ¼ 8720� 11:02 T cal
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Solution
T ¼ 1873 K,ΔGo ¼ 8720� 11:02� 1873 ¼ �11920 cal ¼ �4:575 TlogK

logK ¼ 1:3911

K ¼ 24:6 ¼ H½ � ppmð Þffiffiffiffiffiffiffi
pH2

p

(i) pH2
¼ 1 atm

∴ H½ � ppmð Þ ¼ K:
ffiffiffiffiffiffiffi
pH2

p ¼ 24:6 Ans:

(ii) bubble diameter ¼ 0.1 μm, r ¼ 0.05 � 10�6 m, 1 atm ¼ 105 Pa

Pb ¼ Psurr þ 2σ
r
¼ 105 Paþ 2� 1:8 J m�2

0:05� 10�6m
¼ 721� 105 Pa ¼ 721 atm

∴ H½ � ppmð Þ ¼ K:
ffiffiffiffiffiffiffi
pH2

p ¼ 24:6
ffiffiffiffiffiffiffiffi
721
p

¼ 661 ppm Ans:

Problem 8.13
With the aid of the following data, justify why circulation degassing is preferred over
ladle degassing.

(i) Surface tension of liquid steel at 1600 �C is 1.6 J m�2

(ii) 1
2 H2 gð Þ ¼ H½ � ppmð Þ, ΔGo ¼ 31973 � 44.36T J

(iii) Surrounding pressure in the melt at the location of the bubble of 10�9 m,
10�6 m and 0.05 � 10�6 radii is 2 atm.

Solution
T ¼ 1873 K,ΔGo ¼ 31973� 44:36� 1873 ¼ �51113:28 J ¼ �RT lnK
lnK ¼ 3:2824,K ¼ 26:64

For the reaction: 12 H2 gð Þ ¼ H½ � ppmð Þ, K ¼ H½ � ppmð Þffiffiffiffiffiffi
pH2
p

Since pH2
¼ 1 atm, H½ � ppmð Þ ¼ K:

ffiffiffiffiffiffiffi
pH2

p ¼ 26:64
When bubble radius is 10�9 m

Pb ¼ Psurr þ 2σ
r
¼ 2� 105 Paþ 2� 1:6 J m�2

10�9m
¼ 32002� 105Pa ¼ 32002 atm

∴ H½ � ppmð Þ ¼ K:
ffiffiffiffiffiffiffi
pH2

p ¼ 26:64
ffiffiffiffiffiffiffiffiffiffiffiffiffi
32002
p

¼ 4766 ppm

Similarly, when r ¼ 10�6 m, [H] (ppm) ¼ 155.3 ppm.
and when r ¼ 0.05 � 10�6 m, [H] (ppm) ¼ 675 ppm.
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The solubility of hydrogen varies according to the radius of the bubble and the
radius depends on the depth of its location. Hence, circulation degassing will be
more effective for removal of hydrogen because in this process the entire steel melt is
exposed to vacuum in the form of tiny droplets.

Problem 8.14
(i) 200 ton of steel containing 20 ppm of hydrogen is degassed at 1600 �C in RH

vessel under vacuum of 100 μm by purging argon gas through tuyeres. If the rate
of circulation of molten steel to the vacuum chamber is 16 tons per minute,
calculate the final hydrogen content of the steel after 20 min of degassing
operation.

Given that, 12 H2 gð Þ ¼ H½ � ppmð Þ, KH ¼ 24.6 at 1600 �C

(ii) What would be the rate of circulation to achieve the final hydrogen content of
5 ppm in 15 min?

Derive the necessary expression for the above calculations.

Solution
In order to solve this problem, one should first derive the expression relating the rate
of circulation of steel, time of degassing, initial and final hydrogen content in molten
steel with the total quantity of steel taken in a ladle for degassing by RH process
under the given order of vacuum in the reaction vessel. When molten steel is exposed
to vacuum, molecular hydrogen comes out of steel according to the reaction:
H½ � ¼ 1

2 H2 gð Þ. The equilibrium constant (KH) for this reaction can be made use of
to calculate the equilibrium hydrogen, [H]eq in steel under the reduced pressure (pH2

), that is, the order of vacuum.

KH ¼
p1=2H2

H½ �eq

H½ �eq ¼
p1=2H2

KH

Now, consider the hydrogen balance using the following symbols:

Total amount of steel in the ladle ¼ w ton.
Rate of removal of hydrogen from steel ¼ w1 (g min�1)
Rate at which hydrogen is transported to the vacuum chamber ¼ w2 (g min�1)
Rate of circulation of steel in the vacuum chamber ¼ r (ton min�1)

∴w1 ¼ w� 106 � dH
dt
� 10�6

� �
¼ w:

dH
dt

ð1Þ
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w2 ¼ r � 106: H� Heq
� �� 10�6 ¼ r: H� Heq

� � ð2Þ

Equating Eqs. 1 and 2 we get:

w:
dH
dt
¼ r: H� Heq

� �

or
dH

H� Heq
¼ r

w
:dt ð3Þ

If Hin and Hf are the initial and final hydrogen contents of steel, respectively,
integration of Eq. 3 between the limits t ¼ 0, H ¼ Hin and t ¼ t, H ¼ Hf gives:

ln
Hin � Heq

Hf � Heq

� �
¼ r

w
:t

(i) From the given equilibrium constant, we can calculate the equilibrium hydrogen
in steel at pH2

¼ 100 μm ¼ 100�10�3
760 atm: ¼ 0:1

760 atm

For the reaction: 12 H2 gð Þ ¼ H½ � ppmð Þ, KH ¼ H ppmð Þeqffiffiffiffiffiffi
pH2
p

H ppmð Þeq ¼ KH:
ffiffiffiffiffiffiffi
pH2

p ¼ 24:6

ffiffiffiffiffiffiffiffiffi
0:1
760

r
¼ 0:2822 ppm

Since we know that Hin ¼ 20 ppm, Heq ¼ 0.2822 ppm, and t ¼ 20 min, we can

calculate, Hf by substituting these values in equation: ln Hin�Heq

Hf�Heq

h i
¼ r

w :t, derived

above.

ln
20� 0:2822
Hf � 0:2822

� �
¼ 16

200
� 20 ¼ 1:6

∴
20� 0, 2822
Hf � 0:2822

� �
¼ 4:953

Hence, Hf ¼ 4.26 ppm Ans.

(ii) Similarly, the rate of circulation (r) can be calculated to achieve Hf ¼ 5 ppm

ln
20� 0:2822
Hf � 0:2822

� �
¼ ln

20� 0:2822
5� 0:2822

h i
¼ 1:43 ¼ r

200
� 15

r ¼ 19:1 ton min �1Ans:
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Problem 8.15
Under similar conditions (as stated in Problem 8.14), repeat the above calculations of
part (i) and (ii) for 200 ton of steel containing 0.7% C, 1.5% Mn and 1% Si at
1600 �C incorporating the given values of interaction coefficients.

eHH ¼ 0, eCH ¼ 0:06, eMn
H ¼ �0:002, eSiH ¼ 0:027:

Solution
log fH ¼ %H:eHH þ%C:eCH þ%Mn:eMn

H þ%Si:eSiH
¼ 0þ 0:7� 0:06þ 1:5� �0:002ð Þ þ 1� 0:027 ¼ 0:066

∴ fH ¼ 1:164

For the reaction: 12 H2 gð Þ ¼ H½ � ppmð Þ, KH ¼ 24.6 at 1600 �C

KH ¼
H½ � ppmð Þeqffiffiffiffiffiffiffi

pH2

p

H½ � ppmð Þeq ¼ KH:
ffiffiffiffiffiffiffi
pH2

p ¼ 24:6:

ffiffiffiffiffiffiffiffiffi
0:1
760

r
¼ 0:2822 ppm ¼ 0:2822� 10�4% ¼ aHeqH

In extremely dilute solutions: f H ¼ aHeqH
%H½ �

%H½ � in alloyð Þ ¼ aHeqH

fH
¼ 0:2822� 10�4%

1:164
¼ 0:2424� 10�4 ¼ 0:2424 ppm

ln
Hin � Heq

Hf � Heq

� �
¼ r

w
:t ¼ 16

200
� 20 ¼ 1:6

(i) where Hin ¼ 20 ppm and Heq¼ 0.2424 ppm

∴ ln
Hin � Heq

Hf � Heq

� �
¼ 1:6

Hin � Heq

Hf � Heq

� �
¼ 4:953 ¼ 20� 0:2424

Hf � 0:2424

Hf ¼ 19:7576þ 4:953� 0:2424
4:953

¼ 20:9583
4:953

¼ 4:23 ppm Ans:

(ii) Value of r, when t ¼ 15 min and Hf ¼ 5 ppm
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∴ ln
Hin � Heq

Hf � Heq

� �
¼ r

200
:15

ln
20� 0:2424
5� 0:2424

h i
¼ 3r

40

∴r ¼ ln
19:7576
4:7576

� �
� 40

3
¼ 1:424� 40

3
¼ 19 tonmin �1 Ans

Problem 8.16
The Dortmund-Horder degassing vessel holds 1/10 of total quantity of steel at
1600 �C.

(i) Develop an equation relating the lowering of hydrogen content to number of
times the vessel is raised up and lowered down.

(ii) Estimate the number of times the vessel must be raised to bring down the
hydrogen content to 1.5 ppm from an initial level of 6.5 ppm under a vacuum
of 100 μm. At atmospheric pressure of hydrogen, steel dissolves 26 ppm of
hydrogen at 1600 �C.

Solution
(i) Let Hi and Heq be the initial and equilibrium (under vacuum) hydrogen content of

steel, respectively, and H1
L, H2

L, H3
L . . .. . .. . .be %H in steel after raising and

lowering the vessel once, twice, thrice, and so on.

H1
L ¼

1
10

Heq þ 9
10

Hi

H2
L ¼

1
10

Heq þ 9
10

H1
L ¼

1
10

Heq þ 9
10

1
10

Heq þ 9
10

Hi

� 	

¼ 1
10

Heq þ 9
10

:
1
10

Heq þ 9
10

� 	2

Hi

and

H3
L ¼

1
10

Heq þ 9
10

H2
L

¼ 1
10

Heq þ 9
10

1
10

Heq þ 9
10

:
1
10

Heq þ 9
10

� 	2

Hi

� �

¼ 1
10

Heq þ 9
10

:
1
10

Heq þ 9
10

� 	2

:
1
10

Heq þ 9
10

� 	3

Hi

If Hn
L ¼ Hfð Þ is the hydrogen content of steel after raising up and lowering down the

vessel n times,
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Hn
L ¼

1
10

Heq þ 1
10

:
9
10

Heq þ 1
10

:
9
10

� 	2

Heq þ . . . :þ 1
10

:
9
10

� 	n�1
Heq þ 9

10

� 	n

Hi

¼ 1
10

Heq 1þ 9
10
þ 9

10

� 	2

þ : . . .þ 9
10

� 	n�1� �
þ 9

10

� 	n

Hi

¼ 1
10

Heq
1

1� 9
10

2
64

3
75þ 9

10

� 	n

Hi ¼ Heq þ 9
10

� 	n

Hi ¼ Hf

(ii) Given that, Hi ¼ 6.5 ppm and Hf ¼ 1.5 ppm ¼ Hn
L

1
2 H2 ¼ H½ � (at one atmospheric pressure steel dissolves 26 ppm of hydrogen, that

is, [H] ¼ 26 ppm)

∴K ¼ H½ �
√pH2

¼ 26

√1
¼ 26

pH2
¼ 100 micron ¼ 100� 10�6m Hg ¼ 100� 10�3mm Hg ¼ 0:1

760
atm

∴Heq ¼ K
ffiffiffiffiffiffiffi
pH2

p ¼ 26�
ffiffiffiffiffiffiffiffi
0:1
760

r
¼ 0:2982 ppm

Hn
L ¼ Heq þ 9

10

� 	n

Hi ¼ Hf

1:5 ¼ 0:2982þ 9
10

� 	n

:6:5

n ¼ 17 times Ans:

References

1. Yang, W., Wang, X., Zhang, L., Shan, Q., & Liu, X. (2013). Cleanliness of low carbon
aluminium-killed steels during secondary refining processes. Steel Research International, 84
(5), 473–489.

2. Bora, D., Masanori, S., & Toshihiro, T. (2010). Sulphide capacity prediction of molten slag by
using a neutral network approach. ISIJ International, 50(8), 1059–1063.

3. Toshihiro, T., Yumi, O., & Mitsuru, U. (2010). Trial on the application of capillary phenom-
enon of solid CaO to desulfurization of liquid Fe. ISIJ International, 50(8), 1071–1079.

4. Gilbert, S., Monos, J. J., & Turkdogan, E. T. (1988) Ladle refining of steel using an exothermic
synthetic slag. Proceedings of the steelmaking conference, Toronto, pp. 291–301.

5. Wang, L., Zhuo, X., & Zhano, J. (2003). Controlling inclusion composition in steelmaking
process for tyre cord steel. Journal of University of Science and Technology Beijing, 25(4),
308–315.

350 8 Secondary Steelmaking



6. Chen, S., Wang, X., He, X., Wang, W., & Jiang, M. (2013). Industrial application of desulfur-
ization using low basicity refining slag in tire cord steel. Journal of Iron and Steel Research
International, 20(1), 26–33.

7. Tupkary, R. H., & Tupkary, V. R. (2008). An introduction to modern steelmaking (7th ed.).
Delhi: Khanna Publishers.

8. Elliott, J. F. (1985). Physical chemistry of liquid steel. In C. R. Taylor (Ed.), Electric furnace
steelmaking (pp. 291–319). New York: Iron & Steel Society, AIME (Chapter 21).

9. Turkdogan, E. T. (1975). Physical chemistry of oxygen steelmaking thermochemistry and
thermodynamics. In R. D. Pehlke, W. F. Porter, P. F. Urban, & J. M. Gaines (Eds.), BOF
steelmaking (Vol. 2, pp. 1–190). New York: Iron & Steel Society, AIME (Chapter 4).

10. Lupis, C. H. P., & Elliott, J. F. (1966). Generalized interaction coefficients. Part I: Definitions.
Acta Metallurgica, 14, 529–538.

11. Gokcen, N. A., & Chipman, J. (1952). Silicon-oxygen equilibrium in liquid iron. Transactions
of the Metallurgical Society, AIME, 194, 171–182.

12. Turkdogan, E. T. (1965). Causes and effects of deoxidation occurring during cooling and
solidification. Transactions of the Metallurgical Society, AIME, 233, 2100–2112.

13. Ward, R. G. (1962). An introduction to the physical chemistry of iron and steelmaking. London:
Edward Arnold Ltd (Chapters 14, 15 and 16).

14. Leary, R. J., Coulehan, R. T., Tucker, H. A., & Wilson, W. W. (1968). Rare earth silicides and
cryolite in molten steel. USBM, RI 7091.

15. Moore, J. J. (1990). Chemical metallurgy (2nd ed.). Oxford: Butterworth/Heinemann
(Chapter 7).

16. Bodsworth, C., & Bell, H. B. (1972). Physical chemistry of iron and steel manufacture (2nd
ed.). London: Longman (Chapters 4, 5 and 6).

17. Hilty, D. C., & Kaveney, T. F. (1985). Stainless steel making. In C. R. Taylor (Ed.), Electric
furnace steelmaking (pp. 143–160). New York: Iron & Steel Society, AIME (Chapter 13).

18. Ghosh, A., & Chatterjee, A. (2008). Ironmaking and steelmaking. New Delhi: Prentice-Hall
India (Chapter 21).

19. Ozturk, B., & Turkdogan, E. T. (1984). Equilibrium S distribution between molten calcium
aluminate and steel part 1 CaS-CaO-Al2O3 melts equilibrated with liquid Fe containing Al and
S. Metal Science, 18, 299–305.

20. Ozturk, B., & Turkdogan, E. T. (1984). Equilibrium S distribution between molten calcium
aluminate and steel part 2 reaction of Si and Al in steel with calcium aluminate. Metal Science,
18, 306–309.

21. Chipman, J. (1964). Physical chemistry of liquid steel. In G. Derge (Ed.), Basic open hearth
steel making (pp. 640–724). New York: AIME. (Chapter 16).

22. Pehlke, R. D., & Elliott, J. F. (1960). Solubility of nitrogen in liquid iron alloys, I thermody-
namics. Transactions of the Metallurgical Society, AIME, 218, 1088–1101.

23. Weinstein, M., & Elliott, J. F. (1963). Solubility of hydrogen at one atmosphere in binary iron
alloys. Transactions of the Metallurgical Society, AIME, 227, 382–391.

24. Pehlke, R. D., & Elliott, J. F. (1963). Solubility of nitrogen in liquid iron alloys, II kinetics.
Transactions of the Metallurgical Society, AIME, 227, 844–855.

25. Bodsworth, C. (1990). The extraction and refining of metals. Boca Raton: CRC Press.
(Chapter 5).

26. Shamsuddin, M., & Sohn, H. Y. (2020). Constitutive topics in physical chemistry of ironmaking
and steelmaking: A review. Trends in Physical Chemistry, 19, 33–50.

27. Kubaschewski, O., & Alcock, C. B. (1979). Metallurgical thermochemistry (5th ed.). Oxford:
Pergamon.

28. Curnutt, J. L., Prophet, H., McDonald, R. A., & Syverud, A. N. (1975). JANAF thermochemical
tables. (1975). Midland: The Dow Chemical Company.

29. Barin, I., Knacke, O., & Kubaschewski, O. (1977). Thermochemical properties of inorganic
substances (supplement). New York: Springer.

References 351



Chapter 9
Role of Halides in Extraction of Metals

The halide route in metal extraction has been found to be economically suitable for
the large-scale production of many reactive and rare metals, for example, beryllium,
calcium, magnesium, niobium, sodium, tantalum, thorium, titanium, uranium, vana-
dium, and zirconium. The refractory oxides of some of these metals can be reduced
with carbon only at high temperatures. In most cases carbides are formed, decom-
position of which is difficult. During reduction many of these metals dissolve large
amounts of oxygen (even in solid state), which cannot be easily removed. For
effective removal of oxygen, these oxides have to be reduced with calcium. How-
ever, whether reduction reaction is carried out between liquid calcium and solid/
liquid oxide, separation of the solid CaO (deoxidation product) is often troublesome.
Reduction of fluoride/chloride by calcium or magnesium is a much easier operation
where slag/metal separation is facilitated by the formation of either molten metal or
molten slag. For example, reduction of uranium tetra fluoride by calcium produces
liquid uranium whereas molten magnesium chloride slag is obtained when gaseous
titanium tetra chloride or zirconium tetra chloride is reduced with magnesium.
Generally, minerals do not occur as halides (fluoride, chloride, bromide, or iodide);
however, conversion of stable oxides of rare/reactive metals (viz. Be, Ti, Zr, U, and
Th) into halides offers an alternative route for metal extraction. As halides of reactive
metals are less stable than their oxides, metals can be easily obtained by
metallothermic reduction. Carbon may be used as a reducing agent to remove
oxygen during chlorination of oxides of reactive metals like titanium, zirconium,
and magnesium whereas UO2 and ThO2 are converted to fluorides by
hydrofluorination. Beryl (3BeO�Al2O3�6SiO2) is subjected to complex fluoride
processing to convert beryllium into water-soluble sodium beryllium fluoride. Sub-
sequently, the leach liquor is processed to obtain BeF2. These chlorides and fluorides
are reduced with magnesium or calcium for metal production.

On the possibilities of reduction of stable oxides of titanium, magnesium, zirco-
nium, and beryllium with carbon, it is important to note that, under standard
conditions, the free energy change for reduction of TiO2, MgO, ZrO2, and BeO
with carbon becomes negative [1] (Fig. 5.1) at 1730, 1840, 2130, and 2320 �C,
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respectively. The carbothermic smelting processes at such high temperatures would
be uneconomical due to high fuel consumption as well as the limited life of the
refractory containers. The highly reactive nature of the metal produced, may pick up
oxygen from oxide refractories as well as CO2. In order to overcome these problems,
titanium, zirconium, and beryllium are produced by reduction of TiCl4 and ZrCl4
vapors and glassy solid BeF2 with liquid magnesium at appropriate temperatures, in
the range 800–1200 �C. Magnesium is extracted by electrolysis of MgCl2 dissolved
in a fused CaCl2–NaCl–KCl salt mixture. Beryllium, thorium, and zirconium can
also be obtained by fused salt electrolysis of BeCl2, ThCl4, and K2ZrF6 dissolved in
the mixture of inert salts of alkali or alkaline earth metals. The success of electrolysis
depends on the fact that halides generally form more conducting melts with lower
melting points. These metals cannot be electrolytically deposited from aqueous
electrolytes due to hydrogen evolution at the cathode instead of metal deposition.

The stability of halides decreases in the following order: fluoride > chloride >
bromide > iodide. Among all the halogens (fluorine, chlorine, bromine, and iodine)
chlorine has been used extensively in many extraction processes. Fluoride and
chloride routes have been employed in opening of refractory ores and chloride and
iodide in refining of reactive metals. The popularly known reducing agent carbon
cannot be used for reduction of chlorides (or other halides) since CCl4 is less stable
than many metal chlorides. Figure 9.1 shows the relative stability [1] in terms of free
energy of formation of various halides and oxides. From the figure, it is evident that
hydrogen can be used as a reducing agent for reduction of many metal chlorides
because stability of HCl increases with increase of temperature. However, econom-
ics do not permit hydrogen reduction. Formation of iodides of many metals (e.g., Ti,
Zr, Hf, and Th) at lower temperatures and their decomposition at higher temperatures
into pure metal and iodine, provide a very effective method for preparation of ultra-
pure metals. In brief, the success of a halide route in the extraction of reactive metals
depends [2, 3] on purification by distillation due to the high vapor pressure of
halides, low solid solubility of halides in metals, purification by crystallization due
to difference in aqueous solubility, and electrolytic reduction of halides due to low
melting point and high electrical conductivity.

Several metals form more than one chloride. The higher chlorides are generally
more volatile and can be more easily reduced to lower chlorides by hydrogen.
Various disproportionate reactions between chlorides of different valences (of the
same metal) may be used in purification [3] and reduction of chlorides. Although
halogen-based processes are feasible, halogens are costly reagents and they are often
not generated cheaply [4] in the process. It has been used in the production of
reactive and rare metals extensively but not for common metals. Chlorides are
relatively hygroscopic, and hence, more costly fluorides are occasionally preferred.
Fluorides are more stable and less volatile as compared to chlorides whereas iodides
are less stable and more volatile than chlorides. Although bromine has properties
common to those of chlorine and iodine, it is most expensive, and, hence, finds
limited applications. Generally, chlorides are used.

The extent of use of halides in flow sheet varies from metal to metal. For example,
extraction of beryllium, titanium, and zirconium is entirely based on halides from the
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opening of the ore/mineral to the production of metals. On the other hand, suitable
intermediates like UF4 and ThF4 are produced by hydrofluorination of UO2 and
ThO2, respectively, prior to a metallothermic reduction. In the following section, the
preparation of halides and their reduction will be discussed briefly.

C
h

an
g

e 
in

 s
ta

n
d

ar
d

 f
re

e 
en

er
g

y,
 Δ
G

  
 (

k
J 

m
o

le
–
1
) 

(o
f 

O
2
, 
C

l 2
, 
F

2
, 
I 2

, 
B

r 2
)

C + 2Cl2
CCl4

M

M

–300
0 2 4 6 8 10

Temperature (°C)

Change in
state

Boiling
point

Sublimation
point

Melting
point

Element
Oxide or

halide

B B

S S

M M

12 14 16 18 20

× 102

22

–280

–260

–240

–220

–200

–180

–160

–140

–120

–100

–80

–60

–40

–20

0

MgO

TiO2

TiCl4

AlCl3

AlCl
2

AlCl

MgCl2
ZrCl4

UBr4

Al2O3

ZrO2

ZrF4

MgF2

TiF4

VO 2

CF 4

CO

H2 + I2 2HI

H2+ Cl2 2HCl

Al + Cl2 AlCl2

Ti + 2Cl2 TiCl4

S

S

B

S

B

S

S

S

S

S

B

B

Zr + 2Cl2
ZrCl4

Mg + Cl 2

MgCl2

C + 2F2
CF4

Ti + 2F2
TiF4

V + 2F 2

VF 4

V + O 2     
     

   
VO 2

Mg + F 2

Mg F 2

2Mg + O 2

2MgO

M

M

M

M
M

M

M

M

M

MM

M

M
M

M

M

Zr + O 2

ZrO 2

Ti + O 2

TiO 2

Zr + 2F 2

ZrF 4

Al + O 2

2/3Al 2
O 3

2C + O
2

2CO

U + 2Br2

UBr4

2Al + Cl
2

2AlCl

Ti + 2I2
TiI4

Zr + 2F2
ZrF2

4/3

Al + Cl2

AlCl3

2/3

2/3

Al + F 2

AlF 3

2/3

2/3

S

2/3

Fig. 9.1 ΔG� vs T diagram for the formation of some metal halides and oxides (From Chemical
Metallurgy by J. J. Moore [1], © 1990, p 263, Butterworth Heinemann Ltd. Reproduced with the
permission of Butterworth Heinemann Ltd)
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9.1 Preparation of Halides

Anhydrous halides may be obtained by (i) complex fluoride process (ii) halogenation
of oxides (iii) crystallization of aqueous solutions, and (iv) halogenation of
ferroalloys.

9.1.1 Complex Fluoride Processes

Many complex minerals of reactive metals are treated by this method. A few
examples are given below:

9.1.1.1 Fluorination of Beryl

Fluoride breakdown provides a better method for treatment of beryl as compared to
sulfuric acid treatment (Sect. 11.2.1). In this method, beryl ground to �200 mesh is
mixed with sodium silicofluoride, sodium carbonate, and water in the ratio of
10:8:3:1 [5] in a blender and the mixture is compacted. Sodium carbonate in the
charge does not take part directly in sintering. However, it prevents the loss of
fluorine as SiF4 and, hence, minimizes Na2SiF6 consumption. Water acts as a binder
by partially dissolving Na2CO3. Sintering is carried out at 750 �C for 2 h in an
inconel retort, placed inside a resistance furnace, to convert beryllium into water-
soluble sodium beryllium fluoride according to the reaction:

3BeO:Al2O3:6SiO2 þ 2Na2SiF6 þ Na2CO3

¼ 3Na2BeF4 þ 8SiO2 þ Al2O3 þ CO2 ð9:1Þ

The sintered mass is crushed and ground in a wet ball mill. The resultant slurry is
leached with water to extract the water-soluble sodium beryllium fluoride. Three-
stage, cocurrent leaching at room temperature, with a solid-to-water ratio of 1:3.5
gives 80% beryllium recovery. The leach liquor containing Na2BeF4 is treated with
20% NaOH solution to precipitate Be(OH)2 at a pH of 11.5, and at 90–95 �C.

Na2BeF4 þ 2NaOH������!90�95 �C
Be OHð Þ2 þ 4NaF ð9:2Þ

The precipitate is filtered and dissolved in 40% NH4HF2 solution and crystallized
as (NH4)2BeF4 by evaporation:

Be OHð Þ2 þ 2NH4HF2 !RT NH4ð Þ2BeF4 þ 2H2O ð9:3Þ

The double fluoride is decomposed at 950 �C to get anhydrous BeF2:
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NH4ð Þ2BeF4����!
900 �C

2NH4F gð Þ þ BeF2 ð9:4Þ

The filtrate containing fairly dilute sodium fluoride solution can be completely
recovered at a pH of 4.5 as iron cryolite (Na3FeF6) [5] by the addition of FeCl3
(6NaF + FeCl3 ¼ Na3FeF6 + 3NaCl) to make the process self-sustaining (see
Appendix A.6). The iron cryolite can be used directly to replace sodium
silicofluoride in the main fluorination reaction:

3BeO:Al2O3:6SiO2 þ 2Na3FeF6 ! 3Na2BeF4 þ 6SiO2 þ Al2O3 þ Fe2O3 ð9:5Þ

9.1.1.2 Fluorination of Zircon

Zircon (ZrSiO4) is broken by sintering with potassium silicofluoride in a rotary
furnace at 700 �C for about 4 h in the presence of potassium chloride to convert
zirconium into water-soluble double fluoride according to the reaction:

ZrSiO4 þ K2SiF6 !KCl K2ZrF6 þ 2SiO2 ð9:6Þ

The sintered mass is crushed and ground to 100 mesh powder and leached with
water containing 1% HCl for 2 h with stirring at 85 �C. The leach liquor is subjected
to 16–18 fractional crystallization stages in a stainless steel vessel between temper-
atures of 100 and 19 �C for zirconium/hafnium separation to produce nuclear-grade
zirconium. Alternatively, zircon is chlorinated to ZrCl4 and subjected to hydrolysis
to obtain ZrOCl2, which is dissolved in ammonium thiocyanate and purified by
solvent extraction to prepare a hafnium-free solution of zirconium. The purified
solution is treated with potassium dihydrogen fluoride to precipitate K2ZrF6, which
is dissolved in hot water and recrystallized and dried to yield pure K2ZrF6 crystals.
K2ZrF6 crystals are dissolved in fused salt mixture of NaCl and KCl [6] for
electrolytic extraction of zirconium.

9.1.2 Halogenation of Oxides

This is the most common method for the preparation of anhydrous halides. Some
examples are given below:

9.1.2.1 Hydrofluorination

Uranium dioxide obtained after a series of extraction steps that include sulfuric acid
digestion, ion-exchange concentration, solvent extraction purification, ammonium
diuranate precipitation, and hydrogen reduction of UO3, is converted to uranium
tetrafluoride before metallothermic reduction (see Appendix A.7). Fluoride is
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preferred over oxide for metal production because the former can be easily reduced
without oxygen pick up. UF4 is produced through hydrofluorination of UO2 powder
at 450 �C in a screw-type stirred bed reactor [7], made of inconel, according to the
reaction:

UO2 sð Þ þ 4HF gð Þ ¼ UF4 sð Þ þ 2H2O gð Þ ð9:7Þ

For this purpose, UO2 powder is fed from the top into an inclined tubular reactor
while HF gas flows up from the bottom. The coaxial screw-stirring of the reactor
tube helps to churn the down-flowing oxide powder repeatedly, thereby exposing
fresh oxide surface for HF attack. The rpm of the screw and the oxide feeding rate are
controlled in such a way that the solid received at the bottom of the reactor is
completely UF4.

A similar technique is employed for conversion of thorium dioxide [8] into
thorium tetrafluoride (Appendix A.8). In this conversion process, a group of four
horizontal stirred beds, one above the other, is used. The top one is for calcination in
air to remove traces of nitric acid, water, and carbonaceous matter. The middle two
are used for actual hydrofluorination. The lower bed is mainly for partial sintering
and densification of the product in hydrogen fluoride. Each bed is 6.5 m long with a
diameter of 40 cm. The lower ones are made of inconel and the upper one of stainless
steel. The powder flows from a hopper at the top via a seal hopper between the
calcination and hydrofluorination sections, to another hopper and feeding section at
the bottom.

Fluidized bed reactors are also employed in hydrofluorination of UO2 and ThO2

powders.

9.1.2.2 Chlorination

As magnesium, titanium, and zirconium have high affinity for oxygen and their
oxides are very stable; MgO, TiO2, and ZrO2 are chlorinated in the presence of
carbon in a fluidized bed reactor or a shaft furnace at temperatures between 700 and
1000 �C according to the reactions:

2MgO sð Þ þ C sð Þ þ 2Cl2 gð Þ ¼ 2MgCl2 lð Þ þ CO2 gð Þ ð9:8Þ
TiO2 sð Þ þ C sð Þ þ 2Cl2 gð Þ ¼ TiCl4 gð Þ þ CO2 gð Þ ð9:9Þ
ZrO2 sð Þ þ C sð Þ þ 2Cl2 gð Þ ¼ ZrCl4 gð Þ þ CO2 gð Þ ð9:10Þ

The starting materials are calcined magnesite (MgO), natural or synthetic rutile
(TiO2), or ZrO2 containing less than 200 ppm hafnium obtained by processing zircon
sand (ZrSiO4) in several steps including alkali digestion with caustic soda at
500–600 �C and purification of the leach liquor by solvent extraction.
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Chlorination of MgO Chlorination is done in an electric shaft furnace. The rate and
completeness of chlorination, to a great extent, depends on the quality of magnesium
oxide and reducing material used. Both MgO and the reducing agent must be pure,
finely divided, thoroughly mixed, and briquetted. The shaft furnace consists of a
steel cylindrical shell lined with refractory bricks. Two rows of carbon electrodes are
inserted at the bottom of the furnace with three electrodes per row that are equally
spaced along the circle. The electrodes of a row are shifted through 60� [9] in plan
with respect to those of the other row. The space between the rows of electrodes is
filled with carbon resistor blocks that are capable of producing a temperature up to
1000 �C. Chlorine gas is introduced into the furnace through three inlets located
between the two rows of electrodes. The materials are charged into the furnace at the
top through a double bell and hopper-feed chamber. The molten MgCl2 is run off
through a tap hole located at the bottom of the furnace.

The charge consists of briquettes produced by extrusion of proper mixture of
MgO and coke and a suitable binder. The burden in the furnace during chlorination
may be divided into three zones. In the top zone, which is 2 or 3 m deep, the charge is
heated by flue gases to drive off moisture. At the bottom of this zone, chlorine that is
not used in the main reaction zone is absorbed. The chlorination together with the
fixation of oxygen evolved takes place in the middle or reaction zone. In this zone a
temperature above the melting point of MgCl2 (718 �C) has to be maintained to
produce molten MgCl2, which can easily trickle down so as to expose fresh MgO for
chlorination. In order to avoid choking of the chlorinator at the bottom of the reaction
zone, the charge must remain in lump form. The carbon resistor blocks filling the
bottom zone do not only generate heat but also serve as a filter for molten MgCl2.
The MgO particles entrapped in MgCl2 get chlorinated in this zone by the rising
current of chlorine. For free flowing of molten MgCl2 through the blocks, a temper-
ature of 150–200 �C above the melting point of MgCl2 is desired. The magnesium
chloride is tapped every 3–4 h into ladles with tightly fitting lids, which are
transported to electrolytic cells for metal production.

Chlorination of Natural or Synthetic Rutile The great difficulties encountered in
the complete removal of oxygen from oxygen-bearing titanium ores have led to the
development of extraction processes that start with oxygen-free material. Hence,
manufacture of titanium tetrachloride of adequate purity happens to be the first
critical step in the production of titanium metal. Presently, and, by far, a large
amount of titanium metal is obtained by the reduction of titanium tetrachloride.
TiCl4 is prepared by the combined reduction and chlorination of rutile (natural or
synthetic) according to reaction (9.9). More abundant ilmenite (FeO�TiO2) is not
used due to high chlorine consumption and formation of large amounts of FeCl2 and
FeCl3. The following three processes [10] have been developed for production of
TiCl4:

1. Chlorination of rutile (natural or synthetic) in a fluidized bed reactor
2. Chlorination of pelletized charge of rutile and coke in a shaft furnace
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3. Chlorination by bubbling chlorine gas into a molten salt bath fed with a mixture
of titania and coke powder

In the United States, TiCl4 is commercially manufactured in fluidized bed
chlorinators, operated at approximately 950 �C. In this process, petroleum coke
containing greater than 98% carbon and rutile in the ratio of 1:1, are fed from the top
and chlorine gas is inserted from the bottom of the chlorinator. In order to initiate the
reaction at the beginning, oxygen/air is mixed with chlorine. Once chlorination is
initiated, the rate of reaction (9.9) is controlled by adjusting the rate of supply of
chlorine gas. All appropriate steps are taken to prevent carrying over of unreacted
rutile and coke by the TiCl4 gas formed.

In Russia and Japan, briquettes of coke and titania slag, obtained by electric
furnace smelting of ilmenite ore, are chlorinated in shaft furnaces. For effective
chlorination, titania is mixed and ground with coke in the presence of coal tar as a
binder. The mixture is briquetted and the briquettes are heated in a kiln at 800 �C in
the absence of air to remove volatile material. As the resulting product is porous and
occupies a large volume, it is crushed and briquetted again and then fed into another
chlorinator, operated at 900 �C by electric heating. Highly exothermic reaction (9.9)
provides part of the heat necessary for chlorination.

The impurities present in the rutile are likewise chlorinated (Appendix A.9)
resulting in impure TiCl4 (97–99%) containing 1.5–2.5% SiCl4, 0.02–0.002%
FeCl3, 0.1–0.3% Cl2, and up to 0.15% VCl5. TiCl4 boils at 136.4 �C and evolves
with CO, CO2, and excess Cl2. The resultant chlorides and oxychlorides may be
divided into volatile compounds: FeCl3 (boiling point: 319 �C), VCl2 (164 �C),
VOCl3 (127 �C), SiCl4 (57 �C), COCl2, SCl2, and HCl and nonvolatile compounds:
FeCl2, MgCl2, CaCl2, NaCl, and KCl. The nonvolatiles may form a coating around
TiO2 particles and hinder the process of chlorination. The volatile chlorides are
carried away into the condenser as fine dusts. They distil over and condense with
TiCl4 and, hence, must be removed before TiCl4 is reduced to metal. Chlorinator is a
specially designed furnace to withstand highly corrosive conditions in a chlorine
atmosphere in the temperature range of 700–1000 �C. The furnace is lined with
graphite or silica. The product of chlorination is taken into a nickel-lined condenser.

In Russia, the use of fused salt bath of chlorides of alkali and alkaline earth
elements has been reported for chlorination of rutile/titania slag containing appre-
ciable amounts of CaO and MgO.

Chlorination of ZrO2 As the reaction (9.10) leading to chlorination of ZrO2 in the
presence of carbon is exothermic, the equipment must ensure quick dissipation of
heat to achieve a high rate of chlorination. The highly corrosive nature of chlorine
and chloride at high temperatures (700–900 �C) restricts the choice of the material of
construction and the type of equipment for large-scale production. Nickel and
inconel can withstand chlorine up to 600 �C but in the production of ZnCl4 involving
temperatures of 700–900 �C, quartz or silica has to be used in the reaction zone. The
chlorination (Appendix A.10) is facilitated if ZrO2 and high-purity carbon are
thoroughly mixed in the presence of a suitable binder (sugar solution) to obtain a
thick paste in a kneading machine. The green compacts of cylindrical shape obtained
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by extrusion of the paste are dried in an oven at 100 �C and then coked at 800 �C in
an inert atmosphere prior to chlorination. The coking operation decomposes the
sugar to yield a hard and porous mass. The chlorinator consists of a silica tube
clamped and held vertically between nickel flanges with a chlorine inlet chamber at
the bottom and a feed chamber at the top. The tube is heated by an electric resistance
furnace. A nickel condenser is used for collecting the vapors of zirconium tetrachlo-
ride. After charging the coked briquettes, the chlorinator is heated to the operating
temperature of 850 �C under the flow of argon. Argon is replaced with chlorine as
soon as the operating temperature is attained. Chloride is collected from the bottom
by opening the condenser in polythene bags and stored in air-tight containers prior to
its use in the reduction step.

In a similar manner, pure ThO2 obtained by H2SO4 digestion of monazite, solvent
extraction purification, and thermal denitration is chlorinated at 900 �C in the
presence of coke [5].

9.1.3 Halogenation of Ferro-Alloys

The direct halogenation of niobium/tantalum and vanadium ores is not practiced on a
commercial scale because ferro-niobium and ferro-vanadium are available on a large
scale from the steel industry. Hence, for the production of relatively expensive
niobium, tantalum, and vanadium, ferro-alloys can be used as raw materials in
place of ore concentrates.

9.1.3.1 Fluorination of Ferro-Niobium

Ferro-niobium [5] is dissolved in 50% KOH solution at 100 �C. The filtrate
containing potassium niobate and tantalate is treated with NaCl solution to precip-
itate sodium niobate and tantalate, which are converted to niobium and tantalum
pentoxides by allowing it to react with ammonia at a pH of 5–6. The pentoxides are
dissolved in hydrofluoric acid and subjected to solvent extraction purification to
produce a tantalum-free solution of niobium fluoride that is treated with potassium
fluoride solution to precipitate pure K2NbF7 at 0 �C for subsequent extraction of
niobium metal.

9.1.3.2 Chlorination of Ferro-Niobium and Ferro-Vanadium

In practice, ferro-alloys with 70–80% V or Nb are subjected to chlorination. Vana-
dium is mainly converted to tetrachloride at 1000 �C whereas niobium forms
niobium pentachloride at 550 �C:
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V sð Þ þ 2Cl2 gð Þ ¼ VCl4 gð Þ ð9:11Þ
2Nb sð Þ þ 5Cl2 gð Þ ¼ 2NbCl5 gð Þ ð9:12Þ

In both the cases, along with VCl4 and NbCl5 gases, a large amount of FeCl3 is
generated. Small quantities of AlCl3, TiCl4, and so on are also formed. Since all the
sources of niobium are associated with small quantities of tantalum and both
niobium and tantalum and their compounds are chemically similar in nature, nio-
bium and tantalum pentachlorides are formed in chlorination of ferro-niobium along
with impurities of ferric chloride, tungsten penta, and hexachlorides, aluminum
trichloride and titanium tetrachloride.

9.1.4 Crystallization from Aqueous Solution

Although magnesite (MgCO3) and dolomite (CaCO3 � MgCO3) are rich in magne-
sium content; the major production of magnesium comes from sea water containing
about 0.13% magnesium in the form of chlorides such as carnallite
(MgCl2�KCl�6H2O) and bischofite (MgCl2�12H2O). In addition to the water of
crystallization both carnallite and bischofite are associated with some more water
in attached form. The electrolytic process for the production of magnesium requires
the removal of the entire water prior to the electrolysis. Both carnallite and bischofite
decompose into MgO and HCl on heating even at low temperatures. The residual
MgO has to be minimized because it reacts with the graphite anodes. Accumulation
of MgO in the electrolytic cell will reduce the overall energy efficiency of the
process. Hence, preparation of anhydrous MgCl2 with low residual MgO happens
to be the most important step in the production of magnesium by the electrolytic
method.

9.1.4.1 Dehydration of Carnallite

On rapid heating, carnallite melts in its water of crystallization [9] at 1 atm pressure
and temperatures above 110–120 �C. On slow heating, however, all the molecules of
water of crystallization may be driven off without melting. The first stage of
dehydration is carried out in a rotary kiln at temperature not exceeding 600 �C, for
2 h to yield carnallite with 3–4% water and 1–2% MgO. The second stage of
dehydration at 750–800 �C involves melting of the carnallite in a resistance furnace
with steel electrodes through the carnallite charge. The molten carnallite is driven off
into two mixers that are maintained at 780–850 �C by electric resistance heating. The
molten and dehydrated carnallite containing about 50% MgCl2 and 0.5–0.9% MgO
is tapped and sent for electrolysis.

The method of dehydration has gone through several modifications in the recent
past. For example, in the first step, the Dead Sea Magnesium Co. charges carnallite
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into a fluidized bed dryer, maintained at 130 �C, to remove the water of crystalliza-
tion. Temperature of the dryer is slowly raised to 200 �C. By gradual heating, about
95% water is removed from the carnallite and some HCl is emitted. The resulting
product containing 3–6% water and 1–2% MgO from the first stage of drying is fed
to a chlorinator consisting of three chambers (maintained at 700–750 �C) for
successive melting, chlorination, and settling. The carnallite melted in the first
chamber is chlorinated with recycled chlorine produced in the electrolytic cell in
the second chamber according to the reaction MgO + C + Cl2 !MgCl2 + CO/CO2.
The chlorinated product is held for sufficient time in the third chamber to allow
settling of the remaining MgO and other insoluble materials at the bottom and the
clean molten MgCl2 containing 0.2–0.6%MgO is transferred to the electrolytic plant
for electrolysis.

9.1.4.2 Dehydration of Bischofite

Magnesium chloride forms hydrous crystals with 1, 2, 4, 6, 8, and 12 molecules of
water of crystallization [9]. Each one is stable at a definite temperature and a change-
over from one hydrate to another takes place in the following sequence:

MgCl2:12H2O Ð MgCl2:8H2O at�19:4 �C ð9:13Þ
MgCl2:8H2O Ð MgCl2:6H2O at�3:4 �C ð9:14Þ
MgCl2:6H2O Ð MgCl2:4H2O at 17 �C ð9:15Þ
MgCl2:4H2O Ð MgCl2:2H2O at 182 �C ð9:16Þ
MgCl2:2H2O Ð MgCl2:H2O at 240 �C ð9:17Þ

On heating, crystals of hydrous magnesium chloride decompose at relatively low
temperatures, and, hence, rapid heating may result in melting and foaming. Addi-
tionally, it may be noted that simple heating will not remove all the water of
crystallization from hydrous magnesium chloride because at above 200 �C it hydro-
lyzes to form chloride. In the temperature range of 300–555 �C the following
reaction takes place:

MgCl2 lð Þ þ H2O gð Þ Ð Mg OHð ÞCl lð Þ þ HCl gð Þ ð9:18Þ

For which the equilibrium constant is given as:

K1 ¼ pHCl
pH2O

ð9:19Þ

Above 555 �C, MgO is formed according to the reaction:
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MgCl2 lð Þ þ H2O gð Þ Ð MgO sð Þ þ 2HCl gð Þ ð9:20Þ

Accordingly, the equilibrium constant is modified as:

K2 ¼ p2HCl
pH2O

ð9:21Þ

From the above reactions it is clear that heating in air will not remove all the water
of crystallization without decomposing the MgCl2. In order to avoid decomposition
of MgCl2, the ratio of partial pressure of the HCl to the water vapors in the gaseous
phase must be greater than the equilibrium constants, K1 and K2 of reactions (9.18)
and (9.20) respectively, at a given temperature, that is,

pHCl
pH2O

> K1, and
p2HCl
pH2O

> K2

The above facts suggest that dehydration of bischofite takes place in two stages.
In the first stage the bischofite is slowly heated in a current of hot gases in a rotary
kiln to obtain MgCl2 with 1.5 or 2 molecules of water of crystallization. This
operation must be very carefully carried out because bischofite melts at 106 �C.
Melting of MgCl2 and deposition of the product on the wall of the kiln retards the
operation. As melting point of the charge increases with decrease of water content,
the temperature has to be increased by heating with a counter current flow of flue
gases.

The partial pressure of HCl in the gaseous phase has to be increased during the
second stage of heating either by introducing HCl gas into the system or by
generating it in the kiln from the anode gases of the electrolytic cell and carbon
according to the reaction:

Cl2 gð Þ þ H2O gð Þ þ C sð Þ ¼ 2HCl gð Þ þ CO gð Þ ð9:22Þ

The second stage may be carried out either in a rotary kiln or in an arc furnace at a
temperature above the melting point of anhydrous MgCl2 to yield molten MgCl2
containing not more than 1.0% MgO and 0.5% H2O.

In recent years, although rotary kilns have been replaced with evaporators and
fluid bed dryers, the basic principles of dehydration, as discussed above, remain the
same. In the first stage of the Hydro Magnesium Process, magnesium chloride
solution is heated in an evaporator to produce pure bischofite (MgCl2�6H2O)
containing 45–50% water. In the second stage of drying, which is carried out in
the fluidized bed dryer, bischofite is treated with hot air to obtain MgCl2�2H2O. The
final drying is performed at 330 �C in the presence of HCl gas to produce anhydrous
MgCl2 containing about 0.1%MgO. Use of HCl prevents hydrolysis and reduces the
residual MgO.
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9.2 Purification of Chlorides

As chlorine is a very reactive reagent, chlorination of minerals, concentrates, and
ferroalloys give rise to a number of chlorides. Hence, the resultant product has to be
purified prior to metal production. Water-soluble chlorides may be purified by
recrystallization or reprecipitation [3]. Ion exchange or solvent extraction method
may also be employed. Nonvolatile chlorides may be collected as a separate fraction
and volatile chlorides are separated by fractional distillation making use of the
difference in boiling points.

Zirconium tetrachloride, the chlorination product of ZrO2 obtained by calcination
of zirconium hydroxide after solvent-extraction purification of alkali-digested liquor
of zircon does not need any purification. ZrCl4 can be directly reduced with
magnesium. Chlorination products of natural rutile (96% TiO2) and synthetic rutile
(>90% TiO2) containing SiO2, Fe2O3, Al2O3, and so on have to be purified to
remove FeCl3, SiCl4, AlCl3, and so on. Since chlorine, as well as other halogens,
are very reactive, gangue oxides present in the ores/minerals also are chlorinated
along with oxides of the desired metals. This is the reason why pitchblende (oxide
mineral of uranium), monazite (complex phosphate of thorium and rare earth),
zircon sand (ZrSiO4), niobite-tantalite (mixed ore of Nb and Ta), and so on are not
chlorinated.

9.2.1 Purification of Titanium Tetrachloride

The gaseous product after chlorination of rutile is first subjected to dedusting
treatment. FeCl3 (boiling point: 319 �C) is allowed to deposit in a condenser
maintained at 200 �C and then filtered. The principal impurities left at this stage
are AlCl3, FeCl3, and VOCl3. The first two are removed as sludge by scrubbing
TiCl4 with cold, recycled TiCl4 followed by decantation and filtration. The volatile
VOCl3 is reduced to less volatile VCl3 by H2S. TiCl4 thus purified is then subjected
to fractional distillation to separate out most of the volatile chlorides and
oxychlorides based on the differences in their boiling points. The TiCl4 is obtained
as a middle fraction, (boiling point 136.4 �C). The lower boiling material containing
HCl, COCl2, PH3, CCl4, and SiCl4 is first removed. The heavy fraction is discarded
as a slurry. In the second stage, TiCl4 is driven off into a condenser to condense as a
transparent colorless liquid. The purity of the final TiCl4 is about 99.98% and it must
be stored in mild steel containers under completely anhydrous condition in the
presence of argon to avoid hydrolysis or the dissolution of atmospheric oxygen
and nitrogen. A flow sheet showing the various steps in purification of TiCl4 is
presented in Fig. 9.2.
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9.2.2 Purification of Niobium Pentachloride

Chlorides of niobium and tantalum with similar chemical characteristics may be
separated by fractional distillation. The chloride mixture obtained by chlorination of
ferro-niobium at 550 �C, containing 67.2% NbCl5, 6.0% TaCl5, 26.4% FeCl3, and
0.4% WOCl4 with respective boiling points of 254, 239, 315, and 228 �C is

Rutile (natural or synthetic 90–99% TiO2)

Coke

Drying at 800°C removes volatile matter

Cl2 CO + Cl2

800–850°C

Rutile + coke + dust

Crude TiCl4

FeCl3

Liquid TiCl4 FeCl3 + AlCl3

H2S Water

SiCl4, VCl3, S

Pure TiCl4

Mixing

Briquetting

Drying, crushing,

and briquetting

Chlorination

Dedusting of TiCl4

Condensation, 200°C

Scrubbing with TiCl4

Reduction VOCl3

VCl3

Fractional distillation

Fig. 9.2 Purification of TiCl4 vapors
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separated by fractional distillation into a niobium-rich fraction containing 99.98%
NbCl5, and 0.01% TaCl5; a tantalum-rich fraction containing 93.2% TaCl5, 0.6%
NbCl5, and 6.2% WOCl4; and an iron-rich fraction with 98.7% FeCl3, and 0.06%
TaCl5. The gaseous chlorination product is stored in a condenser maintained at
120 �C to condense NbCl5, TaCl5, and FeCl3 and to distil vapors of AlCl3 and TiCl4.
The resulting mixture of FeCl3, NbCl5, and TaCl5 is purified by fractional reduction
[4, 5] with hydrogen at 350 �C. FeCl3 is reduced to FeCl2 and removed as a solid. At
500 �C, NbCl5 is reduced with hydrogen to solid NbCl3 whereas the unreduced
TaCl5 is carried away with the gas stream.

9.2.3 Purification of Vanadium Tetrachloride

During chlorination of ferro-vanadium, VCl3 and VCl2 may be formed in addition to
VCl4 due to poor availability of chlorine. However, the temperature is controlled
below 1000 �C by limiting the chlorine flow rate to prolong the furnace life. A
similar procedure based on fractional distillation, which makes use of the difference
in boiling points of various chlorides is adopted to obtain pure VCl3 gas.

9.3 Metal Production

Reactive metals in pure state can be obtained by metallothermic reduction of halides
using a suitable reducing agent or by electrolysis of fused salts containing mixture of
fluorides or chlorides. Reduction of TiCl4, ZrCl4, VCl3, BeF2, UF4, ThF4, K2TaF7,
and so on may be carried out by metals like magnesium, calcium, and sodium.
However, magnesium, beryllium, thorium, and zirconium can be obtained, respec-
tively, by fused salt electrolysis of MgCl2 dissolved in NaCl–KCl–CaCl2 melt,
BeCl2 dissolved in molten NaCl, ThCl4 dissolved in NaCl–KCl eutectic melt, and
K2ZrF6 dissolved in NaCl–KCl melt.

9.3.1 Metallothermic Reduction

Thermodynamic considerations help in the selection of the reducing agent. The free
energy changes involved in the formation of halides and of oxides of some reactive
metals with temperature are shown in Fig. 9.1. The data in the figure are useful for
the selection of reducing agents on the basis of relative values of free energy of
formation. In the extraction of reactive metals, reduction of halides is preferred over
that of oxides with the prime objective of producing oxygen-free metals. Air has to
be excluded from the reduction system because oxygen and nitrogen form solid
solution of oxides and nitrides in the metals, making them hard and brittle [5]. To
achieve this purpose an evacuated system or an inert atmosphere of argon or helium
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is employed. Of the halides, chlorides and fluorides are usually preferred over
iodides or bromides on economic grounds, and between chlorides and fluorides,
the latter are preferred because of the hygroscopic nature of the former.

The state of metal and slag after reduction depends entirely on the amount of heat
generated from the reduction reaction. Sufficient availability of heat at the reduction
temperature will melt both the metal and slag leading to clear separation of one from
the other. The metal generally being heavier trickles through the slag and gets
collected at the bottom of the vessel and can be removed as a solid ingot on cooling.
In case insufficient heat is generated during reduction of oxides with calcium or
magnesium, the metal is obtained as a powder in a matrix of the slag. The metal and
slag are sintered together to some extent, particularly when the reactants are pressed
together before reduction. The exact form of the reduced metal particles depends on
whether the metal is molten and sufficient time is available for coalescence. If a flux
like calcium chloride is used for calcium oxide slag and the product is held for a
reasonable period of time after reduction, the metal may be recovered in the form of
nearly spherical beads of appreciable size. In the absence of a flux, large agglomerates
are obtained.On the other hand,when the temperature of reduction is neither sufficient
to melt the metal nor sufficient for sintering of metal particles, it results in the
formation of finely divided pyrophoric metal powder. When the heat of the reaction
is sufficient tomelt the slag but not themetal the resultingmetal is obtained in the form
of a sponge. For example, reduction of TiCl4 and ZrCl4 vapors by liquid magnesium
produces solid titanium and zirconium sponge and liquidMgCl2 slag. The low boiling
points of rare/reactive metal chlorides help in sintering of the metal into sponge.

In order to achieve the highest possible temperature, normally adiabatic reaction
conditions are preferred. Rapid reaction and thermal insulation of the system help in
attaining adiabatic conditions. The vessel together with reactants is soaked at a
temperature just below the required reduction temperature. Additional heat may be
introduced into the system by using a booster in the charge. The common booster,
iodine or sulfur may combine with excess of the reducing agent during the course of
reduction. Too high a reduction temperature may cause rapid vaporization of either
reactant or product leading to explosion. For example, sodium boiling at 800 �Cmay
pose this problem. Excessive reaction between the container and the products or
reactants must be minimized to avoid undue corrosion of materials of construction.
In the following paragraphs, reduction of TiCl4, UF6, BeF2, and so on with calcium,
magnesium, and sodium will be discussed briefly.

9.3.1.1 Reduction of Uranium Tetrafluoride

Both magnesium and calcium can reduce UF4 to yield liquid uranium in massive
ingot form. However, calcium is preferred over magnesium due to the high heat of
reduction, which is used to promote efficient slag-metal separation. Further, calcium
also simplifies the operation as no pressure vessel is required, whereas owing to the
high vapor pressure of magnesium at the reduction temperature, a pressure vessel is
necessary. Magnesium is easily available in abundance at a cheaper rate but
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reduction reaction is less exothermic. Thus, external heat is required in this case for
good slag/metal separation. Before reduction, the high-purity UF4 powder is thor-
oughly mixed with calcium granules and the mixture is charged into a leak-tight
tapered stainless bomb reactor, lined with dry CaF2. The CaF2 lining serves as a heat
insulator as well as for containment of molten uranium. After charging, the bomb is
tightly capped and lowered into a gas-heated furnace (already preheated to 1000 �C)
to heat up to 700 �C within 4 h. The calciothermic reduction is triggered in an argon
atmosphere by electrically igniting a magnesium ribbon embedded at the top of the
charge. The reaction is instantaneous and spreads rapidly through the mass. The heat
generated is sufficient to produce liquid uranium (melting point, 1135 �C) according
to the reaction:

UF4 sð Þ þ 2Ca sð Þ ¼ U lð Þ þ 2 CaF2 sð Þ ð9:23Þ

The liquid uranium coalesces and collects at the bottom of the reactor to form a
solid ingot on cooling. The reactor vessel is lifted out of the furnace while still hot,
and then cooled in air. Uranium ingot is removed by chiseling the slag (Appendix
A.7). The ingot is washed, pickled with 40% nitric acid, rewashed, and subjected to
infrared drying. Finally, it is melted in an induction furnace (3000 cps) at 200 �C
above the melting point of uranium to about 1350 �C.

A similar procedure is followed in calciothermic reduction of thorium tetrafluo-
ride (Appendix A.8).

9.3.1.2 Reduction of Titanium Tetrachloride

Both sodium and magnesium can be used to reduce TiCl4 vapors (boiling point
136.4 �C) according to the reactions:

TiCl4 gð Þ þ 4Na lð Þ ¼ Ti sð Þ þ 4NaCl lð Þ þ 130 kcal ð9:24Þ
TiCl4 gð Þ þ 2Mg lð Þ ¼ Ti sð Þ þMgCl2 lð Þ þ 225 kcal ð9:25Þ

Thus, there are two routes for the reduction of titanium tetrachloride. The sodium-
based process, known as the Hunter [11, 12] process, was first developed in 1910.
This process was superseded by the Kroll process [13, 14], which uses liquid
magnesium as the reductant. Although both the reactions (9.24 and 9.25) are
exothermic, magnesium is preferred over sodium because the latter provides a
very narrow range of working temperature (about 75 �C) due to the low boiling
point of sodium (877 �C) and high melting point of NaCl (801 �C). Moreover, the
slag, NaCl cannot be removed by vacuum distillation and leaching leads to the
oxidation of the titanium sponge. The commercial use of calcium as a reducing agent
has been discouraged on account of higher cost, scarcity, narrow working temper-
ature range, and difficulty in CaCl2 removal.

The use of magnesium as a reducing agent was considered on account of its
relatively low melting point of 711 �C and relatively high boiling point of 1120 �C.
This provides a working temperature range of 711–1120 �C. Additional advantages
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include easy availability on a large scale at a cheaper rate and convenient removal of
Mg and MgCl2 entrapped in titanium sponge by vacuum distillation. As reaction
(9.25) is relatively more exothermic, TiCl4 vapors can be easily reduced at
800–900 �C. Since magnesium reacts readily with the atmospheric oxygen to form
MgO, it is given a preliminary treatment with dilute hydrochloric acid (pickling).
The cleaned ingots are rinsed with cold water and dried.

The Kroll reactor made of stainless steel is charged with magnesium ingots in a
proportion that is 10% above the stoichiometric requirement and sealed. The reactor
is evacuated and filled with argon. After the chamber has been completely purged
and filled with argon, magnesium is melted and held at 850 �C. This is followed by
admission of TiCl4 into the reactor at a rate sufficient to attain and maintain
temperature of 900–1000 �C. TiCl4 vaporizes and reacts with the molten magnesium
(Appendix A.9). The reaction is allowed to proceed for 3 days [15]. In order to
prevent contamination of the titanium that is produced, the product must be cooled
under a protective atmosphere of an inert gas. The solid particles of reduced titanium
sinter into a sponge-like mass, which is removed by drilling or chipping out by hand
in large blocks. The removal must be done in dried atmosphere because titanium
absorbs moisture. The liquid MgCl2 slag is run off through a tap hole twice during
the reduction and again at the end. The reactor is removed from the furnace, cooled
to room temperature, and stored for 24 h under a small positive pressure of the inert
gas, before opening in a dry room. The mixture of titanium sponge, residual MgCl2,
and excess magnesium is drilled out on a lathe in the form of 6–12 mm turnings. A
jet of helium is kept ready to prevent the finely divided metal catching fire. The
trapped Mg and MgCl2 (as well as small amounts of TiCl3 and TiCl2) from the
sponge are driven off by vacuum fractional distillation (0.01–0.1 mm Hg) at a higher
temperature of 1000 �C for days to ensure removal of impurities from the titanium
metal. It is a better method as there is no risk of hydrogen contamination as observed
in leaching with dilute HCl, but distillation process is energy intensive with poor
thermal efficiency. The titanium sponge analyzes as Mg: 0.5, Cl: 0.15, Fe: 0.1, H:
0.05 – 0.10, N up to 0.05, C: 0.05 (all in weight percent) and balance as Ti. After
removal of MgCl2, the sponge may be ground and pressed into ingots or melted in a
special electric arc furnace and cast into ingots.

The powder may be pressed into steel molds at high pressure into bars and sintered
in vacuum of the order of 10�4 mm Hg at 1000 – 1100 �C for 15 – 16 h. The powder
metallurgy technique, however, suffers from low production rate and the difficulty of
obtaining large sintered bars. The titanium produced analyzes as Ti: 99.8%, C < 0.05,
H: 0.01, N � 0.05, O < 0.2, Si: 0.07 (all in weight percent), and Mg in traces.

From the preceding paragraphs, it is clear that the Kroll process, incorporating a
number of steps, namely, carbochlorination of TiO2, purification TiCl4 by vacuum
fractional distillation, magnesiothermic reduction, removal of impurities (Mg and
MgCl2) trapped in the sponge by vacuum distillation, and electrolysis of MgCl2 to
get reductant Mg and Cl2 for subsequent usage, is a batch process. The number of
extracting steps involved in the production of titanium metal make the process very
energy intensive, time consuming, and hence a very costly technique. Since the
largest Kroll reactors in the world can produce about 10–15 tons of the sponge in a
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batch, a large number of reactors are required to install a titanium plant of capacity
10,000 tons per year [15]. The entire operation from chlorination to the shipment of
the titanium sponge takes about 17 days [16]. Thus titanium in general, is twenty
times more expensive than carbon steel and 4–5 times costlier than stainless steel
[17]. In view of the high cost of production titanium has limited applications despite
desirable properties like light weight, high strength, corrosion resistance, and bio-
compatibility (most preferred for biomedical implants). In order to fulfil the indus-
trial demand of titanium at lower price, in recent years, extensive researches have
been directed to develop low-cost methods, which can replace the Kroll process.
During the past several decades, a number of processes based on thermochemical
and electrochemical principles have been proposed. Almost all the processes are at
the laboratory or pilot plant stage with the prime objective of reducing the cost of
production compared to that of the Kroll process together with the alternative of
converting the batch process (Kroll) into a continuous one. A brief account of a few
thermochemical processes will be given here. The electrolytic processes will be
discussed in Chap. 12 on Electrometallurgy.

Proposed Thermochemical Processes A number of processes based on two
approaches (i) reduction of TiCl4 and (ii) reduction of TiO2 have been proposed.

Under the first category, TiRO process developed at CSIRO, Australia produces
commercial-purity titanium powder in two major steps. In the first step, TiCl4 is
allowed to react with magnesium powder in a fluidized bed reactor. The greatly
increased rate of reaction during gas–solid fluidization reduces both the operating and
capital costs [18]. The resultant titanium metal particles of 1.5 μm [19] uniformly get
dispersed inside the larger spheroidal MgCl2 particles (350 μm). In the second step,
MgCl2 is removed by vacuum distillation to obtain sintered porous spheroidal
particles of titanium. In the continuous vapor phase reduction process [20] developed
by the US Department of Energy, Albany Research Center, liquid TiCl4 with argon
gas (as a carrier) and magnesium wire are fed into a shaft reactor at 1000 �C to
produce Ti, MgCl2, andMg powders, which are removed from the argon stream by an
electronic precipitator. Vuuren et al. [21] have developed CSIR-Ti process to obtain
titanium powder directly by metallothermic reduction of TiCl4 in a molten salt.

In the past two decades, the Armstrong process [22–24] based on the principle of
the reduction of TiCl4 with sodium (Hunter process) has received considerable
attention. In this process, TiCl4 vapor is directly fed into the molten sodium stream
whereas in the Hunter process, the vapor simply makes contact on the surface of the
molten sodium. The difference in the method of operation makes the Armstrong
process continuous. The products titanium and sodium chloride and the residual
sodium are separated by filtration, distillation, and washing. Vapor phase Hunter
process [16] has also been reported wherein sodium vapor is reacted with gaseous
titanium tetrachloride [TiCl4(g) + 4Na(g) ¼ Ti(s) + 4NaCl(s)]. Nanoparticles of
titanium encapsulated in NaCl are obtained. After removal of NaCl, the resulting
titanium particles contain low oxygen.

In order to reduce the cost of production of titanium, under the second category,
direct reduction of TiO2 has been considered by a number of investigators because
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the cost of producing titanium from titanium tetrachloride is slightly more than half
of the total cost of titanium sponge [16]. TiO2 can be reduced with CaH2 [25, 26] at
1100 �C according to the reaction:

TiO2 sð Þ þ 2CaH2 sð Þ ! Ti sð Þ þ 2CaO sð Þ þ 2H2 gð Þ ð9:26Þ

A commercial plant based on this principle is under operation in Russia but details
are not available. In the preform reduction process (PRP) developed by Okabe et al.
[27], the sintered (at 800 �C) preform made out of mixture of TiO2 powder and a flux
(CaO or CaCl2) was allowed to react with calcium vapor in a stainless steel container
at temperatures varying from 800 to 1000 �C for 6 h. Fine titanium powder of 99%
purity was recovered by leaching the resultant mass with acid.

As it is not possible to lower down the oxygen content of titanium below 1% by
magnesium reduction of TiO2 at temperatures around 700 �C, two-step thermo-
chemical reduction methods have been reported in literature to produce low-oxygen
titanium powder. In the first step, TiO2 is reduced to form Ti-O solid solution
(TiO2 + Mg ! Ti�O + MgO). The remaining oxygen removal (deoxygenation)
from the solid solution is carried out by calcium [28] (Ti�O + Ca! Ti + CaO). Use
of solid/liquid/vapor calcium as well as Ca-saturated salt have been reported for
deoxygenation of titanium and its alloys [15]. Okabe et al. [29] have used chemically
active calcium dissolved in molten CaCl2 at 1000–1200 �C for removal of oxygen
from TiO2 to obtain extra low-oxygen titanium. CaCl2, acting as a flux, facilitates the
reaction by decreasing the activity of CaO, the by-product. This method can
deoxidize titanium to 20–60 ppm oxygen by the use of Ca-saturated CaCl2 at
1000 �C. Xia et al. [30] have recently developed a new method, called “hydrogen-
assisted magnesiothermic reduction” (HAMR) for the removal of oxygen from
commercial titanium dioxide to produce metallic titanium powder in two steps. In
the first step > 95% oxygen is removed by Mg reduction in a hydrogen atmosphere.
This is followed by deoxygenation in the second step for additional reduction in
oxygen with the prime objective of obtaining Ti powder that meets the standard
specifications. According to the investigators [30], the emerging HAMR process has
the potential to compete directly with the Kroll process. Based on thorough compo-
sitional analysis, they have further claimed that the product meets the ASTM B
299 standards, suitable to industries.

In the preceding paragraphs, a number of possibilities to produce low-cost
titanium have been listed. However, it is difficult to ascertain how the proposed
processes are going to handle the technical challenges of reducing the oxygen,
chlorine, and nitrogen to extremely low level on tonnage scale. When it is difficult
to lower down the oxygen content in the titanium sponge (Kroll process) below
0.2%, a serious attention has to be paid about the removal of these impurities to the
required level from fine powders.
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9.3.1.3 Reduction of Zirconium Tetrachoride

Kroll process is adapted in a similar manner for the production of zirconium sponge
from ZrCl4 vapors by reduction with liquid magnesium (Appendix A.10). However,
there are differences in reduction of BeF2, NbCl5/TaCl5, VCl3, and K2NbF7/K2TaF7.
Salient features are mentioned below. Details can be obtained from References
[5, 10].

9.3.1.4 Reduction of Beryllium Fluoride

Glassy solid beryllium fluoride obtained by complex fluoride process (discussed in
Sect. 9.1.1.1, Appendix A.6) is crushed to 3 mm size and reduced with magnesium
according to the reaction:

BeFe2 sð Þ þMg lð Þ ¼ Be sð Þ þMgF2 sð Þ ð9:27Þ

The stoichiometric quantities of mixed reactants are charged into a monolythic
crucible containing fused CaCl2 at 1000 – 1100 �C. The reaction takes place rapidly
because it initiates at about 650 �C. The reaction products are heated to above the
melting point of beryllium (1283 �C) and held for 2 h. Beryllium being lighter floats
to the surface aggregating into small beads of about 12 mm size. Calcium chloride
acting as a flux lowers the melting point of magnesium fluoride (1263 �C). The
crucible containing the reaction products is cooled to 1050 – 1100 �C. The beads are
quickly removed and placed in an argon-filled vessel that is then cooled to room
temperature.

9.3.1.5 Reduction of Chlorides of Niobium/Tantalum and Vanadium

For production of niobium and tantalum, vapors of NbCl5 and TaCl5 are brought into
contact with liquid magnesium contained in a crucible. NbCl5 is distilled from a
glass vessel into the reactor at a rate sufficient to maintain the crucible temperature at
800 �C without external heat to react with magnesium in excess of about 10%. The
reactor is then cooled and dismantled. The resultant product containing Nb, Mg, and
MgCl2 is leached with water, dilute acid, and water again to recover niobium. A
similar procedure is adopted in reduction of TaCl5 vapors with liquid magnesium.

Vanadium trichloride is reduced with magnesium in a mild steel reactor heated by
means of a gas-fired furnace. Magnesium after pickling, washing, and drying is
melted in a crucible and then heated to 750–800 �C. VCl3 is then allowed to react
with the molten magnesium at a controlled rate so as to maintain the temperature
between 750 and 850 �C without any additional heat from outside. After reduction
the crucible is cooled and transported quickly for distillation at 920–950 �C for 8 h
under continuous evacuation to remove Mg and MgCl2.
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9.3.1.6 Reduction of Potassium Heptafluoroniobate/Tantalate

Dry potassium heptafluoroniobate (K2NbF7) is reduced with sodium in either a
closed bomb or an open reactor.

K2NbF7 sð Þ þ 5Na lð Þ ¼ Nb sð Þ þ 5 NaF sð Þ þ 2KF sð Þ ð9:28Þ

Alternate layers of double fluoride and freshly cut cubes of sodium packed in the
open reactor are covered with sodium chloride. NaCl acts as a trap for condensation
of sodium vapors. The reaction is initiated within a few minutes from the top by a
simple ring burner fitted around the reactor. The burner is then gradually lowered to
allow the reaction to penetrate to the bottom of the reactor within 20 min. The
initiation temperature is normally about 420 �C. After cooling for several hours,
NaCl is recovered for reuse. The excess metallic sodium and potassium is destroyed
by adding methylated spirit into the reactor. A similar procedure is adopted in
reduction of potassium heptafluorotantalate (K2TaF7).

9.3.2 Fused Salt Electrolytic Process

The use of electric power for the production of rare metals may help in reducing the
cost as compared to the use of reducing agents like calcium, magnesium, and
sodium. Further, the product is not contaminated with the reducing agents and any
of its associated impurities. The commercial electrolytic processes for rare metal
production are based on fused salt bath. Chlorides and fluorides of the reactive/rare
metals dissolved in the mixture of inert salts of alkali and/or alkaline earth metals, are
invariably electrolyzed. Production of rare and reactive metals by fused salt electro-
lytic process will be discussed in Chap. 12 on Electrometallurgy.

9.4 Purification

The following two processes for purification of reactive metals are based on halide
routes:

9.4.1 Disproportionate Process

Reaction involving different valences is called “disproportionate reaction.” This can
be very effectively used in the preparation of ultrapure metals. Reactive metals like
aluminum, beryllium, titanium, zirconium, and niobium can be purified by dispro-
portionate reaction processes [31]. To some extent, the difference in valences, is

374 9 Role of Halides in Extraction of Metals



taken advantage of in the formation and decomposition of halides of the same metal
at different temperatures. For example, impure liquid aluminum can be vaporized as
aluminum monochloride by passing aluminum trichloride gas into the molten bath at
1000 �C according to the reaction:

AlCl3 gð Þ þ 2Al l, impureð Þ�����!1000 �C
3AlCl gð Þ ð9:29Þ

Then, solid or liquid aluminum can be recovered at lower temperature by
reversing the reaction:

3AlCl gð Þ�������!cooling

600�700 �C
2Al s=l, pureð Þ þ AlCl3 gð Þ ð9:30Þ

AlCl3 gas regenerated is recycled for further reaction with impure aluminum. In
order to produce aluminum metal of 99.999% purity, the disproportionate reaction
should be carried out with crude aluminum having lower concentration of Ca, Ti,
Mn, Mg, Zn, and Cu because these impurities cannot be effectively removed from
commercial aluminum.

Preparation of ultrapure beryllium by this process involves the formation of
beryllium chloride gas and sodium vapors at about 1200 �C in the first step from
impure beryllium and sodium chloride vapors. The resultant product on cooling to
about 900 �C, produces pure beryllium according to the reactions:

Be s, impureð Þ þ 2 NaCl gð Þ������!1200 �C
BeCl2 gð Þ þ 2 Na gð Þ ð9:31Þ

BeCl2 gð Þ þ 2 Na gð Þ����!900 �C
Be s, pureð Þ þ 2 NaCl lð Þ ð9:32Þ

The other examples are:

5NbCl3 sð Þ ! 2Nb s, pureð Þ þ 3NbCl5 gð Þ ð9:33Þ
4TiI3 gð Þ ! Ti s, pureð Þ þ 3TiI4 gð Þ ð9:34Þ
4ZrI3 gð Þ ! Zr s, pureð Þ þ 3ZrI4 gð Þ ð9:35Þ

9.4.2 Iodide Process

Out of all the halides, iodides are the least stable, and, hence, can be easily
decomposed. The iodides of reactive metals such as titanium, zirconium, hafnium,
and thorium, formed at lower temperatures can be decomposed at higher tempera-
tures to prepare highly pure metals and the liberated iodine can be recycled. van
Arkel process [5, 32, 33] based on this principle will be discussed in Chap. 10 on
Refining under the heading ultrapurification.
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9.5 Problems [34–36]

Problem 9.1
(Nagamori, M., 1979–1980, personal communication, University of Utah, Salt Lake
City)

Develop suitable equations to express efficiency of chlorination of some oxides.

Solution
Let us consider chlorination of rutile and magnesia.

The chlorination of rutile:

TiO2 sð Þ þ 2Cl2 gð Þ ¼ TiCl4 gð Þ þ O2 gð Þ

0.5 mol (11.2L) Cl2(g)

1 mol (22.4 L) Cl2

If efficiency is 50%

0.25 mol (5.6L) TiCl4(g)

0.25 mol (5.6L) O2(g)

According to Dalton’s law, partial pressure of any gas ( pi) is given as pi ¼ x � P,
where xi and P respectively, represent mole fraction and the total pressure. If
v represents volume of the gas, from stoichiometric viewpoint of the reaction, we
can write:

vTICl4 ¼ vO2 ð1Þ

Mole faction of chlorine gas, xCl2 ¼
voutCl2

voutCl2
þ voutTiCl4

þ voutO2

¼ voutCl2

voutCl2
þ 2 voutO2

ð2Þ

Stoichiometrically, voutO2
¼ 1

2
:vusedCl2 ð3Þ

and voutCl2
¼ vinCl2 � vusedCl2

or vusedCl2
¼ vinCl2 � voutCl2

ð4Þ

Substituting Eq. 4 in Eq. 3, we get

voutO2
¼ 1

2
vinCl2 � voutCl2

� �
ð5Þ

By definition efficiency of utilization can be expressed as:
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E ¼ vinCl2 � voutCl2

vinCl2
or voutCl2 ¼ vinCl2 � E:vinCl2

ð6Þ

Substituting Eqs. 5 and 6 in Eq. 2, we get

xCl2 ¼
vinCl2 � E:vinCl2

vinCl2 � E:vinCl2

� �
þ 2

1
2

vinCl2 � vinCl2 � E:vinCl2

� �h in o

¼ 1� E
1� E þ 1� 1þ E½ � ¼ 1� E

ð7Þ

Therefore, E ¼ 1� xCl2 ¼ 1� pCl2
P

ð8Þ

Thus, the utilization efficiency of chlorine may be estimated if pCl2 and P are known.
The value of pCl2 can be calculated from the equilibrium constant, whereas Pmay be
chosen arbitrarily depending on the system as specified.

The chlorination of magnesia:

MgO sð Þ þ Cl2 gð Þ ¼ MgCl2 lð Þ þ ½ O2 gð Þ

The chlorine balance may be represented as:

Efficiency = 0, if 1 mol (22.4L) Cl2
MgO→MgCl2

Reactor 0 mol O2(g)

1 mol (22.4L) Cl2(g)

Efficiency = 50, if 1 mol (22.4L) Cl2
MgO→MgCl2

Reactor 0.25 mol (5.6L) O2(g)

0.5 mol (11.2L) Cl2(g)

According to the Dalton’s law of partial pressure: pi ¼ xi. P (where P is the total
pressure and pi and xi respectively, stand for partial pressure and mole fraction of the
component i.

From stoichiometry, voutO2
¼ 1

2
vusedCl2 ð1Þ
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xCl2 ¼
voutCl2

voutCl2
þ voutO2

ð2Þ

vusedCl2
¼ vinCl2 � voutCl2

ð3Þ

Substituting Eq. 3 in Eq. 1, we get:

voutO2
¼ 1

2
vinCl2 � voutCl2

� �
ð4Þ

Combining Eqs. 4 and 2, we get:

xCl2 ¼
voutCl2

voutCl2
þ 1

2 vinCl2 � voutCl2

� � ¼ voutCl2

1
2 vinCl2 þ voutCl2

� � ð5Þ

On the other hand, utilization efficiency of Cl2(g) is given by the expression:

E ¼ vinCl2 � voutCl2

vinCl2
voutCl2 ¼ 1� Eð Þ vinCl2 ð6Þ

Substituting Eq. 6 in Eq. 5, we get

xCl2 ¼
1� Eð ÞvinCl2

1
2 vinCl2 þ 1� Eð ÞvinCl2
� � ¼ 1� E

1
2 1þ 1� Eð Þ ¼

1� E
1� E=2

ð7Þ

Rearranging the terms of Eq. 7, efficiency can be expressed as:

E ¼ 1�xCl2
1�1

2 xCl2
¼ 1�pCl2

P

1�1
2

pCl2
P

Problem 9.2
(a) Assuming aluminum-vaporization and aluminum-deposition take place in a

reactor, derive general relationships to correlate the ingoing number of moles
of AlCl3(g) and AlCl(g) to the outgoing number of moles of AlCl3(g) and AlCl
(g) in a disproportionation reaction: 3AlCl(g) ¼ 2Al(s) + AlCl3(g).

(b) If the values of the equilibrium constants for the reaction are 1.293 and
6.337�108 at 1200 and 650 �C, respectively, and pure AlCl3(g) is injected
under 1 atm pressure into a bath of molten aluminum at 1200 �C, calculate the
chemical composition of the off-gas composed of AlCl3 and AlCl. How many
moles of aluminum are vaporized by the gas from the bath?

(c) When a gas mixture consisting of 0.62 mol AlCl3 and 1.14 mol AlCl is passed
and equilibrated in a reactor maintained at 650 �C and 1 atm, calculate the
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chemical composition of the off-gas leaving the reactor. How many moles of
aluminum is recovered in the reaction?

Solution
(a) Vaporization and deposition of aluminum are represented in the diagram below:

Gas

nAlCl
o

nAl
o nAl

nAlCl3

o

nAlCl

nAlCl3

T, K

(a) Reactor

→

Let (i) noAlCl and noAlCl3 moles of AlCl(g) and AlCl3(g) enter in the reactor
maintained at T K, and 1 atm pressure. (ii) nAl number of moles of Al is purified
from noAl moles and (iii) nAlCl and nAlCl3 moles of gases come out of the reactor.

That is, we have a situation: noAl, n
o
AlCl3 , n

o
AlCl ! nAlCl, nAlCl3 , nAl

Al balance : noAl þ noAlCl3 þ noAlCl ¼ nAlCl3 þ nAlCl þ nAl ð1Þ
Cl balance : 3noAlCl3 þ noAlCl ¼ nAlCl þ 3nAlCl3 ð2Þ

nT ¼ nAlCl þ nAlCl3 ð3Þ

There are three species and two mass balances; hence, one independent equation
must be sought. According to the Dalton’s law of partial pressure,

pi ¼ ni
nT

:P ð4Þ

For the reaction: 3AlCl(g) ¼ 2Al(l, s) + AlCl3(g)

K ¼ pAlCl3: a
2
Al

p3AlCl
as Al is pure, aAl ¼ 1ð Þ

¼ nAlCl3=nT

� �
: P:12

nAlCl=nT

� �3
P3

¼ nAlCl3: n2T
n3AlCl:P

2

∴K:n3AlCl:P
2 ¼ nAlCl3: n2T ð5Þ

From Eq: 1 nAl ¼ noAlCl3 þ noAlCl � nAlCl3 � nAlCl ð6Þ
From Eq: 2 nAlCl ¼ 3noAlCl3 þ noAlCl � 3nAlCl3 ð7Þ
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Substituting Eq. 7 in Eq. 3 we get:

nT ¼ nAlCl3 þ 3noAlCl3 þ noAlCl � 3nAlCl3
� �

¼ 3noAlCl3 þ noAlCl � 2nAlCl3 ð8Þ

Subtituting Eqs. 7 and 8 in Eq. 5, we get the required relationship:

KP2 3noAlCl3 þ noAlCl � 3nAlCl3
� �3

� nAlCl3 � 3noAlCl3 þ noAlCl � 2nAlCl3
� �2

¼ 0 ð9Þ
or KP2 b� 3að Þ3 � a b� 2að Þ2 ¼ 0 ð10Þ
where a � nAlCl3 and b � 3noAlCl3 þ noAlCl ð11Þ

when noAlCl3 ¼ 1, noAlCl ¼ 0, b ¼ 3

(b) T ¼ 1200 �C, Substituting: P ¼ 1 atm, K ¼ 1.293, noAlCl3 ¼ 1, noAlCl ¼ 0 in
Eq. 10, we get : f(a) ¼ 1.293 (3 � 3a)3 � a (3 � 2a)2 ¼ 0

a ¼ 0.5, f (0.5) ¼ 4.364 � 2.000 ¼ 2.364
a ¼ 0.7, f (0.7) ¼ 0.943 � 1.792 ¼ � 0.849
a ¼ 0.63, f (0.63) ¼ 1.768 � 1.907 ¼ � 0.139
a ¼ 0.61, f (0.61) ¼ 2.071 – 1.933 ¼ 0.138

Thus f (a) ¼ 0 when a ¼ 0:62 ¼ nAlCl3
Then from Eq. 7, nAlCl ¼ 3noAlCl3 þ noAlCl � 3nAlCl3

¼ 3� 1þ 0� 3� 0:62 ¼ 1:14
From Eq. 6, the Al picked up by the gas is obtained as

nAl ¼ 3� 0:62� 1:14 ¼ 1:24 mol

The off-gas contains 1.14 mol of AlCl and 0.62 mol of AlCl3 gases on vapori-
zation of 1.24 mol of aluminum at 1200 �C. This is presented in reactor (b).

0.62 mol AlCl3

1.14 mol AlCl

1 mol AlCl3
1.24 mol

Al(l)

(b) Reactor

(c) T ¼ 650 �C, P ¼ 1 atm, K ¼ 6.337 � 108, noAlCl3 ¼ 0:62, noAlCl ¼ 1:14

From Eq. 11,b � 3noAlCl3 þ noAlCl ¼ 3� 0:62þ 1:14 ¼ 3
To obtain a, substitute these values in Eq. 10
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f að Þ ¼ 6:337� 108 3� 3að Þ3 � a 3� 2að Þ2

¼ 1:711� 1010 1� að Þ3 � a 3� 2að Þ2 ¼ 0

if a ¼ 0.9996, f (0.9996) ¼ 1.09504 – 1.0012 ¼ + 0.0938
if a ¼ 0.9997, f(0.9997) ¼ 0.0462 – 1.0009 ¼ � 0.539

f að Þ ¼ 0 when a ¼ 0:99961 ¼ nAlCl3

Then from Eq. 7, nAlCl ¼ 3noAlCl3 þ noAlCl � 3nAlCl3

¼ 3� 0:62þ 1:14� 3� 0:99961 ¼ 0:0012

and from Eq. 6, nAl ¼ noAlCl3 þ noAlCl � nAlCl3 � nAlCl

¼ 0:62þ 1:14� 0:99961� 0:0012 ¼ 0:7592

The off-gas leaving the reactor contains 0.0012 mol of AlCl and 0.99961 mol of
AlCl3 gases and 0.7592 mol of pure aluminum is recovered at 650 �C. This is
presented in reactor(c) shown below:

0.62 mol AlCl3 0.99961 mol AlCl3

1.14 mol AlCl 0.0012 mol AlCl

(c) Reactor

Al(s)

Gas, 650 °C

0.7592

Problem 9.3
Making use of the following data, develop ΔGovs T equations for the two steps in
purification of aluminum by disproportionate process:

2Al sð Þ þ Cl2 gð Þ ¼ 2 AlCl gð Þ,ΔGo
1 ¼ �21360þ 11:75 T log T � 76:5 T cal ð1Þ

2Al lð Þ þ Cl2 gð Þ ¼ 2 AlCl gð Þ,ΔGo
2 ¼ �25860þ 11:80 T log T � 71:9 T cal ð2Þ

Al sð Þ þ 1:5 Cl2 gð Þ ¼ AlCl3 gð Þ,ΔGo
3 ¼ �138160þ 2:48 T log T þ 4:75 T cal ð3Þ

Al lð Þ þ 1:5 Cl2 gð Þ ¼ AlCl3 gð Þ,ΔGo
4 ¼ �140400þ 2:50 T log T þ 7:05 T cal ð4Þ
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Estimate the composition of the equilibrium gaseous phase at 1200 �C and 700 �C
and comment on the feasibility of the two steps of the disproportionate process.
Aluminum melts at 660 �C.

Solution
Since both the working temperatures (1200 and 700 �C) are above the melting point
of aluminum (660 �C), we consider only reactions (2) and (4). In the first step of the
disproportionate process, impure liquid aluminum is vaporized as aluminum
monochloride by passing aluminum trichloride gas into the molten bath at
1200 �C according to the reaction:

AlCl3 gð Þ þ 2Al l, impureð Þ ¼ 3AlCl gð Þ ð5Þ

The free energy change for the reaction (5), can be estimated from free energy values
of reactions (2) and (4).

ΔGo
5 ¼ 1:5ΔGo

2 �ΔGo
4

¼ 1:5 �25860þ 11:80 T logT � 71:9 Tð Þ � 140400þ 2:50 T logT þ 7:05 Tð Þ
¼ 101610þ 15:2 T logT � 114:90 T cal

Since the second step in the disproportionate process carried out at lower tempera-
ture (600–700 �C) involving decomposition of AlCl gas is just reverse of the first
step (i.e., reaction: 5):

3AlCl gð Þ ¼ 2Al s, l, pureð Þ þ AlCl3 gð Þ ð6Þ

The free energy change for the reaction (6, i.e., the second step) will
be: ΔGo

6 ¼ �ΔGo
5

∴ΔGo
6 ¼ �101610� 15:2 T log T þ 114:90 T cal

At 1200 �C, that is, 1473 K,

ΔGo
5 ¼ 101610þ 15:2 T log T � 114:90 T

¼ 3297 cal ¼ �4:575T: logK

K ¼ 0:3241

For Eq. 5, K ¼ p3AlCl
pAlCl3

¼ 0:3241

∴pAlCl3 ¼ 3:085:p3AlCl ð7Þ

And from the given conditions we have,
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pAlCl3 þ pAlCl ¼ 1 ð8Þ

From Eqs. 7 and 8, we have: 3:085:p3AlCl þ pAlCl ¼ 1
On solving by trial and error we get: pAlCl ¼ 0.533 atm

pAlCl3 ¼ 1� 0:533 ¼ 0:467 atm

Assuming ideal behavior, on volume basis the gaseous phase at 1200 �C contains
53.3% AlCl and 46.7% AlCl3.

At 700 �C, that is, 973 K,

ΔGo
5 ¼ 101610þ 15:2� 973� log 973ð Þ � 114:9� 973

¼ 34005 cal

¼� 4:575 T log K

K ¼ 23� 10�9

K ¼ p3AlCl
pAlCl3

¼ 23� 10�9

∴pAlCl3 ¼
1

23� 10�9 p
3
AlCl ¼

109

23
p3AlCl ð9Þ

and pAlCl3 þ pAlCl ¼ 1 ð8Þ

From Eqs. 9 and 8, we have: 10
9

23 :p
3
AlCl þ pAlCl ¼ 1

On solving by trial and error we get: pAlCl ¼ 0.002842 atm

and pAlCl3 ¼ 0:997158 atm

Assuming ideal behavior, on volume basis the gaseous phase at 700 �C contains
0.28% AlCl and 99.72% AlCl3.

From the above calculations it is clear that at 1200 �C, the proportion of AlCl gas
is much higher than it is at 700 �C. This is consistent with the first step involved in
refining of aluminum by the disproportionate process when AlCl gas is formed by
passing AlCl3 gas into impure molten aluminum at 1200 �C. On lowering the
temperature to 700 �C, the second step involving decomposition of AlCl gas into
pure Al and AlCl3 gas takes place. Hence, proportion of AlCl in the gaseous mixture
in the second step drastically decreases.

Problem 9.4
From the following data comment on the feasibility of production of titanium (i) by
carbothermic reduction of TiO2 at 1200 �C and (ii) via chlorination of TiO2 at
1200 �C under reducing conditions and subsequent reduction of TiCl4 with magne-
sium at 750 �C. Given that:
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Ti sð Þ þ O2 gð Þ ¼ TiO2 sð Þ,ΔGo
1 ¼ �223500þ 41:55 T , cal ð1Þ

2 C sð Þ þ O2 gð Þ ¼ 2CO gð Þ,ΔGo
2 ¼ �53400� 41:90 T , cal ð2Þ

Ti sð Þ þ 2Cl2 gð Þ ¼ TiCl4 gð Þ,
ΔGo

3 ¼ �180700� 1:8 T log T þ 34:65 T , cal
ð3Þ

Mg lð Þ þ Cl2 gð Þ ¼ MgCl2 lð Þ,
ΔGo

4 ¼ �147850� 13:58 T log T þ 72:77 T , cal
ð4Þ

Solution
Route I: Carbothermic reduction of TiO2 at 1200 �C:

TiO2 sð Þ þ 2C sð Þ ¼ Ti sð Þ þ 2CO gð Þ ð5Þ
ΔGo

5 ¼ ΔGo
2 � ΔGo

1 ¼ �53400 � 41:90 T � �223500þ 41:55 Tð Þ
¼ 170100� 83:45 T

At1473K, ΔGo
5 ¼ 170100� 83:45 T ¼ 170100 � 83:45� 1473 ¼ þ47178 cal

Since the free energy change for the carbothermic reduction of TiO2 at 1200 �C is
positive reaction will not be feasible.

Route II: Chlorination of TiO2 at 1200 �C in the presence of carbon:

TiO2 sð Þ þ 2C sð Þ þ 2Cl2 gð Þ ¼ TiCl4 gð Þ þ 2CO gð Þ ð6Þ
ΔGo

6 ¼ ΔGo
2 þ ΔGo

3 � ΔGo
1 ¼ �10600� 1:8 T log T � 48:80 T

At 1473 K, ΔGo
6 ¼ �90883 cal

Since the free energy change for chlorination of TiO2 at 1200 �C under reducing
conditions is negative, reaction is feasible.

Reduction of TiCl4 (g) with Mg (l) at 750 �C:

TiCl4 gð Þ þ 2Mg lð Þ ¼ Ti sð Þ þMgCl2 lð Þ ð7Þ
ΔGo

7 ¼ 2ΔGo
4 � ΔGo

3 ¼ �115000� 25:36 T log T þ 110:89 T

At 1023 K, ΔGo
7 ¼ �79646 cal

Since the free energy change for reduction of TiCl4 (g) with Mg (l) at 750 �C is
negative, reaction is feasible.

Problem 9.5
What is the permissible limit of HCl gas in the gaseous mixture: H2–HCl for
reduction of chromium chloride by hydrogen at 1100 K? Given that:
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H2 gð Þ þ Cl2 gð Þ ¼ 2HCl gð Þ,ΔGo
1 ¼ �43540þ 1:98 T log T � 10:44 T cal ð1Þ

Cr sð Þ þ Cl2 gð Þ ¼ CrCl2 sð Þ,ΔGo
2 ¼ �93900� 8:7 T log T þ 55:0 T cal ð2Þ

Solution
The reaction under consideration:

CrCl2 sð Þ þ H2 gð Þ ¼ Cr sð Þ þ 2HCl gð Þ, ð3Þ
ΔGo

3 ¼ ΔGo
1 � ΔGo

2

¼ 50360þ 10:68 T log T � 65:44 T cal

At 1100 K, ΔGo
3 ¼ 14106 cal

∴�4:575 T logK ¼ 14106, K ¼ 0:001574

for reaction (3), K ¼ p2HCl
pH2

∴
p2HCl
pH2

¼ 0:001574 or pH2
¼ 1

0:001574
p2HCl ¼ 635:32:p2HCl ð4Þ

and pH2
þ pHCl ¼ 1 ð5Þ

From (4) and (5) we get: 635:32:p2HCl þ pHCl � 1 ¼ 0

pHCl ¼ 0:039 atm

pH2
¼ 0:961 atm

In the light of the above calculations it is evident that reduction of CrCl2 by
hydrogen will proceed in the forward direction only if the concentration of HCl gas
in the gaseous mixture: H2–HCl does not exceed beyond 3.9% by volume. Hence,
HCl gas has to be removed by inserting fresh hydrogen gas into the reduction
chamber.
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Chapter 10
Refining

In general, primary metals obtained through various processing routes are associated
with some impurities. Ores, flux, and fuel are the main sources of impurities. As
many physical, chemical, and mechanical properties of metals are influenced by the
presence of impurities, it becomes essential to refine them for effective usage. A
metal may be subjected to one or more refining methods depending on the chemical
characteristics of the metal as well as those of the impurities. Broadly speaking, the
objective of refining is to produce the metal as pure as possible and to recover
precious metals such as gold and silver as by-products. On the other hand, steel-
making is an example of refining to produce steel with controlled amount of
impurities. Therefore, purity is a relative term, which is referred to be based on the
usage of the metal. One property may not be affected by the presence of a particular
impurity but another property may be significantly influenced by the same. For
example, density of copper does not change with traces of oxygen, whereas
dissolved oxygen reduces the electrical conductivity of copper to a large extent.
Similarly, the presence of traces of hafnium in zirconium poses problems in the
application of the latter when used as fuel canning material in nuclear reactors.
Low-neutron absorption cross-section makes zirconium (0.15 barn per atom) a
valuable material for fuel cans. As the neutron absorption cross-section of the
co-occurring sister element, hafnium, is very high (115 barn per atom) it must be
restricted below 200 ppm in zirconium for nuclear applications.

The common metals, namely, copper, lead, zinc, nickel, tin, aluminum, and so on
produced in bulk are refined by different methods based on the difference in physical
and chemical characteristics of the metal and impurities. During refining of high
reactive metals such as uranium, thorium, titanium, and zirconium, it is beneficial to
eliminate those impurities associated with the ore right in the beginning. In
processing reactive metals, the compound obtained from the ore breakdown step
[1] is purified by chemical separation techniques like selective distillation (titanium),
chemical precipitation (uranium), ion exchange (uranium, zirconium), and solvent
extraction (uranium, thorium, and zirconium, etc.). These separation techniques are
discussed in the next chapter on hydrometallurgy. Thus, there are two basic aspects
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in the refining of reactive metals, namely, purification of compounds and refining of
the primary metals.

10.1 Principle

Thermodynamically, the pure phase is unstable. It has an inherent tendency to pick
up impurities from the surrounding environment because free energy of the pure
phase is lowered by absorption of impurities. Hence, purification becomes more and
more difficult as we approach the pure state because the purer phase is more prone to
picking impurities. Knowledge of thermodynamics and kinetics are of utmost
importance for generating favorable conditions in all refining techniques. It is
more difficult to remove impurities held at lower chemical potential. During refining,
the impure metal is brought into contact with slag or vacuum, which can pick
impurities at lower chemical potential. Hence, knowledge about activities of the
metal and its impurities would be helpful in formulating thermodynamic conditions
for refining by a particular technique. Since chemical potential decreases with
decrease in the concentration of the impurity, it becomes more and more difficult
to achieve 100% pure metal. Thermodynamically, a metal with a number of impu-
rities needs to be treated as a multicomponent solution, which requires adequate
knowledge of interaction coefficients [2].

Difference in physical and chemical characteristics of the metal and the impurities
are made use of in various refining processes. For example, a large difference in the
extent of affinities of different metals for oxygen is employed in refining steel,
copper, and lead bullion. Secondly, distribution of various elements in different
phases [3] differs widely and these phases can be easily separated.

10.2 Methods of Refining

All the refining methods are classified into four main groups:

1. Metal–slag processes: In these processes, the less noble metal is oxidized and
slagged off. This is commonly known as fire refining. Removal of carbon, silicon,
manganese, and phosphorus from pig iron during steelmaking falls under this
category. Copper from lead, bismuth, and tin can be removed by treating the
crude with sulfur. Similarly, chlorination is useful in eliminating zinc from lead;
zinc, copper, and lead from bismuth; lead from tin; and silver, copper, and zinc
from gold.

2. Metal–metal processes: Liquation and zone refining are the important examples
in this group. Zone refining is used for ultrapurification of some metals.

3. Metal-gas processes: Under this category, distillation, vacuum treatment, car-
bonyl decomposition, disproportionate reaction, and iodide decomposition form
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important examples. Disproportionate reaction and iodide decomposition tech-
niques are employed for ultra-purification of reactive metals.

4. Miscellaneous group: This group includes electrorefining of common metals like
copper, lead, tin, and so on using aqueous electrolytes and of reactive metals like
aluminum, magnesium, zirconium, and so on using fused salt electrolytes, and
electrotransport method for ultra-purification.

It is important to note that no single process is adequate for refining all the metals
or for removing all types of impurities. The choice of the refining technique,
therefore, depends upon the characteristics of the metal, the nature of impurities,
and often also upon the route employed for extraction. In addition to the above-
mentioned methods, remelting techniques, namely, vacuum arc melting, electron-
beam melting, and electroslag refining are employed for refining and consolidation
of reactive metals.

10.2.1 Fire Refining

The degree of affinity of different metals for oxygen forms the basis of fire refining.
In addition, it is useful to have knowledge of the activities of elements dissolved in
the metallic phase and of oxides dissolved in the slag. During fire refining, the metal
is oxidized by blowing air or oxygen or by addition of some oxide of the metal to be
refined. For example, pig iron is oxidized with air or oxygen or iron ore and impure
lead with air or lead oxide. The pig iron obtained from the blast furnace is saturated
with carbon, and in addition, contains silicon, manganese, phosphorus, and a small
quantity of sulfur. With the exception of sulfur, other impurity elements are removed
by oxidation and subsequent dissolution of oxides in the slag during steelmaking.
Slag plays an important role in refining of steel. Some sulfur is eliminated in
steelmaking by gaseous phase reactions but major removal takes place in the blast
furnace because desulfurization requires reducing atmosphere. Thus, steelmaking is
primarily a process of converting pig iron containing approximately 10 wt% of
carbon, manganese, silicon, and phosphorus into steel with about 1 wt% of some
impurity elements.

The equipment employed in fire refining depends both on the metal in question
and on the method of oxidation. Oxidation of impurities with air or oxygen in
general and the above impurities in pig iron in particular is exothermic. In some
cases, refining may be carried out without additional fuel. For example, in the
Bessemer converter, where air is blown through molten pig iron, the heat evolved
is sufficient to make up the heat losses and raise the temperature of the hot metal
from 1300 �C to about 1600 �C, which is needed to melt steel. When oxygen is
blown in an LD converter on top of the molten iron, a fair amount of cold scrap or
some iron ore is charged to maintain the required steelmaking temperature of
1600 �C. Otherwise the bath temperature will rise to 1700 �C because the heat
loss through the escaping gases in the absence of nitrogen is much less. Silicon,
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manganese, and phosphorus get oxidized and slagged. In addition to converters,
hearth electric arc furnaces as well as ladles may be employed for refining. In the
following sections, fire refining of pig iron, blister copper, and lead bullion are
discussed.

10.2.1.1 Refining of Pig Iron

It has already been stated that steelmaking is the conversion of pig iron containing
about 10 wt% of carbon, silicon, manganese, phosphorus, sulfur, and so on to steel
with a controlled amount of impurities, that is, to the extent of about 1 wt%. With the
exception of sulfur, removal of all other impurities is favored under oxidizing
conditions. Oxidation of carbon generates only gaseous products whereas all other
impurities generate solid products. In all the fire refining processes such as steel-
making or refining of blister copper and lead bullion, oxygen has to first dissolve in
the metallic bath to react with the dissolved impurities. Liquid iron can dissolve
0.23 wt% oxygen in equilibrium with pure liquid FeO at 1600 �C in the absence of
slag forming oxides, whereas in the presence of slag forming oxides the solubility of
oxygen in steel decreases. At 1600 �C, solubility is expressed as [%O] ¼ 0.23.aFeO,
for the equilibrium reaction: FeO (l)¼ Fe (l) + [O]; where aFeO is the activity of FeO
in the slag. From Fig. 4.9, it is evident that for any given FeO content, its activity
shall be maximum for the composition close to the line joining FeO apex to the
orthosilicate: 2CaO.SiO2 composition [4] due to the high preferential attraction
between CaO and SiO2. SiO2, MnO, and P2O5 formed by the oxidation of Si, Mn,
and P, respectively, join the slag phase. The formation of these oxides can be
facilitated by decreasing their activities, which is possible by providing oxides of
opposite chemical character to serve as flux. For smooth separation of the oxide
products, both the metal and the slag must be fluid enough to separate into two
layers. The slag being lighter and immiscible, floats on top of the metal and,
therefore, can be easily separated. As SiO2 and P2O5 are acid oxides, a basic flux
is required for the formation and easy removal of the slag. A higher proportion of
basic flux will ensure prevention of the reverse reaction, particularly in the case of
phosphorus removal. Silica being a very stable oxide, once it is formed, there is no
chance of it reverting to silicon in the metallic bath. For effective refining, the
activity of reactants (i.e., impurities) and oxygen should be high and that of product
oxides should be low. However, it is possible to adjust silicon and manganese in the
hot metal in such a way that during refining, FeO and MnO formed would be able to
dissolve SiO2 to produce a low-melting ternary slag, FeO–MnO–SiO2. In this slag,
P2O5 will not be fixed up because FeO–MnO is not a strong base. A strong basic slag
is formed by the addition of CaO and/or MgO to absorb P2O5. In the presence of the
highly basic slag, CaO–FeO–P2O5, there is no danger of phosphorus reversion.
Sulfur removal to some extent is also possible by such a slag. Based on the above
discussion, two important conclusions may be drawn with regard to selecting the
steelmaking process. Firstly, sulfur, and phosphorus cannot be removed along with
silicon as the impurity. Secondly, removal of silicon should not be tried along with
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phosphorus and to some extent sulfur. Removal of sulfur, carbon, silicon, manga-
nese, and phosphorus has been discussed in detail in Chap. 7 on steelmaking.

10.2.1.2 Refining of Copper

The blister copper obtained from the Peirce-Smith converter contains large amount
of impurities such as Fe: 0.01 – 0.04, Ni: 0.005–0.6, S: 0.01–0.05, O: 0.2–0.5, Zn:
0.01–0.05, As: 0.01–0.1, Sb: 0.01 – 0.1 (all in weight per cent) and also very small
amounts of Pb, Se, Te, Au, and Ag. Copper produced by single-step smelting and
continuous converting [5] contains 0.2–0.4% O and up to 1% S. Sulfur and oxygen
dissolved in copper form SO2 bubbles during solidification. It is estimated that 0.01
wt% S and 0.01 wt% O dissolved in copper would give rise to the formation of 2 cm3

of SO2 at 1083 �C per cm3 of solidified copper. Hence, it has to be refined for
commercial usage. There are two important methods of refining blister copper: fire
refining and electrolytic refining. Fire refining does not remove/recover bismuth and
precious metals. On the other hand, the electrolytic process not only produces high-
purity copper but also improves economy of the process by successfully recovering
silver and gold as by-products. Thus, the high capital investment on the electrolytic
plant is fully compensated by the precious metal that is recovered and the quality of
the product. In order to get a high-quality product, a major proportion of blister
copper is first fire refined customarily prior to electrolytic refining with the prime
objective of reducing the refining cost.

Fire refining of blister copper is carried out at 1150–1200 �C either in a rotary
furnace (3–5 m diameter and 9–14 m long) or in a reverberatory furnace (12 – 15 m
long, 5 m wide and 1 m deep) with a normal capacity of about 300–400 tons. The
furnace is lined with magnesite or silica bricks and heated by burning oil, natural gas,
or pulverized coal. Molten copper is charged into the furnace and then air is blown
through pipes inserted into the molten copper. Owing to the larger mass, copper first
gets oxidized to form cuprous oxide, which is distributed all over in the melt.

4Cuþ O2 ! 2Cu2O: ð10:1Þ

The cuprous oxide formed spreads instantaneously throughout the molten copper
and oxidizes, the impurities (M) having higher affinity for oxygen as compared to
copper

Cu2OþM ! 2CuþMO: ð10:2Þ

At equilibrium, the dissociation pressure of the oxides of impurities and that of
cuprous oxide are equal:
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pO2 Cu2O½ � ¼ pO2 MOð Þ ð10:3Þ

In addition to Cu2O, oxide(s) of impurity metal(s) may take part in the oxidation of
some impurities depending upon their affinity for oxygen. For example, M1, having
more affinity for oxygen than M2, gets oxidized and removed as M1O:

M1 þM2O ! M1OþM2: ð10:4Þ

The removal of the slag floating on the bath, formed collectively by oxides of
impurity metals, facilitates further refining because of the decreased chemical
potential of impurity oxides in it. Depending on the extent of affinity for oxygen
in decreasing order, the sequence of removal from molten copper is as follows: Al,
Si, Mn, Zn, Sn, Fe, Ni, As, Sb, Pb, and Bi.

Nickel, having lower affinity for oxygen than copper, can be removed from the
blister at 1250 �C by generating conditions to get a negative free energy change for
the reaction:

Cu2Oþ Ni ! NiOþ 2Cu ð10:5Þ

Since the standard free energy of the formation of Cu2O is less than that of NiO,
copper will get preferentially oxidized and lost in the slag. According to the van’t
Hoff isotherm, the free energy change under nonstandard conditions is given by

ΔG ¼ ΔGo þ RT ln
aNiO
aCu2O

� �
ð10:6Þ

Hence, ΔG can be made negative by lowering the value of aNiO by adjusting the slag
composition. Silver and gold cannot be eliminated by fire refining because of their
very weak affinity for oxygen.

The fire refining by air blowing reduces sulfur to approximately 0.002% at the
expense of dissolving an appreciable quantity of oxygen in copper. The essential
reaction in removal of S by air can be represented as

S½ � þ O2 gð Þ ¼ SO2 gð Þ ð10:7Þ

And the corresponding dissolution of oxygen in copper takes place according to the
reaction:

O2 gð Þ ¼ 2 O½ � ð10:8Þ

The equilibrium relationship between [S] and [O] dissolved in copper is represented
as:
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S½ � þ 2 O½ � ¼ SO2 gð Þ ð10:9Þ

K ¼ pSO2

%S½ �: %O½ �2 ¼ 106 at 1200 �C Reference 5ð Þ ð10:10Þ

From the high value of the equilibrium constant, it is evident that sulfur elimina-
tion continues along with oxygen dissolution in copper even when [S] is reduced to
0.002% at pO2

� 0:2 atm and pSO2
> 1 atm. Finally, at the end of refining, the residual

sulfur in the copper melt reduces to about 0.001 wt%, but [O] increases to about 0.6
wt%. During solidification, the decreasing solubility of oxygen in solid copper
causes precipitation of the entire oxygen as solid Cu2O to generate about 6 wt% of
oxide inclusion. Since the electrical and mechanical properties of copper get signif-
icantly deteriorated in the presence of oxygen, molten copper is deoxidized by
introducing a reducing gas or hydrocarbon after skimming off the slag. Most of
the oxygen from the molten copper is removed by hydrocarbon according to the
reactions:

C sð Þ þ O½ � ¼ CO gð Þ ð10:11Þ
CO gð Þ þ O½ � ¼ CO2 gð Þ ð10:12Þ
H2 gð Þ þ O½ � ¼ H2O gð Þ ð10:13Þ

The hydrocarbon blow is stopped when the oxygen content of the bath attains a value
of 0.15%. In this way, copper oxide precipitation is minimized but hydrogen
generated from the hydrocarbon dissolves in copper to a limited extent. Finally,
the fire-refined copper containing approximately 0.002 wt% S, 0.15 wt% O, and
2 � 10�5 wt% H is cast into anodes to be refined to 99.99% purity by electrolytic
refining, during which silver and gold are recovered.

10.2.1.3 Refining of Lead Bullion

Lead bullion containing approximately [6] 1.5 Cu, 1.2 Zn, 0.75 As, 0.5 Sb, 0.3 Sn,
0.4 Bi, 0.1 S, 0.2 Fe, 0.45 Ag, and 0.1 Au as impurities (all in weight per cent) is
subjected to a series of operations to refine lead and to recover precious metals and
other elements. For copper removal, the lead bullion is stirred with sulfur in a kettle
at 330–350 �C. The resulting Cu2S, being lighter and insoluble in lead rises to the
surface as a dross consisting of Cu2S, PbS, and mechanically entrapped molten lead.
In order to minimize the loss of lead, the temperature is raised to 370 �C before
skimming. Since the concentration of lead is much larger, PbS is first formed and
gets dissolved in the molten lead because of high solubility of PbS in lead at the
working temperature. Copper having higher affinity for sulfur as compared to lead
forms Cu2S according to the reaction:
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PbS½ � þ 2 Cu½ � ! Pb lð Þ þ Cu2S sð Þ ð10:14Þ

At equilibrium,K ¼ 1
aPbS½ �: a2Cu

� � aCu2S ¼ 1 ¼ aPb½ � ð10:15Þ

or K ¼ 1

%S½ �: %Cu½ �2 assuming validity of Henry’s law
� � ð10:16Þ

Hence, the residual copper in the bullion can be expressed as:

%Cu½ � ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
K %S½ �p ð10:17Þ

Thus, higher the amount of sulfur dissolved in the molten lead (in the form of PbS)
the lower the residual copper in lead after drossing. The sulfide carrying 95% Pb and
3% Cu is recycled.

The next step of fire refining, based on oxidation with air and litharge (PbO), is
carried out in a reverberatory furnace at 350 �C. Impurities like zinc, arsenic,
antimony, and tin, which have stronger affinity for oxygen as compared to lead
form oxides that are insoluble in lead. Being amphoteric, these oxides are acidic to
PbO and form zincates, arsenates, antimonates, and stannate, respectively, according
to the reactions [7]:

Znþ 2PbO ¼ PbO:ZnOþ Pb ð10:18Þ
2Asþ 6PbO ¼ 3PbO:As2O3 þ 3Pb ð10:19Þ
2Sbþ 4PbO ¼ PbO:Sb2O3 þ 3Pb ð10:20Þ
Snþ 3PbO ¼ PbO:SnO2 þ 2Pb ð10:21Þ

The mixture of these compounds being lighter, floats on the surface of molten lead
and is skimmed off [7, 8]. Oxidation can be speeded up by blowing air through the
molten bullion. Removal of arsenic, antimony, and tin, results in softer or more
ductile lead and hence the process is called softening. Silver and gold are not
oxidized but they join the skim to which some molten lead droplets containing
dissolved Ag and Au are entrained. Thus, loss of precious metals is the most serious
drawback of fire refining of lead.

Alternatively, lead bullion is poured through a molten oxidizing mixture of soda
salt containing NaNO3, NaOH, and NaCl. This is known as the Harris process. In
this treatment, lead is first oxidized and forms sodium plumbite with the alkaline
melt at 700 �C:

5Pbþ 2NaNO3 þ 8NaOH ! 5Na2PbO2 þ N2 þ 4H2O ð10:22Þ
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As tin, arsenic, and antimony have higher affinity for oxygen, they get oxidized by
sodium plumbite and finally form oxysalts: Na2SnO3, Na3AsO4, and Na3SbO4. The
overall reactions can be represented by the following chemical equations:

5Snþ 4NaNO3 þ 6NaOH ! 5Na2SnO3 þ 2 N2 þ 3H2O ð10:23Þ
2Asþ 2NaNO3 þ 4NaOH ! 2Na3AsO4 þ N2 þ 2H2O ð10:24Þ
2Sbþ 2NaNO3 þ 4NaOH ! 2Na3SbO4 þ N2 þ 2H2O ð10:25Þ

In this process, PbO acts as an oxygen carrier from the primary oxidant to the
impurities. After all the impurities are oxidized, PbO starts accumulating in the melt
as an orange–yellow product. The working temperature of the alkaline melt,
NaNO3–NaOH, is lowered by addition of NaCl to 420–450 �C. The alkaline melt
becomes thicker as it picks up more impurities. On accumulating [7] about 18 wt%
arsenic or 20 wt% tin or 30 wt% antimony, it is drained off from the chemical
treatment tank to recover impurity elements and chemicals for reuse.

For removal of precious metals (Ag and Au), partially purified lead is treated with
zinc at 450 �C. The excess zinc dissolved is removed by chlorination at 390 �C.
Bismuth is removed as solid intermetallics by the addition of Ca–Mg alloy.
Desilverizing, degolding, and debismuthizing are discussed under the heading of
liquation.

Iron from crude tin is removed by blowing air or steam and skimming the dross
floating on the surface of the tin melt. Lead can be recovered by injecting chlorine
gas or adding stannous chloride in the tin melt:

Pb lð Þ þ SnCl2 lð Þ ! Sn lð Þ þ PbCl2 lð Þ ð10:26Þ

10.2.2 Metal–Metal Refining

Out of the two main processes under this category, liquation will be discussed in this
section. Zone refining will be covered under the heading of ultra-purification.

10.2.2.1 Liquation

Removal of an impurity metal from the crude by selective melting is called liquation.
This refining technique is based on three factors: liquid immiscibility, difference in
melting points, and densities of the constituents in the alloy system. Metal impurity
systems exhibiting considerable liquid immiscibility between solvent and solute
elements with larger difference in melting points and densities may be refined by
the liquation technique. The efficiency and degree of separation depend on the
constitutional phase diagram of the metal-impurity system. In some systems,
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solubility of the impurity (solute) decreases drastically with decrease of temperature
toward the melting point of the metal (solvent). A few selected systems [9] with
these characteristic features have been presented in Fig. 10.1. The variation in the
solubility of impurities in the crude melt can be used in refining/separation. For
example, zinc and lead are partially miscible in liquid state. When crude zinc is kept
in a furnace at a temperature just above the melting point of zinc (419.6 �C), two
liquid layers, one rich in zinc and the other rich in lead are formed. The latter being
heavier settles to the bottom of the furnace, and both these liquids can be tapped
separately. Theoretical limit to this separation is 0.85 wt% Pb in zinc and the lead
contains 1.3 wt% Zn. The complete immiscibility would be ideal for this type of
refining. Iron and copper can be removed from lead by liquation because both have
limited solubility in molten lead. Similarly, liquation can be employed to recover
low-melting tin coated on high-melting iron by heating the tin-plated steel sheet to
above the melting point of tin (about 400 �C) to drain out tin. In systems like Sn–As
and Sn–Fe, while cooling, the excess solute separates out as intermetallic com-
pounds of the two elements on exceeding the solubility limit.

Another aspect of liquation comprises removal of the impurity element by
forming a high-melting compound with the metal, which is added to the molten
crude. The compound is separated in solid form.

During smelting of the galena as well as mixed sphalerite–galena concentrates,
the entire silver and gold are transferred in the lead bullion. The softened lead is
stirred with 1–2 wt% zinc at 450 �C. Zinc forms a number of intermetallic com-
pounds with Ag and Au, such as Ag2Zn3, Ag2Zn5, AuZn, Au2Zn5, and AuZn3 with
respective melting points of 665, 636, 725, 664, and 475 �C (higher than the melting
point of lead). Being lighter than lead these compounds concentrate over the surface
of the melt from where they are collected as silver/gold–zinc crust. This method of
recovery of precious metals known as the Parkes process, is based on the principle
that silver and gold dissolve more readily in zinc than in lead and mutual solubility of
lead and zinc is low.

The lighter intermetallics floating on the surface of molten lead are skimmed off
and treated separately for the recovery of precious metals. Since the solubility of zinc
in lead is limited, the excess zinc also floats on the surface as a saturated solution of
lead in zinc. Hence, a complex product consisting of silver, gold, lead, and zinc gets
collected over the bath surface. The impurities like arsenic, antimony, and tin not
only increase zinc consumption but also slow down the flotation of the crust. Thus, a
clear separation from the underlying lead is suppressed. This highlights the impor-
tance of removal of As, Sb, and Sn prior to desilverizing. The Ag–Zn crust is treated
for the recovery of silver, gold, zinc, and lead. After desilverizing, the lead
containing 0.6–0.8 wt% Zn (the excess zinc dissolved in lead, added over the
stoichiometric requirements) is treated with chlorine at 350–390 �C to remove zinc
(Betterton process).

Bismuth present in lead can be very effectively removed by electrorefining.
However, its concentration can be lowered down by the Kroll–Betterton process.
In this process, dezinced lead is treated with Ca–Mg alloy at 350 �C to remove
bismuth as intermetallics: Bi3Ca (melting point 507 �C), Bi2Ca3 (928 �C), and
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Bi2Mg3 (715 �C) floating on the surface of the molten lead. Calcium alone can
reduce bismuth to 0.05 wt%, but jointly with magnesium, it reduces to 0.008 wt%.
The subsequent addition of some antimony brings down the bismuth content to
0.004–0.006 wt% by forming intermetallic of the type BixSby. The Ca–Mg alloy is
stirred into the molten lead in two steps. In the first addition, three-fourth of the
calculated amount is stirred in the bath for about 30 min. The balance alloy is added
after removing the first dross that is rich in bismuth. The first dross is treated for
bismuth recovery and the second is returned to the process for enrichment.

After debismuthizing, the excess magnesium, calcium, antimony, as well as
traces of zinc are removed by alkali–chloride fusion using a small quantity of sodium
nitrate.

Since refining of the lead bullion by different processes based on oxidation and
compound formation is carried out in a number of steps, the cooled molten bath has
to be reheated several times. This is not only time-consuming but also increases fuel
consumption and reduces the overall efficiency. Owing to these problems, some
refineries employ continuous processes for the removal of tin, arsenic, antimony
(softening), and silver and gold (desilverizing and degolding) whereas copper is
drossed and bismuth is eliminated intermittently.

10.2.3 Metal–Gas Refining

Distillation, vacuum treatment, carbonyl process, iodide decomposition, and dispro-
portionate process are important examples of refining methods based on metal–gas
transfer reactions. Disproportionate reaction and iodide decomposition techniques
are employed for the preparation of high-purity metals. The former has already been
discussed in Chap. 9 and the latter will be discussed in this chapter under the heading
of ultra-purification.

10.2.3.1 Distillation

In distillation, the difference in boiling points of the impurity metal (i) and the base
metal (M) is made use of in separation and refining. The distillation technique is also
employed in separation/refining of salts. In this context, one may refer to the
purification of TiCl4 discussed in Sect. 9.2.1 (Fig. 9.2).

The vapor pressure ( pM) exerted by a metal at its boiling point becomes equal to
the atmospheric pressure (i.e., pM ¼ 1 atm at the boiling point). pM is very low in
solid state, but increases with increase of temperature and there is a significant
increase from the melting point (T f) to the boiling point (Te). The difference between
these two temperatures of phase transformations in case of some low-melting metals,
such as cadmium, zinc, and magnesium ranges between 440 and 550 �C. But this
range of difference is not universally found in all the low-melting metals, for
example, in case of even very low-melting gallium (melting point: 29 �C), indium
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(157 �C), and tin (232 �C), the difference is of the order of about 2000–2500 �C and
for bismuth (melting point: 271 �C), lead (327 �C), and aluminum (660 �C), it is,
respectively, 1356, 1410, and 1790 �C. The reason for this variation may be
understood by analyzing the values of the latent heat of transformation of metals
for changes from liquid to gas and solid to liquid. The temperature of evaporation of
the metal species i, is related to the latent heat of evaporation according to the
Clausius–Clapeyron equation:

lnpi ¼
Lei
RT

þ C ð10:27Þ

where pi is the vapor pressure of species i, at temperature T K, Lei the latent heat of
evaporation, and C is a constant. It has to be noted that Lei increases with the group
number of the periodic table; for example, the latent heat of evaporation of transition
metals (chromium, molybdenum, and tungsten) is much higher than those of alkali
(lithium, sodium, and potassium) and alkaline earth metals (barium, strontium,
and calcium). However, the variation in the melting point with the latent heat of
fusion is not as systematic as observed in the case of liquid–gas transformation.
This is also evident from the constancy of the entropy of
evaporation ΔSe ¼ Le

Te ¼ 22:4 cal K�1 mol�1
� �

according to Trouton’s rule. How-

ever, the entropy of fusion ΔS f ¼ L f

T f ¼ 2:2 cal K�1 mol�1
	 


according to Cromp-

ton and Richards rule is not so strictly constant.
The temperature difference between melting and boiling points plays an impor-

tant role on the pressure exerted by the metal at temperature 100 �C above the
melting point. This is directly related to the rate of evaporation of the metal from the
melt. Hence, at the selected temperature, element(s) exerting relatively higher vapor
pressure can be removed completely by distillation. However, this cannot be taken
for granted universally because the rate of evaporation may be enhanced or retarded
by the nature of interaction between the impurity elements (i) and the base metal
(M) in the melt. The partial pressure of a species, i, pi in an ideal solution is
proportional to its mole fraction xi, (i. e., pi / xi, according to the Raoult’s law).
Hence, pi can be expressed as:

pi ¼ poi :xi, ð10:28Þ

where poi is the partial pressure of pure i at the temperature under consideration.
Thus, in a solution of M–i containing 1 at % i, xi ¼ 0.01, the vapor pressure of the
impurity above the melt would be 100 times less than poi . In case of deviation,
Eq. 10.28 is modified as:

pi ¼ poi :ai ð10:29Þ

where ai is the activity of the component, i in the solution. This means in ideal
solution, ai ¼ xi, and to account for deviation from ideality, a term activity
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coefficient, γi is introduced as: ai ¼ γi. xi. γi may be >1 or <1, in case of positive or
negative deviation, respectively. Hence, Eq. 10.29 is modified as:

pi ¼ poi :γi:xi ð10:30Þ

From this equation, it is evident that the vapor pressure of component, i is more or
less than that expected according to the Raoult’ s law in systems exhibiting respec-
tively, positive (γi > 1) or negative (γi < 1) deviation from ideality. It must be noted
that the forces of attraction between dissimilar atoms (M–i) is weaker and stronger
than the forces of attraction between similar atoms (M–M or i–i), respectively, in
case of positive and negative deviations. For example, in a Pb–Zn system showing
positive deviation from ideality the vapor pressure of both the constituents, Pb and
Zn is higher than that expected according to the Raoult’s law. Hence, zinc boiling at
lower temperature (boiling point 907 �C) can be easily removed from the lead.
Contrary to this, removal of As and Sb from Fe melt is difficult because Fe–As and
Fe–Sb systems exhibiting negative deviation due to stronger attraction between
dissimilar Fe and As, and Fe and Sb atoms have a tendency to form intermetallic
compounds that lower the vapor pressure of As and Sb over the melt.

However, refining by distillation is restricted to metals having boiling point
below 1000 �C due to operating problems. Under normal atmospheric pressure,
mercury (boiling point 357 �C), cadmium (765 �C), sodium (892 �C), and zinc
(907 �C) may be refined by the distillation technique. A few more metals that have
vapor pressure of the order of 10�3 atm at about 1000 �C may be refined by vacuum
distillation. For example, metals like tellurium (boiling point 990 �C), magnesium
(1105 �C), calcium (1487 �C), antimony (1635 �C), and lead (1740 �C) exerting
vapor pressure of 10�3 atm at 509, 608, 803, 877, and 953 �C, respectively, can be
distilled at 1000 �C under a vacuum of the order of 10�3 atm. However, high degree of
separation is not possible by distillation due to the presence of lower mole fractions of
a number of impurities in the melt together with varying nature of simultaneous
interactions between impurity metals and the base metal and impurities. As a result,
two or more metals having appreciable vapor pressure at the operating temperature
may evaporate. Under such circumstances, separation is facilitated by selective con-
densation. The less volatile element condenses in the hottest part of the condenser
whereas the more volatile element condenses in the cooler part.

The rate of evaporation of a species, i from the surface of the molten metal under
equilibrium conditions, as derived by Langmuir, according to the kinetic theory of
gases is expressed as:

Rate of evaporation, ri ¼ pi
Mi

2πRT

	 
1=2

ð10:31Þ

where pi is the vapor pressure of the species, i in the melt, R the gas constant andMi

the molecular weight of i. At constant temperature, the rate of evaporation is
maximum when equilibrium is attained between the number of molecules leaving
the melt surface and those condensing on the surface. Equation 10.31 assumes that
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all the molecules striking the surface, condense as well. Generally, in the majority of
evaporation processes, transfer of vapors away from the liquid metal surface happens
to be the rate-controlling step, not the rate of evaporation. On substituting the value
of pi from Eq. 10.29 in Eq. 10.31, we get:

ri ¼ poi :ai
Mi

2πRT

	 
1=2

ð10:32Þ

Since the rates of evaporation and condensation are equal at equilibrium, Eq. 10.32
also denotes the rate of transfer of atoms/molecules from the melt to the gaseous
phase. If the species i, as solute and the base metal M as solvent vaporize at a
particular temperature, the relative rates of evaporation can be expressed as:

ri
rM

¼ poi ai
poMaM

Mi

MM

� �1
2

ð10:33Þ

where rM , poM , and aM represent the rate of evaporation, vapor pressure under
standard conditions, and activity of the metal M, respectively, at the chosen temper-
ature. From Eq. 10.33 it is evident that the ratio ri/rM increases as the extent of
vaporization (i.e., removal) of the solute, i increases without much loss of the solvent
metal, M. This forms the basis of refining by distillation. Thus, selection of adequate
distillation temperature is of utmost importance in order to remove most of the
relatively high volatile impurities while retaining most of the solvent metal. This is
called fractional distillation. Alternatively, the entire melt can be evaporated and the
components separated by fractional condensation from the gaseous phase at appro-
priate temperatures. This procedure has been most successfully employed in the
separation of TiCl4 and ZrCl4 from the resultant mass obtained by chlorination of
rutile and zircon, respectively.

Based on the above discussion, it is concluded that the metal impurity systems
with a larger difference in vapor pressures can be separated by single-stage distilla-
tion whereas a special technique known as rectification is needed for systems with
small differences in vapor pressures. For example, the crude zinc (boiling point
907 �C) obtained from the blast furnace containing about 2–3 wt% Pb (boiling point
1740 �C) and 0.3–0.5 wt% Cd (boiling point 765 �C) is refined in a multistage
rectification column consisting of 30–40 trays, operated in the temperature range of
800–1200 �C. Since, at the working temperature, vapor pressures of cadmium and
lead are, respectively, much higher and much lower than that of Zn, both zinc and
cadmium are distilled away, leaving lead in the molten state, which can be drained
off. The zinc vapor is condensed while cadmium is retained in the gaseous state. In
order to obtain a higher purity product, distillation has to be repeated several times,
but at the cost of yield.

The rate of evaporation can be enhanced by reducing the gaseous phase above the
melt or by providing a cooler surface for condensation of volatile species. The rate of
removal is retarded by the absorption of surface-active solutes on the surface of the
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melt. The rate of evaporation may reduce to zero if the surface is completely covered
by a slag layer. A reasonable rate of evaporation can be achieved by providing a
large surface area per unit volume of the melt together with appropriate stirring. As
melt experiences different pressures due to the variation in the hydrostatic pressure at
different depths, it would be beneficial to maintain a thin layer of the metal to get a
larger surface area.

10.2.3.2 Pyrovacuum Treatment

Metals obtained via the pyrometallurgical route that involves smelting, based on
mainly slag–metal reactions in molten state, pick up oxygen, nitrogen, hydrogen,
and carbon from the atmosphere, ore, flux, and fuel in addition to other metallic
impurities. The problems caused by dissolved oxygen, nitrogen, and hydrogen and
their removal from steel have been discussed in detail in Chap. 8 on “Secondary
Steelmaking” under the headings: deoxidation and vacuum degassing. In vacuum
degassing, the removal of carbon as carbon monoxide by the reaction between
dissolved carbon and dissolved oxygen in steel has also been discussed. Though
dissolved sulfur from the blister copper is removed by blowing air, conditions may
be created to eliminate sulfur according to the reaction: [S] + 2[O] ! SO2(g) under
vacuum. This will avoid the problems of removal of larger amount of oxygen,
dissolved during air blowing, by hydrocarbon. Similarly, carbon picked up by
reactive and rare metals like titanium, vanadium, tantalum, and so on can be
removed by pyrovacuum treatment.

Impurities in reactive metals can be classified into two groups. The first group
belongs to metallic impurities derived from co-occurring sister elements in the
natural minerals, for example, Hf with Zr, Nb(Cb) with Ta, V with Ti. The second
group consists of metallic and interstitial impurities picked up in the crude during
extraction processes. Purification with respect to the first kind of impurities is carried
out at an early stage in the extraction flow sheet, by techniques such as selective
chemical reaction (i.e., carrier salt precipitation), fractional distillation/crystalliza-
tion, ion exchange, and solvent extraction. These steps should in fact be termed as
separation techniques rather than refining. These will be discussed in the chapter on
Hydrometallurgy. The refining processes are concerned mainly with the treatment of
the crude metals to the stage of final purity.

Reactive metals produced by metallothermic reduction of their oxides and halides
are associated with residual excess reductants, by-products, and interstitial impuri-
ties picked up during reduction. High-vacuum and high-temperature techniques are
most effective in refining these impure metals. Highly volatile impurities can be
removed by simple evaporation. However, the removal of dissolved carbon and
oxygen is achieved by special mechanisms such as carbon deoxidation and sacrifi-
cial deoxidation. Removal of volatile impurities is affected by selective evaporation
of impurities. The extent of purification depends on the distribution coefficient, (k),
which is the ratio of concentration of impurity in the metal to the concentration in the
vapor phase. For effective purification, k should be much smaller than unity. If k is
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just smaller than unity, purification occurs with a considerable loss of the base metal.
Purification by this mode is dependent on the vapor pressure of the impurity, which
in turn depends upon temperature, its concentration in the melt and its rate of
diffusion from the bulk to the surface and also on the vapor pressure of the base
metal. For effective purification, the vapor pressure of the impurity should be more
than 10�3 torr and should exceed the vapor pressure of the base metal by a factor of
10 or more. Impurities like Al, Mg, Ca, Fe, Si, and Mn are effectively removed from
crude refractory metals because of their higher vapor pressure. Vanadium, niobium,
tantalum, and molybdenum obtained by aluminothermic reduction [10] are purified
by pyrovacuum technique to remove Al, Fe, Mn, O, and so on.

In sacrificial mode of refining, purification takes place via evaporation of
suboxides of the metal to be refined. Sub-oxides are formed as a result of the reaction
of oxygen in the metal with metal itself even at very low oxygen content. Carbon has
been used as a deoxidizer for the removal of last traces of oxygen from refractory
metals by formation of CO according to the reaction:

C½ � þ O½ � ¼ CO gð Þ ð10:34Þ
K ¼ pCO

aC½ �: aO½ � ¼
pCO

f C:%C½ �: f O:%O½ � ð10:35Þ

∴ %C½ �: %O½ � ¼ pCO
K: f C: f O

¼ pCO
K 0 ð10:36Þ

The product [%C]�[%O], known as the deoxidation constant represents the deoxi-
dation tendency by carbon for a given metal. A low value of [%C]�[%O] signifies
higher deoxidation tendency and is calculated by assuming the concentration of [%
O] and [%C] equivalent to the concentration of oxide and carbide existing in
equilibrium with the pure metal.

10.2.3.3 Carbonyl Process

By and large, removal of impurities by evaporation from solid crude metal is not
effective due to very slow diffusion in solid state as compared to the rate of diffusion
in liquid state. However, this limitation of slow rate of diffusion is eliminated when
the entire mass of the crude metal is volatilized. Refining of crude nickel by the
Mond carbonyl process is based on this principle.

During extraction of nickel, a sulfide ore [pentlandite (NiFe)9S8] containing about
1–3% Ni and some Co, Cu, and Fe is processed to obtain Ni3S2, which is dead
roasted to nickel oxide. The oxide is reduced with carbon or hydrogen at 400 �C to
impure nickel, which may contain 15–20% iron together with some cobalt and
copper. After leaving the reducing chamber the crude nickel is brought into contact
with CO gas in another reactor to form Ni(CO)4 vapor at 50 �C and 1 atm pressure or
liquid carbonyl at 50 �C and 20 atm. In this process some Fe(CO)5 is also formed.
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Ni sð Þ þ 4 CO gð Þ ⇄ Ni COð Þ4 gð Þ ð10:37Þ
Fe sð Þ þ 5 CO gð Þ ⇄ Fe COð Þ5 gð Þ ð10:38Þ

At 1 atm pressure [11] Ni(CO)4 boils at 43 �C whereas Fe(CO)5 boils at relatively
higher temperature of 105 �C. Cobalt carbonyl, Co2(CO)8 has very low vapor
pressure and copper and precious metals present in the crude do not form any
carbonyl under these operating conditions.

Thus, if dry CO is passed over the crude nickel placed in a chamber at 80 �C, most
of the nickel and only a small fraction of iron will volatilize as Ni(CO)4 and Fe(CO)5
and impurities will be left as solid residue. As 4 mol of CO are consumed during the
formation of 1 mol of Ni(CO4)4, the free energy change of the reaction (10.37) is
dictated by the large entropy contribution. Since reaction (10.37) is only slightly
exothermic, it will proceed in the reverse direction at higher temperature (>100 �C)
due to large entropy contribution. Hence, nickel carbonyl vapors directed in another
chamber (decomposer) maintained at 160–180 �C decompose to produce pure
nickel. On the other hand, Fe(CO)5, which requires still higher temperature for
decomposition, is retained in the gaseous phase. Decomposition of Ni(CO)4 is
facilitated by finely divided nickel powder kept in the decomposer, which acts as
seed. With subsequent deposition, the particle size increases and seed grows with
time to 99.99% pure Ni shots of about 6 mm diameter. The gaseous phase, mainly
CO, contaminated with iron carbonyl from the decomposer is cooled to liquefy Fe
(CO)5 prior to recirculation over the crude nickel in the volatilizer.

The rate of reaction between solid nickel/iron and CO gas is slow at temperature
near 50 �C but increases with increase of temperature. Thus, product carbonyl has
greater chance of contamination at higher temperatures. According to the Le
Chatelier’s principle, increase of pressure will favor reactions (10.37) and (10.38)
in the forward direction but the decomposition temperature of both the carbonyls
will also increase. As 4 and 5 mol are consumed during the formation of Ni(CO)4
and Fe(CO)5, respectively, the increase of pressure is more effective in raising the
decomposition temperature of the latter. In actual practice, on an industrial scale the
crude nickel is allowed to react with CO gas at 50 �C and 20 atm to produce liquid Ni
(CO)4. The nickel carbonyl contaminated with iron carbonyl is subjected to thermal
decomposition at temperatures between 205 �C and 250 �C to dissociate Ni(CO)4
into pure nickel while retaining almost all the Fe(CO)5 in the gaseous phase.

10.2.4 Miscellaneous Group

Electrorefining of common metals as well as reactive metals using aqueous and
fused salt electrolytes, respectively, are discussed along with electrowinning in
Chap. 12 on Electrometallurgy, and electrotransport method for the preparation of
ultrapure metals will be covered in the next section on ultra-purification.
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10.3 Ultra-Purification

High-purity metals are required in the field of electronics and fundamental research.
The important methods, such as zone refining, electrotransport, and iodide decom-
position will be discussed in this section. Disproportionate process has already been
discussed in Sect. 9.4.1.

10.3.1 Zone Refining

This technique is based on the principle of fractional or selective crystallization of
solid solutions and suitable intermediate phases. As it is used for ultra-purification,
the impurity level in the metal to be refined must be low. During operation, a
relatively thin molten zone is moved at rates of up to several mm per hour along
the length of a solid bar. Impurities lowering the melting point of the basis metal are
accumulated into this zone and removed to the end of the bar. On the other hand,
impurities raising the melting point of the metal are concentrated into the solid and
move toward the other end, in a direction opposite to that of the moving zone. A
number of such passes are required during the operation for any appreciable removal
of impurities. In order to get maximum segregation, the zone width and speed of
travel are adjusted. The extent of refining depends on the relative solubility of the
impurities in the liquid and solid phases at a particular temperature. The possibility
of refining is better in case of a larger difference in solubility (i.e., farther apart the
solidus and liquidus lines). The difference expressed as the partition, segregation, or
distribution coefficient is the ratio of the solid to the liquid solubility. The distribu-
tion coefficient, k, may be estimated from equilibrium phase diagrams [12]
(Fig. 10.2). Considering the solidus and liquidus as straight lines, k may be assumed
to be constant against temperature changes. Thus, k approaches unity when liquidus
and solidus are close. In such cases, there is little chance of refining. The chances of
refining increase when k, is either <1 or >1.

The measure of purification is given by equilibrium distribution coefficient, ko,
defined as the ratio of the concentration of impurity in the solid cs to that in the liquid
cl. According to Pfann [13], the distribution coefficient and concentration are related
as:

cs=co ¼ 1� 1� kð Þe�kx=l ð10:39Þ

where co is the initial concentration of solute in the solid, cs is the solute concentra-
tion at a distance x, l is the length of the molten zone, and k the effective distribution
coefficient is related to the equilibrium value [11], ko as:

k ¼ ko= ko þ 1� koð Þe�fd=D
h i

ð10:40Þ
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where, f, d and D are the freezing velocity, the thickness of the enriched or depleted
solute layer at the solid/liquid interface, and the solute diffusion coefficient, respec-
tively. For effective purification, ko should be either far greater than unity or far less
depending on the nature of the impurities. Impurities having ko < 1 will be concen-
trated in the zone last to solidify and those with ko > 1 will concentrate at the starting
end. With the choice of suitable segregation coefficients along with nonequilibrium
directional solidification, one can achieve very effective purification (Fig. 10.3), but
it may turn up as a wasteful operation due to rejection of the impure portion after
each melting and solidification.

Thus, maximum segregation can be achieved with both directional solidification
and zone refining by generating conditions to prevent any significant diffusion in the
solidifying metal.

Uniformity of the liquid depends on diffusion and to some extent on convection
in the absence of stirring. Vertical arrangement of the bar provides better chance for
convection in zone refining. Conventional zone refining can be carried out in a
system holding the bar horizontally or vertically and moving either the container or
the source of heat. Different methods of heating, for example, gas flames or
induction can be used. In order to prevent the metal from oxidation, refining is
carried out under vacuum or in an inert gas atmosphere. The first important appli-
cation of zone refining was for the purification of germanium for use in transistors.
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Initially it was developed for ultra-purification of low-melting metals such as tin,
zinc, cadmium, and so on. With advancements in the technique, it has been extended
to the purification of rare earth and reactive metals [14–18]. Each impurity may be
reduced to 1 part or less per million.

In order to prevent the metal from contamination by coming into contact with the
crucible, the floating zone technique was developed. This technique has facilitated
refining of refractory metals. In this technique, the metal bar is held vertically in a
container under controlled atmosphere without any side support. Surface tension
plays an important role in preventing the molten zone between the two solid portions
from collapsing. The presence of surface films on the metal and the application of an
electromagnetic field are also helpful in protecting the molten zone. A small portion
of the ingot supported at its ends is melted by induction or electron-beam bombard-
ment. In the latter case, electrons are emitted from a heated tungsten loop. The
accelerated electrons by an applied potential are focused on to a localized region of
the specimen. Under these conditions, the efficiency of refining improves due to
various secondary effects. Removal of inclusions and self-slagging impurities of
different densities from the main metal takes place due to settling or flotation.
Controlled atmosphere (vacuum or a circulating gas) is helpful in the removal of
dissolved gases and volatile impurities.

The limitations of induction heating in generation of high temperatures in a
narrow zone required for refining refractory metals is eliminated by electron-beam
bombardment. Titanium, zirconium, niobium (columbium), and tantalum have been
purified by electron-beam floating zone refining. In zone-refined zirconium [10],
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oxygen and iron have been brought down to 36 and 20 ppm from 140 to 150 ppm,
respectively, under operating pressure of 10�8 torr. In titanium, oxygen, and nitro-
gen were brought down to 3 and 3.5 ppm, respectively, from 10 to 4.5 ppm.

10.3.2 Electrotransport

When a crude metal to be refined is subjected to a DC potential at elevated
temperature and high current densities, the impurities of the alloy get transported
relative to each other. This phenomenon is known as “Electrotransport” [19]. Under
such conditions, the electron mobility of the interstitial solute can be expressed as:

μi ¼ Di:e
kT

zi � ∂ei
e

� �
ð10:41Þ

where Di, k, zi, ei, and e stand for the diffusion coefficient, Boltzmann constant,

valence, friction coefficient, and electronic charge, respectively. The term zi � ∂ei
e

	 

is known as effective valence, z* whose sign determines the direction of
electrotransport of the constituents under the influence of an electric field. A negative
sign indicates the predominance of electron friction force and suggests that
electrotransport would be toward the anode. This phenomenon has been observed
in case of group IV metals. Similarly, a positive sign of z* indicates electrotransport
toward the cathode, as observed in case of group V metals. In dilute solution, the flux
of the solute, Js (mol cm�2 s�1) due to electrotransport is related to the concentra-
tion, ci (mol cm�3), the electron mobility, μi (cm

2 s�1 V�1), and the electron field
mobility, E (V cm�1) by the expression:

Js ¼ ci:μi:E ð10:42Þ

In addition to electrotransport, there would be concentration diffusion (�Didci/dx) in
the opposite direction:

Thus the net flux, J ¼ �Di
dci
dx

� ci:μi:E ð10:43Þ

Under the steady state, the net flux would be zero

∴Di
dci
dx

¼ �ci:μi:E ð10:44Þ

The apparatus used for electrotransport refining consists of a vacuum chamber, a
specimen holding device, and the arrangements for the DC supply. The specimen in
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the form of a wire or small diameter rod is refined under the vacuum of the order of
10�9 torr.

The main problems encountered are contamination from the surroundings and
transport of impurities either from the electrodes or from the cooler ends of the
specimen. These problems have been solved by maintaining an adequate leak-tight
system and using high-purity tantalum adapters for minimizing the transport of
impurities. The adapter at the anode end is usually made thicker, which remains
considerably cooler and helps to prevent the flow of impurities from the anode to the
specimen. The adapter at the cathode end is made thinner and kept at the same
temperature as that of the specimen. Electrotransport refining [15, 20] of a number of
rare earth, refractory and reactive metals, for example, gadolinium, zirconium,
hafnium, vanadium, niobium (columbium), tantalum, and thorium have been suc-
cessfully carried out in helium atmosphere. By this method carbon, nitrogen, and
oxygen [10] in thorium have been reduced to less than 2, 0.5, and 1 ppm, respec-
tively, from the starting level of 50, 35, and 80 ppm. However, electrotransport is an
inefficient purification technique from the point of view of energy consumption.
Ultimate purification to very low levels of interstitial impurities can be achieved if
the initial purification is done either by iodide refining or electron-beam melting.

10.3.3 Iodide Decomposition

The iodide decomposition technique developed by van Arkel and de Boer [21] is a
typical example of purification by chemical vapor deposition. Currently, it is exten-
sively used for the production of high-purity rare and refractory metals [17, 22]
metals. The process is based upon the reversibility of the reaction between a metal
and iodine:

M crudeð Þ þ 2I2 gð Þ ¼ MI4 gð Þ ð10:45Þ
MI4 gð Þ ¼ M pureð Þ þ 2I2 gð Þ ð10:46Þ

The formation of metal iodide takes place at a lower temperature, which decom-
poses at much higher temperature releasing iodine for reuse. The choice of iodine is
based upon the fact that iodides are generally less stable as compared to fluorides,
chlorides, and bromides. According to the Le Chatelier’s principle, iodide formation
(reaction 10.45) is favored at higher pressure, whereas the decomposition (reaction
10.46) is favored at a reduced pressure. From reactions (10.45) and (10.46), it is
evident that there would be some increase in the volume on production of the pure
metal because both the reactant iodine as well as the generated iodine are vapors.
Although the metal production by decomposition of the iodide is favored at a
reduced pressure, the pressure cannot be lowered to a very low level. Highly reduced
pressure will not only restrict the throughput of the material for a particular size of
the reactor but will also badly affect the formation of iodide from impure metal and
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iodine, carried out in the same reactor. In practice, pressure of the order of 10�3 to
10�4 atm has been found to be adequate for the formation as well as decomposition
of iodides at the recommended filament temperatures. The thermodynamic and
kinetic aspects of the van Arkel iodide process have been discussed in detail by
Shelton [23, 24]. He has concluded that the rate of deposition of zirconium is
controlled by vapor transport process (i.e., diffusion of iodine from the filament) at
ambient and filament temperatures. The rate is affected by the variation in the
chemical reactivity of the feed material and the geometry of the reactor.

The process is carried out in a batch-type reactor made of glass or silica, as shown
in Fig. 10.4. It is fitted with an incandescent filament with a provision for electric
heating. A reactor made of inconel [1] has also been used for large-scale production of
high-purity titanium and zirconium. Two ends of a long filament pass through
suitable seals. A side arm holds iodine in a bulb with the provision for evacuation.
The crude metal is packed in the annular space between the reactor wall and the
perforated molybdenum screen. After evacuation, the system is sealed at point “A.”
Iodine is introduced in the reactor by heating the bulb and then the reactor is sealed at
point “B.” Iodine vapors react with the impure metal to form metal iodide that gets
decomposed after reaching the hot filament. The liberated iodine reacts with the crude
metal again to re-form the iodide vapor. This process is repeated until the entire
operation is carried out. In this process, a continuous transportation of the metal takes
place from low temperature to high temperature under a steady state of diffusion.

The filament of diameter as low as 2.5 μmade of tungsten or molybdenum is used
for the deposition of the metal after decomposition of the metal iodide. It may be
thicker if the metal being processed is employed as a filament. The filament is heated

Fig. 10.4 Glass reactor for iodide decomposition
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by electric current. Metal deposition in the form of adherent crystals increases the
thickness of the filament. Hence, it is necessary to increase the current to maintain
the required temperature for decomposition of the iodide vapor. This requirement of
increase of current imposes a severe limitation on the maximum diameter of the final
rod that can be obtained by this technique. A largest production unit can produce
only rods of 25–50 mm diameter. Thus, for a higher rate of production, the length of
the filament has to be increased rather than the diameter. The temperatures of the
bulb and filament employed in the case of titanium, zirconium, hafnium, and thorium
are listed in Table 10.1.

Conditions such as the formation of volatile iodide at low temperature and the
subsequent easy decomposition at elevated temperatures, higher melting point of the
metal compared to the dissociation temperature of the iodide, and very low vapor
pressure of the metal at the decomposition temperature of the iodide facilitate
refining by this method. If the melting point of the metal is lower than the decom-
position temperature of the iodide (i.e., filament temperature) adherent crystals on
the filament will not build up. There is every likelihood that the filament may be
attacked by the molten metal. Thermodynamically, decomposition of the iodide (i.e.,
deposition of the pure metal) is favored at a reduced pressure, but there is a limitation
on the reduction of pressure due to operational difficulties. This limit is set by the
pressure at which the rate of evaporation of the metal (being purified and deposited
on the filament) due to its own vapor pressure at the filament temperature becomes
equal to the rate of deposition after decomposition. The rate increases with increase
of the filament temperature up to a certain value but it decreases at very high
temperature due to the loss of metal by evaporation. Hence, the melting point of
the metal should be much higher than the filament temperature. The rate of deposi-
tion and the quality of the refined metal are affected by the nature of the metal,
impurities in the starting metal, temperature of the crude metal, and the amount of
iodine and crude metal charged in a vessel of certain geometry. The product obtained
is in the form of large crystals [1] adherent to the filament in a packed form in a fairly
regular fashion. There is a report of producing 6 nine grade Ti [25] by a new iodide
process.

Generally, the yield per cycle is about 20% of the crude loaded in the reactor. In
one cycle, the impurities can be reduced from 5000 to 1000 ppm and by multiple
treatments to below 200 ppm. The major problem is due to the contamination of the
metal from the residual gases in the vessel and due to the transportation of some
metallic impurities from the vessel to the filament by iodine [26]. Effectiveness of
the purification by this method is shown in Table 10.2.

Table 10.1 Bulb and fila-
ment temperature of iodide
refining of reactive metals

Metals Bulb temperature, �C Filament temperature, �C
Ti 200–525 1100–1400

Zr 250–400 1300

Hf 300–400 1600

Th 450 1300–1400
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The van Arkel process was employed for the first time to produce ultrapure
titanium from titanium sponge obtained by the Kroll reduction process. During the
refining of titanium, the crude is packed between the molybdenum grid and the
reactor maintained at 200 �C to form TiI4 at the maximum rate. At higher wall
temperature, the rate of deposition on the filament decreases due to the formation of
titanium di-iodide (TiI4 + I2 ¼ 2TiI2). At 400 �C, the rate of deposition approaches
zero because the system contains only TiI2 instead of TiI4. At higher wall (bulb)
temperature of 550 �C, the rate of decomposition of TiI2, and thereby the deposition
on the filament is faster than that achieved with TiI4. Temperature of this order is not
recommended in a glass reactor. However, higher bulb temperature prevents the
deposited titanium from being contaminated with iron and silicon because iodides of
these metals are unstable at higher temperature and hence do not enter the vapor
phase. Relatively thicker titanium filament is used instead of very thin tungsten. The
reactor is operated at a reduced pressure of few millimeters of mercury by
maintaining the filament in the temperature range, 1100–1400 �C depending upon
the requirement of the deposit. Larger crystals are deposited at 1300–1400 �C and
smaller at only 1100 �C.

Zirconium sponge is also purified by following a similar procedure as adapted in
the purification of titanium. In this case, the reactor wall is maintained at 200–400 �C
to form ZrI4 vapors that is made to decompose at the zirconium filament heated to
1300 �C. The reactor is operated under the vacuum of the order of 10�3 mm Hg. The
element hafnium, which is chemically similar, is purified by forming HfI4 vapors at
300–400 �C and decomposing the iodide at 1600 �C.

For the purification of thorium, the reactor bulb fitted with tungsten or thorium
filament is first degassed at 500 �C under a reduced pressure of 10�4 mm Hg.
Thorium iodide (ThI4) is then allowed to form at 250–270 �C and then volatilized
at 450 �C for decomposition into pure thorium and iodine at the filament heated to
1300–1400 �C. As thorium iodide is more stable compared to the iodides of titanium
and zirconium, a higher temperature is required for its decomposition. During
prolonged heating at 500–600 �C, formation of thorium tri-iodide (ThI3) retards
the rate of deposition of thorium on the filament because ThI3 decomposes slowly
due to its slower rate of vaporization than that of the ThI4.

It is important to note that no refining technique is capable of removing all the
impurities. Depending on the nature of the impurities and the metal (to be purified)
different techniques have to be employed for the removal of different impurities. For
example, a crude base metal, M contains impurities i, j, k, l, which are, respectively,
more prone to forming stable oxide, relatively more volatile, nobler than the base
metal, M, and more soluble in the selected electrolyte. In addition, i, j , and l are baser
to M. Under such a condition, the following sequence of removal by different
methods would be more justified:

(a) First of all, i should be removed as a dross by subjecting the crude metal, M to
preferential oxidation.

(b) In the next step, the more volatile impurity, j can be removed by distillation at
appropriate temperature.
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(c) The resulting metal, M, after removal of i and j may be electrorefined. Since k is
nobler than the parent metal M, it will collect at the bottom of the electrolytic
tank. By virtue of its character, the impurity, l, will get dissolved in the
electrolyte without being co-deposited on the cathode along with M.

10.4 Refining Along with Melting and Consolidation

Refractory and reactive metals like tantalum, niobium (columbium), tungsten,
molybdenum, titanium, and zirconium initially produced in the form of granules,
powder, or sponge are usually refined and consolidated by vacuum arc remelting or
electron-beam melting. The metal to be refined is first cast or forged in the form of an
electrode. In the case of metal powder, appropriate size of electrodes are made by die
pressing and welding.

After achieving, a vacuum of the order of 10�3 mm Hg in the vacuum arc
remelting furnace an electric arc is struck between the negative metal electrode
and a metal bath contained in the water-cooled copper crucible that serves as the
positive electrode. The metal electrode is melted and slowly lowered to maintain a
constant distance between the electrode tip and surface of the molten pool in the
crucible. Under vacuum melting, refining is assisted by several metallurgical oper-
ations, such as (i) removal of volatile impurities from the electrode and the bath
depending on temperature and pressure, (ii) removal of carbon and dissolved oxygen
by formation of gaseous carbon monoxide, (iii) deoxidation of the metal by vapor-
ization of its oxide, (iv) removal of dissolved hydrogen in atomic form by formation
of molecular hydrogen gas according to the reaction: [H] + [H] ! H2 (g), which is
favored under vacuum, and (v) uniform distribution of small inclusions in the melt.

In vacuum arc remelting, impurity pick up from the container is avoided by
holding the molten pool in a water-cooled copper mold.

The processing of refractive and reactive metals by vacuum arc remelting has led
to the development of electron-beam melting. In this technique, the kinetic energy of
the highly accelerated beam of electrons impinging on the metal is converted into
thermal energy. The resulting accumulated energy is large enough to melt the
material in due course. The operation is carried out under reduced pressure of less
than 10�3 mm Hg. Under this order of vacuum, volatile impurities can be selectively
removed and ingots of better purity along with other advantages of vacuum arc
remelting can be obtained. Electron-beam melting has been useful in improving the
purity of molybdenum, tungsten, and titanium in addition to its application in the
processing of tantalum, niobium, zirconium, and hafnium.

Plasma torch [27] has been developed to produce solar grade silicon. The
concentration of boron has been reduced from 5 ppm to < 2 ppm by a technique
based on the combination of inductive plasma torch and electromagnetic
stirring [28].

In recent years, the electroslag refining technique, which was initially developed
for refining steel, has found application in purification and consolidation of a few
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nonferrous metals. The metal to be refined is first cast or forged to make an electrode,
one end of which is held in a refining molten slag. The slag is kept molten by passing
heavy current. The heat generated is sufficient to raise the temperature of the
electrode that dips in the slag to a value above its melting point. As a result, the
electrode tip melts and the molten droplets fall through the reactive slag and get
refined and solidified in the water-cooled mold. The process is continued by lower-
ing the electrode. Refining takes place at the electrode tip–slag, droplet–slag, and
metal pool–slag interfaces. In electroslag refining of steel and nickel alloys, calcium
fluoride slags are generally used. CaO and Al2O3 have also been employed. Use of
basic slag facilitates sulfur removal from the electrode metal. Large size nonmetallic
inclusions are eliminated and finer inclusions are uniformly distributed in the refined
ingots.

10.5 Problems [29–31]

Problem 10.1
Copper from the impure lead can be removed by adding PbS to the bath at 400 �C
according to the reaction: PbS(s) + 2Cu(l) ¼ Cu2S(s) + Pb(l). If the standard free
energy of the reaction at 400 �C is �19,500 cal, calculate the residual copper in the
refined lead, assuming that (i) the sulfides are immiscible at low concentrations and
(ii) Cu in low concentration forms a regular solution in lead at low concentration:

Given that, HCu ¼ 1200 cal mol�1

Solution
The reaction under question: PbS (s) + 2Cu (l) ¼ Cu2S (s) + Pb (l),

ΔGo ¼ �19, 500 cal ¼ �RT lnK,K ¼ aPb
a2Cu

logK ¼ �19, 500
�4:575� 673

¼ 6:3333 ¼ log aPb � 2 log aCu ð1Þ

As the concentration of Cu is extremely low in the Pb-Cu system, aPb ¼ 1,

log aCu ¼ �3:6667

For regular Pb-Cu alloys, HCu ¼ RT ln γCu ¼ 1200 cal mol�1

∴ log γCu ¼ 1200
4:575� 673

¼ 0:3897

aCu ¼ γCu:xCu
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∴ log xCu ¼ log aCu � log γCu
¼� 3:6667� 0:3897 ¼ �4:0564

xCu ¼ 0:0000878

According to Eq. 1.78b,

wt% Cu ¼ xCu � 100� 63:54
207:21

¼ 0:0000878� 100� 63:54
207, 21

¼ 0:0027% Ans:

Problem 10.2
(Nagamori, M., 1979–1980, personal communication, University of Utah, Salt Lake
City)

Crude lead bullion containing Sn, Bi, and Cu is melted at 800 �C and oxidized by
adding litharge slag. From the given data show that only tin can be removed
successfully by drossing. Assuming that the reaction products are pure solid oxides
of Pb, Sn, Bi, and Cu, calculate the minimum Sn content that can be achieved by this
softening process. How are Bi and Cu eliminated from the crude lead? Given that:

Pb lð Þ þ½ O2 gð Þ ¼ PbO sð Þ,ΔGo
1 ¼ �53, 300þ 25:70 T cal

Sn lð Þ þ O2 gð Þ ¼ SnO2 sð Þ,ΔGo
2 ¼ �140, 180þ 51:52 T cal

2Bi lð Þ þ 3=2 O2 gð Þ ¼ Bi2O3 sð Þ,ΔGo
3 ¼ �141, 050þ 69:94 T cal

2Cu sð Þ þ ½ O2 gð Þ ¼ Cu2O sð Þ,ΔGo
4 ¼ �40, 500� 3:92 T logT þ 29:5 T cal

atomic weights: Pb- 207.2, Sn- 118.7,
and at 800 K: γoSn in Pbð Þ ¼ 6:8, γoCu in Pbð Þ ¼ 10 and γoBi in Pbð Þ ¼ 0:39

Solution
Assuming that the crude lead is covered with both PbO and MO (M ¼ Sn, Bi, Cu).
Interactions between M in the crude lead and the litharge (PbO) slag results in the
following reactions:

PbO(s) + M (in Pb) ¼ MO(s) + Pb(l)
At 1073 K, ΔGo

1 PbOð Þ ¼ �25724 cal
ΔGo

2 SnO2ð Þ ¼ �84899 cal
ΔGo

3 Bi2O3ð Þ ¼ �66004 cal
ΔGo

4 Cu2Oð Þ ¼ �21594 cal

For the softening reactions:

2PbOþ Sn ¼ SnO2 þ 2Pb,

ΔGo
5 ¼ �84899� 2 �25724ð Þ ¼ �33451,

K5 ¼ 6:52� 106

3PbOþ 2Bi ¼ Bi2O3 þ 3Pb,

ΔGo
6 ¼ �66004� 3 �25724ð Þ ¼ þ11168,

K6 ¼ 5:31� 10�3
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PbOþ 2Cu ¼ Cu2Oþ Pb,

ΔGo
7 ¼ �21594� �25724ð Þ ¼ þ 4130,

K7 ¼ 1:44� 10�1

Tin:
(aSnO2 ¼ 1 ¼ aPbO; both SnO2 and PbO are solids,
aPb � 1, crude lead contains more than 99% Pb)

K5 ¼ aSnO2 :a
2
Pb

a2PbO:aSn
¼ 1

aSn
¼ 6:52� 106

aSn ¼ 1
6:52�106

¼ 1:5� 10�7 ¼ γoSn:xSn ¼ 6:8:xSn

xSn ¼ 2:3� 10�8 i:e:, concentration of Sn in Pb is extremely lowð Þ

At infinitely dilute concentration of the solute Sn, wt% Sn is negligible as compared
to the wt% of Pb ~100% and according to Eq. 1.78b,

wt% Sn ¼ xSn:100:MSn

MPb

∴wt% Sn ¼ xSn � 100� 118:7
207:2

¼ 2:3� 10�8 � 100� 118:7
207:2

¼ 1:3� 10�6

Thus, the attainable lowest limit of tin in lead is 1 � 10�6% Ans.

Bismuth:

K6 ¼ aBi2O3 :a
3
Pb

a3PbO:a
2
Bi

¼ 1
a2Bi

¼ 5:31� 10�3

aBi ¼ 13.7 	 1

This means that Bi content of the crude lead tries to become as high as 13.7 (aBi). But
the crude lead cannot take up this much of bismuth. In other words, the elimination
of Bi from the crude lead by oxidation is not possible. Conversely, Pb will get
oxidized preferentially prior to the oxidation of bismuth.

Copper:

K7 ¼ aCu2O:aPb
aPbO:a2Cu

¼ 1
a2Cu

¼ 0:144

aCu ¼ 2:63 ¼ γoCu:xCu ¼ 10:xCu
xCu ¼ 0:263

This means Cu content in Pb tries to become as high as 0.263 (¼xCu). Since the Cu
content in the initial crude lead is less than this, Pb will get oxidized preferentially
prior to the oxidation of Cu from the Pb–Cu liquid.
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In view of the above problems, calcium is added to eliminate Bi from Pb by
forming Bi2Ca3 (Kroll-Betterton process). Sulfur is added to eliminate Cu by
forming Cu2S which is skimmed off from the surface of sulfur-treated Pb alloys.

Problem 10.3
One ton of zinc-free lead bullion containing 8 kg silver is treated with zinc at 800 K
for silver recovery as pure solid Ag2Zn3. Calculate the amount of zinc to remove
97% silver from this bullion. The standard free energy change for the reaction: 2Ag
(l) + 3Zn(l) ¼ Ag2Zn3(s) is �30 kcal gatom�1.

Given that: γoZn
� �

Pb ¼ 15 and γoAg
	 


Pb
¼ 2.

Atomic weights: Pb-207.21, Zn-65.37 and Ag-107.91

Solution
One ton of lead bullion contains 8 kg Ag and 992 kg Pb

Number of moles of Ag ¼ 8
107:91 ¼ 0:07414 kg mol=ton bullion.

Number of moles of Pb ¼ 992
207:21 ¼ 4:78741 kg mol=ton bullion.

The final Ag in the bullion ¼ (1 � 0.97) � 0.07414 ¼ 0.0022242 kg mol/
ton refined bullion

∴xAg in the refined bullion ¼ 0:0022242
4:86155 ¼ 4:575� 10�4

For the reaction: 2Ag(l) + 3Zn(l) ¼ Ag2Zn3(s), ΔGo ¼ � 30000 cal gatom�1

ΔGo ¼ � 30000 ¼ � RTlnK
K ¼ 1:57� 108

¼ aAg2Zn3
a2Ag:a

3
Zn

¼ 1
a2Ag:a

3
Zn

∴a2Ag:a
3
Zn ¼ 1

1:57�108
¼ x2Ag: γoAg

	 
2
:x3Zn: γoZn

� �3 ¼ 6:37� 10�9

x3Zn ¼ 6:37�10�9

x2Ag: γoAgð Þ2: γoZnð Þ3 ¼
6:37�10�9

4:575�10�4ð Þ2: 2ð Þ2: 15ð Þ3
¼ 0:000002186

xZn ¼ 0.012978
∴resdual zinc content in the bullion ¼ 0.012978 � 4.78741 � 65.37 ¼ 4.059 kg,

and zinc required for reaction with silver¼ 0:97�8�65, 37
2�107:91 ¼ 2:35 kg. (assuming that

Zn concentration is small and neglecting the residual silver in the bullion).
∴ Total zinc required for removal of 97% silver from the bullion

¼ 4.06 + 2.35 ¼ 6.41 kg. Ans.

Problem 10.4
During the refining of crude lead, where the lead bullion is treated with zinc for the
removal of silver and gold in zinc crust (Parkes process), the bullion contains an
appreciable amount of zinc. Subsequently, chlorine gas is bubbled through the lead
bullion at 400 �C to remove zinc (Batterton Process).

(a) Calculate the limiting zinc concentration in the chlorine-purified lead, assuming
that molten chlorides containing 98 mol% ZnCl2 and 2 mol% PbCl2 above the
Pb–Zn alloy form an ideal solution. Given that: γoZn

� �
Pb ¼ 15

Pb lð Þ þ Cl2 gð Þ ¼ PbCl2 lð Þ,ΔGo
1 ¼ �83600� 14:12 T log T þ 73:3 T cal

Zn lð Þ þ Cl2 gð Þ ¼ ZnCl2 lð Þ,ΔGo
2 ¼ �93950þ 27:35 T cal
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(b) What is the effect of temperature on refining with chlorine? Discuss with the aid
of suitable calculations.

Solution
The refining reaction in the Batterton Process:

Zn(l) + PbCl2(l) ¼ ZnCl2(l) + Pb(l)
ΔGo ¼ ΔGo

2 � ΔGo
1 ¼ �93950þ 27:35 T

� �83600� 14:12 T log T þ 73:3 Tð Þ
¼ �10350þ 14:12 T log T � 45:95 T cal

ΔGo ¼� 14400 cal

¼� RT lnK

at T ¼ 673K, K ¼ 47494

For the above reaction K ¼ aPb:aZnCl2
aZn:aPbCl2

¼ 47494

Since chlorides form an ideal solution:

xZnCl2 ¼ 0:98 ¼ aZnCl2and xPbCl2 ¼ 0:02 ¼ aPbCl2

As the first approximation for the lead bullion we may set aPb¼ 1, then aZn can be
calculated in the following manner:

aZn ¼ 1� 0:98
0:02� 47494

¼ 1:03� 10�3

xZn ¼ aZn
γoZn

¼ 1:03� 10�3

15
¼ 6:88� 10�5

From Eq. 1.78b, we can calculate the residual zinc in the purified lead:

%Zn ¼ xZn � 100� 65:37
207:21

¼ 6:88� 10�5 � 100� 65:37
207:21

¼ 0:00217 Ans:

(b) In order to demonstrate the effect of temperature on the refining process,
calculate K, aZn, xZn and %Zn at three different temperatures, 350 �C (623 K),
400 �C (673 K) and 500 �C (773 K). Following the above procedure carried out
at 673 K, the results are listed below:

Temperature, K K aZn xZn wt % Zn

623 112,712 0.000435 0.000029 0.00091

673 47,494 0.00103 0.000069 0.00217

773 11,793 0.00415 0.000277 0.00874

From the above table it is evident that the value of K decreases with increase of
temperature. This means the chlorination reaction: Zn(l) + PbCl2(l)¼ ZnCl2(l) + Pb(l),
is more favorable with decrease of temperature, that is refining is more effective at
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lower temperature. Table also shows that the residual zinc content decreases with
decrease of temperature. In order to achieve the reasonable rate of refining, the
optimum temperature of chlorination is about 390–400 �C (663–673 K).

Problem 10.5
Liquid copper containing silicon as an impurity is allowed to come into equilibrium
with oxygen at a partial pressure of 10�14 atm. Calculate the minimum silicon
content of the melt at 1200 �C assuming that copper will not oxidize under these
conditions.

Given that: melting point, Cu: 1083 �C, Si: 1410 �C
Atomic weight, Cu: 63.54, Si: 28.09
γoSi ¼ 0:006 (standard state: pure liquid Si at 1200 �C).
Si(l) + O2(g) ¼ SiO2(s), ΔGo ¼ � 897050 + 168.7 T J mol�1(25 � 1410 �C).

Solution
ΔGoat 1473 K ¼ � 897050 + 168.7 � 1473 ¼ � 648555 J mol�1

At equilibrium, ΔGo ¼ � RTlnK ¼ � 648555
K ¼ 9.988 � 1022

and K ¼ aSiO2
aSi lð Þ:pO2

since SiO2 is a solid, aSiO2 ¼ 1

∴aSi lð Þ ¼ 1
K:pO2

¼ 1
9:988� 1022 � 10�14

¼1:001� 10�9

As xSi is very small, Henrian behavior can be assumed, hence we can write: aSi ¼
γoSi:xSi

∴xSi ¼ aSi
γoSi

¼ 1:001� 10�9

0:006
¼ 1:669� 10�7

wt% Si ¼ xSi � 100�MSi

MCu
¼ 1:669� 10�7 � 100� 28:09

63:54
¼ 7:377� 10�6 Ans:

Problem 10.6
For the removal of zinc, a liquid Cd–Zn alloy is treated with excess solid CdO at
427 �C according to the reaction: Zn(l) + CdO(s)¼ Cd(l) + ZnO(s). If solid ZnO and
solid CdO exist as separate phases without any appreciable mutual solubility,
calculate the equilibrium zinc concentration of the alloy coexisting with these
oxides. The free energy of formation of solid ZnO and solid CdO at 427 �C, are
�278,236 and� 184,514 J mol�1, respectively. The activity coefficients of zinc and
cadmium for the pure metals as reference states are given as:

log γZn ¼ 0:87 1� xZnð Þ2 � 0:30 1� xZnð Þ3
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log γCd ¼ 0:42 1� xCdð Þ2 þ 0:30 1� xCdð Þ3

Atomic weight: Zn-65.37 and Cd-112.41

Solution
The free energy change for the reaction: Zn(l) + CdO(s)¼ Cd(l) + ZnO(s) is obtained
as:

ΔGo
r ¼ ΔGo

ZnO � ΔGo
CdO

¼ � 278236 – (�184514) ¼ � 93722 J ¼ � RTlnK
K ¼ aZnO:aCd

aCdO:aZn
¼ aCd

aZn
as ZnO and CdO are solids, aZnO ¼ 1 ¼ aCdOð Þ

lnK ¼ ΔGo
r

�RT ¼ �93722
�8:314�700 ¼ 16:104

K ¼ 9.86 � 106

∴ aCd
aZn

¼ 9:86� 106 ¼ γCd:xCd
γZn:xZn

log γCd � log γZn ¼ 6:994� log
xCd
xZn

� �
ð1Þ

Substituting the given values of activity coefficients of Cd and Zn in Eq. 1, we get:

0:42x2Zn þ 0:30x3Zn � 0:87 1� xZnð Þ2 þ 0:30 1� xZnð Þ3 ¼ 6:994� log 1�xZn
xZn

	 

On simplification we get:

0:45x2Zn þ 0:84xZn � 7:564þ log 1�xZn
xZn

	 

¼ 0

Since xZn is very small x2Zn and 0.84xZn can be neglected

∴ log 1�xZn
xZn

	 

¼ 7:564

and hence 1�xZn
xZn

	 

¼ 3:66� 107

or xZn ¼ 2.37 � 10�8

wt%Zn ¼ xZn�100�MZn
MCd

¼ 2:37�10�8�100�65:37
112:41 ¼ 1:39� 10�6 Ans:

Problem 10.7
In the Mond carbonyl process, crude nickel is purified by volatilization and subse-
quent decomposition of Ni(CO)4 according to the reactions: Ni(s) + 4CO(g) Ð
Ni(CO)4(g). What are the effects of temperature and pressure on this reaction?
Discuss these aspects by calculating percent volumes of CO and Ni(CO)4 in CO–
Ni(CO)4 gaseous mixture at 100, 150, and 200 �C, at total pressures of 20, 50, and
100 atm. At what temperature can equal volume fractions of both the gases be
obtained? The free energy change for the reaction is given as:
ΔG

� ¼ � 33,500 + 95 T cal

Solution
For the reaction: Ni(s) + 4 CO (g) Ð Ni(CO)4(g), ΔGo ¼ � 33500 + 95 T cal

At 100 �C (373 K), ΔGo
373 ¼ �33500þ 95� 373 ¼ þ1935 cal

K373 ¼ 0:0735
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K ¼ p NiCOð Þ4
p4CO

¼ 0:0735

p NiCOð Þ4 ¼ p4CO:0:0735 ð1Þ
p NiCOð Þ4 þ pCO ¼ 20 ð2Þ

From (1) and (2) we get:

p4CO:0:0735þ pCO � 20 ¼ 0 ð3Þ

On solving by trial and error, we get: pCO ¼ 3.85 atm and p NiCOð Þ4 ¼ 16:15 atm.

Assuming ideal behavior of gases: %CO ¼ 19.25 and %Ni(CO)4 ¼ 80.75
(by volume).

Following the above procedure at different temperatures and pressures, values
of K, partial pressures, and % volume composition of CO and Ni(CO)4 gases in the
CO–Ni(CO)4 gaseous mixture, calculated, are listed in table below:

Temperature (K) K

Pressure (atm)

20 50 100

%CO %Ni(CO)4 %CO %Ni(CO)4 %CO %Ni(CO)4
100 0.0735 19.25 80.75 9.95 90.05 5.98 94.02

150 0.00035 61.0 39.0 34.92 65.08 21.74 78.26

200 0.0000052 96.4 3.6 77.06 22.94 54.39 45.41

Since the carbonyl reaction is only slightly exothermic, it proceeds in reverse
direction even at 100 �C due to large contribution of entropy which makes ΔGo

373
positive (¼ + 1935 cal). From the above table, it is quite evident that the equilibrium
constant for the reaction: Ni (s) + 4CO(g) ¼ Ni(CO)4 decreases drastically from
0.0735 to 0.0000052 with the corresponding increase of temperature from 100� to
200 �C. Hence, the formation of Ni(CO)4 decreases with increase of temperature.

This table clearly shows that Ni(CO)4 content in the gaseous mixture decreases
with increase of temperature at all pressures. According to the Le Chatelier’s
principle, formation of Ni(CO)4 will be favored with increase of pressure because
there is severe reduction in volume on the formation of 1 mol of Ni(CO)4 by
consuming 4 mol of CO gas. Table clearly demonstrates that the carbonyl content
in the gaseous mixture increases with increase of pressure at all temperatures.

Assuming ideal behavior, gaseous mixture having equal volume fractions of CO
and Ni(CO)4 at a total pressure of 1 atm, the partial pressure of both the gases will be
equal, hence pCO ¼ p NiCOð Þ4 ¼ 0:5 atm.

Ni sð Þ þ 4CO gð Þ ¼ Ni COð Þ4,ΔGo ¼ �33500þ 95 T cal ð1Þ
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K ¼ p NiCOð Þ4
p4CO

¼ 0:5

0:5ð Þ4 ¼ 8

ΔGo ¼ �RT lnK ¼ �4:575 T log 8ð Þ ¼ �4:132 T ð2Þ

From Eqs. 1 and 2:

ΔGo ¼ �33500þ 95 T ¼ �4:132 T

or 95 T þ 4:132 T ¼ 99:132 T ¼ 33500

T ¼ 338 K ¼ 65 �C Ans:

Problem 10.8
For the determination of heat for mixing of Cd–Zn alloys by liquid metal solution
calorimetry, the alloy and the corresponding stoichiometric mechanical mixture
were dissolved in high-purity tin contained in the calorimeter at 270 �C, maintained
under a vacuum of 10�2 mm Hg. After 10 additions, the resulting alloy solvent
analyzed 10 at %Cd, 10 at %Zn, and 80 at %Sn. In order to reuse the tin solvent in
the calorimetric measurements what is the order of vacuum required to distil Cd and
Zn completely (theoretically) from the ternary alloy melt at 600 �C?

Given that: γSn ¼ 1.1, γCd ¼ 1.2 and γZn ¼ 1.5.

Vapor pressures (in mm Hg) of tin, cadmium, and zinc are given as function of
temperature by the following expressions:

log pSnð Þ ¼ � 15500
T

þ 8:23

log pCdð Þ ¼ � 5819
T

� 1:257 log T þ 12:287

log pZnð Þ ¼ � 6620
T

� 1:255 log T þ 12:34

Solution
Vapor pressures of pure Sn, Cd, and Zn can be obtained at 600 �C by substituting
T ¼ 873 K in the given expressions:

log poSn
� � ¼ � 15500

873
þ 8:23 ¼ �9:52, poSn ¼ 3� 10�10 mm Hg
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log poCd
� � ¼ � 5819

873
� 1:257� log 873ð Þ þ 12:287 ¼ 1:92,

poCd ¼ 83:20 mm Hg

log poZn
� � ¼ � 6620

873
� 1:255� log 873ð Þ þ 12:34 ¼ 1:07,

poZn ¼ 11:75 mm Hg

Hence, the partial pressures of Sn, Cd and Zn over the ternary alloy (Sn–Cd–Zn):

pSn ¼ xSn:γSn:p
o
Sn ¼ 0:80� 1:1� 3� 10�10 ¼ 2:64� 10�10 mm Hg:

pCd ¼ xCd:γCd:p
o
Cd ¼ 0:1� 1:2� 83:2 ¼ 9:98 mm Hg:

pZn ¼ xZn:γZn:p
o
Zn ¼ 0:1� 1:5� 11:75 ¼ 1:76 mm Hg:

Thus, a vacuum of the order of 10�3 mm Hg would be sufficient to distil Cd and Zn
completely from the ternary alloy melt at 600 �C. Ans.
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Chapter 11
Hydrometallurgy

Hydrometallurgy refers to the extraction of metals and production of inorganic
substances from minerals through aqueous solutions. Although the entire amount
of iron, lead, tin, and antimony and major production of copper and nickel come
from the pyrometallurgical route, hydrometallurgy plays an important role in the
extraction of reactive and rare metals and some common metals (e.g., aluminum,
uranium, thorium, zinc, copper, nickel, tungsten, and molybdenum). There has been
significant increase in hydrometallurgical processing of copper ores/minerals at the
mine site [1] during the past few decades. In some cases, both methods are involved.
For example, sphalerite and molybdenite concentrates are roasted to oxides (ZnO
and MoO3) and dissolved in sulfuric acid and ammonia, respectively, and the
resultant liquor after purification is electrolyzed and subjected to precipitation/
reduction for production of zinc and molybdenum. On the other hand, gold from
its ore is dissolved in alkali metal cyanide in the presence of oxygen and is cemented
with zinc and finally treated at high temperature. In rare metal extraction, a combi-
nation of hydrometallurgy and pyrometallurgy is often adopted for the production of
a suitable intermediate as well as the metal. In hydrometallurgy, there are two major
steps for obtaining the metal value. The first step, known as leaching or lixiviation, is
carried out with the objective of bringing the metal into aqueous solution. In the
second step, the metal is recovered from the leach liquor by cementation or precip-
itation by controlling the operating conditions/variables. In addition, it is necessary
to purify the leach liquor from the insoluble residues and suspended solid particles
by adding steps like solid–liquid separation and purification before the metal recov-
ery. Hydrometallurgy is comparatively a newer technique compared to pyrometal-
lurgy which is being practiced from ancient times. The former offers the following
advantages over the latter:

1. Extraction of metals by the pyrometallurgical route requires high-grade ores or
concentrates to economize the thermal energy in heating the gangue and the
necessary flux for slagging. Thus, with deteriorating ore quality, higher grinding
and beneficiation costs will be incurred in future on the treatment and handling
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of a larger proportion of the gangue for liberation of the mineral value. As the
grade of ore is not so crucial in the hydrometallurgical method of extraction, it is
going to be still profitable on the ore bodies, which are uneconomical to be
treated by pyrometallurgy.

2. Contrary to pyrometallurgy, very little or no fuel is required in hydrometallur-
gical methods of extraction.

3. Hydrometallurgical methods can treat a variety of feeds like low-grade and
complex ores and concentrates, speiss, tailings, residues, matte, and metal
scrap by slight adjustment of process variables.

4. The equipment needed is relatively simple and inexpensive, and hence, hydro-
metallurgical plants can be erected at low capital cost.

5. As the capital cost involved in pyrometallurgical route is very high, sufficiently
large ore reserves that can last for longer time have to be assured from an
economic viewpoint. Contrary to this, hydrometallurgical plants can be installed
for smaller ore bodies with low investment.

6. The reagent used during leaching or digestion can be easily regenerated. This
adds to the economy of the process.

7. Precious metals like gold, silver, and so on can be easily recovered as a
byproduct. Elemental sulfur can be recovered from the treatment of sulfide ores.

8. Many a time, metals obtained do not need refining. For example, zinc deposited
after electrolysis of the purified leach liquor can be directly used for alloy
making.

9. A large amount of gangue present in the ore remains unaffected during leaching,
whereas it has to be slagged off in pyrometallurgical smelting.

10. There are mild corrosion problems in hydrometallurgy compared to those of
expensive refractory lining in furnaces forcing periodic shutdown during
replacement.

However, despite the flexibility of treating a wide variety of feed and producing
the metal in powder form directly by chemical and electrolytic reduction of the
purified leach liquor together with relatively easier control of instrumentation,
hydrometallurgical processes suffer from two major drawbacks. At room or moder-
ate temperatures, the rate of production is much slower compared to the pyrometal-
lurgical methods of extraction. The use of lean and complex ores generates large
volumes of dilute solutions that require large space for handling. Disposal of such
effluents pollutes ground and water, if not the atmosphere.

From literature, it is evident that presently a large number of hydrometallurgical
processes developed on the laboratory scale are available. These cannot be adopted
in preference to the well-established pyrometallurgical methods without testing their
economic feasibility on a larger scale. Despite the above-mentioned limitations,
hydrometallurgy presents a better future in treatment of lean and complex ores of
nonferrous metals and production of metals from scrap, slag, tailings, residues, etc.
Since many materials would not respond to leaching with conventional lixiviants,
new solvents and new techniques have to be developed. Unless a major break-
through is achieved in these developments, pyrometallurgy will continue to be used
in future years.
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Generally, the following steps are incorporated in hydrometallurgical treatment
of ores:

1. Mineral beneficiation: The ore has to be grounded to a very fine size for effective
leaching. In case of treatment of sulfides and carbonates, roasting and calcina-
tions, respectively, are necessary prior to leaching.

2. Leaching: Metal values are dissolved in suitable solvents by leaching the
ore/concentrate.

3. Solid–liquid separation: Undissolved residues and suspended particles have to be
removed by filtration.

4. Concentration and purification: Very dilute leach liquor has to be concentrated to
a desired level depending on the requirements during recovery. Special tech-
niques such as ion exchange and solvent extraction are employed in the extraction
of rare metals.

5. Recovery of metal value: The metal may be precipitated from the leach liquor by
control of pH and pO2

, cementation, or blowing hydrogen gas at high pressure.

In the case of extraction of reactive metals like beryllium, zirconium, titanium,
uranium, and thorium, a step called production of suitable intermediate is added. For
example, in uranium extraction, magnesium or ammonium diuranate is precipitated
by adding magnesia or ammonium hydroxide to the uranyl sulfate solution obtained
after sulfuric acid digestion. In the following sections, methods of leaching, purifi-
cation, and metal recovery with suitable examples will be discussed with major
emphasis on the physical chemistry of the techniques.

11.1 Leaching

Leaching means dissolution of the metal value into a suitable reagent that may also
dissolve many other metals present in the ore. Prior to leaching, the ore may be
subjected to preliminary treatments like crushing, grinding, and concentration by
mineral beneficiation methods, which will not be dealt here. Readers are advised to
refer to books and journals available on this subject. Crushing and grinding of the ore
to a particular size help to liberate the mineral particles that can be easily digested by
the solvent. Grinding is generally not necessary for porous ores. For leaching
purposes, products are divided into two groups, namely, slimes and sands. Slimes
are finely ground products that tend to pack in a vat or tank and thus prevent the free
circulation of liquid through the interstices of the ore bed. Sands are coarse products
to permit circulation of solvents through the void space between the ore particles.
Hence, slimes and sands are treated by agitation and percolation leaching methods,
respectively. The leaching of low-grade ore is done on a very large scale. The great
bulk of the treated ore requires a large amount of solvent. In such cases, for a
profitable process, the solvent must be cheap and should be regenerative, if neces-
sary. However, the cost of reagents for leaching the mineral containing large amount
of valuable metal concentrated in a small bulk is not an important factor. Due to the
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small amount of metal in the low-grade ores, the leaching cost must be reduced by
using cheap reagents in dilute solutions. Although most leaching processes can be
accelerated by heating the solvent, heating is seldom practiced in large-scale
leaching.

Some materials like oxidized copper and uranium ores and certain gold ores can
be directly leached. Occasionally, ores are concentrated prior to leaching to reduce
the bulk so as to economize the process by using less amount of solution. For
example, gold ore is concentrated by flotation. The solvent to be used in leaching
must be selective to the metal and not to the gangue, cheap and readily available in
large quantities, regenerative, and quick in carrying out dissolution for commercial
production. Acids, alkalis, and salts have been very effectively used in leaching, for
example, sulfuric acid in leaching of uranium and oxidized copper ores and roasted
zinc concentrate, sodium hydroxide in dissolution of bauxite, sodium carbonate
solution in leaching of scheelite and oxidized uranium ores and in the presence of
oxygen, sodium cyanide and potassium cyanide solution in leaching of gold and
silver ores are being used on a commercial scale to bring metal values in the leach
liquor according to the reactions (only a few selected ones):

2U3O8 þ O2 þ 6H2SO4 aqð Þ ! 6UO2 SO4ð Þ aqð Þ þ 6H2O ð11:1Þ
ZnOþ H2SO4 aqð Þ ! ZnSO4 aqð Þ þ H2O ð11:2Þ

Al2O3 bauxiteð Þ þ 2NaOH aqð Þ ! 2NaAlO2 aqð Þ þ H2O ð11:3Þ
CaWO4 scheeliteð Þ þ Na2CO3 aqð Þ ! Na2WO4 aqð Þ þ CaCO3 ð11:4Þ
4Auþ 8NaCN aqð Þ þ O2 þ 2H2O ! 4 NaAu CNð Þ2 aqð Þ þ 4NaOH ð11:5Þ

The use of ferric salts [2] in dissolution of CuS and Cu2S depends on the fact that
they are reduced to ferrous salts, as evident by the following reaction:

Cu2Sþ 2FeCl3 aqð Þ ! 2CuCl aqð Þ þ 2FeCl2 aqð Þ þ S ð11:6Þ

Ferric sulfate also functions in a similar way. Oxide and carbonate minerals of
copper can be easily dissolved in dilute sulfuric acid, but leaching of sulfides
requires an oxidant in addition to the acid. The rate of leaching is enhanced
tremendously in the presence of certain bacteria.

11.1.1 Leaching Methods

The choice of a particular technique depends on factors such as type of ore deposits,
desired leaching rates, composition of the ore, nature of the gangue associated with
the ore, and the subsequent separation and precipitation or extraction technique to be
adopted. A brief outline of each method is given below.
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11.1.1.1 In Situ Leaching

This method of leaching also known as solution mining is used when very low-grade
ore is left out in the worked-out mines and also for recovery of metals from
low-grade deep-seated ore deposits. In this method, ore bodies are fractured at the
surface for penetration of the lixiviant inside the mine and the resultant leach liquor
is pumped out to recover the metal value. In situ leaching has been successfully
practiced for recovery of copper and uranium in the Western United States.

11.1.1.2 Heap Leaching

It is practiced by spraying a solvent over the ore lumps of less than 200 mm diameter,
stacked in open atmosphere with the facility for drainage for collection of the leach
liquor. The process is slow with low recovery.

11.1.1.3 Percolation Leaching

It is adopted for crushed ore of 6 to 10 mm size placed in large tanks by percolating a
number of solutions in increasing concentration. For effective leaching, the ore
should be course enough so that the leaching solution can move freely through the
voids. The method is also known as sand leaching because of the use of coarse
particles. The tanks made of wood and concrete and lined with lead or asphalt are
used. To facilitate addition and withdrawal of leach solution and wash water, tanks
are fitted with filter at the bottom.

11.1.1.4 Agitation Leaching

It is employed for ore fines ground to less than 0.4 mm diameter. This is also known
as slime leaching. The slime and the leach solution are agitated in one or more
agitators until the ore minerals have dissolved. Some agitators have mechanically
driven paddles or elevators inside the agitation tank that facilitates continuous
circulation of the pulp to achieve complete dissolution. For slime leaching, another
type of tank known as pachuca in the form of a cylindrical vessel with a conical
bottom fitted with a coaxial pipe, with both ends open, for introducing compressed
air for agitation is more popular. In both types of tanks, the particles remain
suspended in leach solution and are stirred mechanically or with jets of the com-
pressed air. Though expensive, this is a faster and more efficient method as com-
pared to the percolation leaching.

11.1.1.5 Pressure Leaching

Leaching is carried out in autoclaves at high pressure and relatively at higher
temperature than possible in open leaching tanks. High-pressure leaching is advan-
tageous when gaseous reagents, for example, oxygen and ammonia, are involved.
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The amount of gas held in the solution increases with pressure. Equations 11.1 and
11.5 demonstrate that oxygen is necessary for dissolution of uranium oxide in dilute
sulfuric acid and of gold and silver in cyanide solution. The rate of dissolution of
gold in cyanide solution increases with increase of oxygen pressure, which optimizes
at a certain value. It is possible to dissolve sulfides directly in acids or ammoniacal
solution in the presence of oxygen at higher temperature and pressure. Thus,
pressure leaching is advantageous because it permits a much higher concentration
of gaseous reagents and higher operating temperature, which hastens the dissolution.
In some cases, both these factors are important, or at least one is significant. It also
prevents dissolution of gangue minerals. Regarding concentration of the gas, it is
interesting to record some facts about the solubility of substances in superheated
water. At the critical point of water [3] (i.e., at 374 �C and 218 atm) liquid water and
steam become a single phase. Solubility of gases decreases with increase of temper-
ature between the freezing point of water and the normal boiling point. Dissolved air
and gas come out of the solution as water warms up and practically all gases are
expelled at the boiling point of water. On the other hand, many salts show increased
solubility in water with rise of temperature.

At higher temperature and pressure maintained in the autoclave, these effects are
reversed. As water approaches the critical point, the solubility of salts and gases
approaches zero and infinity, respectively. Presumably, this is because all the gases
are mutually soluble, and as liquid water approaches the critical point, it behaves
more like a gas. Probably for the same reason, it loses its solvent power for salts.
Practically, this means that leaching cannot be carried out at excessively high
temperature because materials will not stay in solutions. Also, excessively high
temperature would require extremely high pressure; the pressure of superheated
steam at 374 �C is 218 atm (~3200 psi). The chemical reactions taking place in
pressure leaching are quite complex. Following are the few simpler examples:

Pressure Leaching of Bauxite In the Bayer process, the crushed bauxite ore is
ground in a fine grinding mill. Strong caustic soda solution (130 – 350 g Na2O per
liter) is introduced in the mill to obtain a slurry. The resultant slurry is pumped into a
horizontal mild steel digester tank (autoclave) heated by steam under pressure with
constant agitation. Aluminum gets dissolved as AlO�

2 anion according to the reaction
(11.3) at 25 atm pressure and 200 �C. The leach liquor is separated from the
insoluble residue containing oxides of iron, silicon, vanadium, and other gangue
materials. The resulting sodium aluminate solution is cooled to 25 – 35 �C to
precipitate Al(OH)3 and regenerate sodium hydroxide (NaAlO2(aq) + 2H2O ¼ Al
(OH)3 + NaOH). Crystals of hydrated alumina (Al2O3�3H2O) are precipitated by
seeding the solution with freshly precipitated aluminum hydroxide. Sodium hydrox-
ide is recirculated after concentration and evaporation and addition of some new
sodium hydroxide to compensate the loss. Pure alumina is obtained by calcination of
the hydrated alumina at 1100 �C. This is dissolved in cryolite for electrolytic
extraction of aluminum.
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Pressure Leaching of Scheelite/Wolframite On the industrial scale, scheelite
(CaWO4) concentrate ground to�150 to +325 mesh is leached with 10 – 18% sodium
carbonate solution at 190 – 225 �C for 1.5 – 4 h in an autoclave at a pressure of
10 – 20 atm according to the reaction (11.4). Wolframite [Fe(Mn)WO4] containing
less than 50 mol% MnWO4 or mixture of scheelite and low manganese wolframite
can also be leached by this method. The deleterious impurities, such as silica,
arsenic, phosphorus, iron, and molybdenum present in the ore, join the leach
liquor. They have to be removed by chemical treatment. Prior to the removal of
the unreacted gangue by filtration, aluminum and magnesium sulfates are added at
70 – 80 �C and the solution is stirred for about an hour at pH of 9 – 9.5. Two-stage
treatment brings down silica in the range of 0.03 – 0.06 g l�2. Removal of arsenic
and phosphorus is based on the formation of poorly soluble magnesium salts of
arsenic and phosphoric acids. Before precipitation, arsenite is oxidized to arsenate
with sodium hypochlorite AsO3�

3 þ NaOCl ¼ AsO3�
4 þ NaCl

� �
. The solution is

boiled with magnesium sulfate for 3 – 4 h and filtered to remove the residue consisting
of Mg3(PO4)2 and Mg3(AsO4)2.

Molybdenum is removed as molybdenum trisulfide (MoS3). Solution is first
treated with sodium sulfide or sodium hydrogen sulfide at 80 – 85 �C for 1 h at a
pH of 10 to form thiomolybdate complex according to the reaction:

MoO2�
4 þ 4S2� þ 4H2O ! MoS2�4 þ 8OH� ð11:7Þ

Finally, molybdenum trisulfide is precipitated by acidifying the solution
(pH ¼ 2.5–3.0) under stirring for 7 – 9 h:

MoS2�4 þ 2Hþ ! MoS3 þ H2S ð11:8Þ

The purified sodium tungstate solution after filtration is stored in a tank for pH and
temperature adjustments. The resultant solution after removal of silica, arsenic,
phosphorus, and molybdenum is further purified by the solvent extraction technique
using 7% alamine-336 and 7% decanol dissolved in kerosene. Tungsten from the
loaded organic phase stripped into ammonia solution produces ammonium tungstate
solution that is sent to an evaporator for crystallization of ammonium paratungstate
(APT). APT is subsequently decomposed in a rotary furnace at 250 �C under the
flow of air to get yellow tungstic oxide (WO3) (see Appendix A.5).

Pressure Leaching of Pentlandite Pentlandite (nickel–iron sulfide: NiS – FeS)
concentrate from the Lynn Lake Mines in Manitoba (Canada) containing 10 – 14%
Ni, 1 – 2% Cu, 0.3 – 0.4% Co, 23 – 24% Fe, and 28 – 34% S is treated with ammonia
under pressure to dissolve valuable metals and sulfur leaving iron and other impu-
rities in the tailings. In the first step, recycled ammonia from the second-stage
leaching is used for partial leaching of the Ni – Cu – Co concentrate at 8 atm and

11.1 Leaching 435



105 �C. The leach liquor is obtained by filtering the resulting pulp, and the residue is
subjected to second-stage leaching. Weaker ammonia liquor from the second stage is
recirculated to the first-stage leaching. Under these conditions, nickel forms a series
of soluble amines (with NH3/Ni

2+ ratio varying from 1 to 6), whereas sulfur is
converted to several polyoxosulfates and the iron is oxidized to the insoluble
hydrated oxide according to the reaction [4]:

2NiSþ 8FeSþ 14O2 þ 20NH3 þ 8H2O
! 2Ni NH3ð Þ6SO4 þ 4Fe2O3:H2Oþ 4 NH4ð Þ2S2O3 ð11:9Þ

Insoluble hydrated oxide of iron is filtered off together with silica and other gangue
residues. Sulfur is not directly converted to sulfate, instead ammonium thiosulfate
[(NH4)2S2O3] is formed, which subsequently gets oxidized to sulfate and trithionate:

2 NH4ð Þ2S2O3 þ 2O2 ¼ NH4ð Þ2SO4 þ NH4ð Þ2S3O6 ð11:10Þ

The leach liquor is boiled to decompose trithionate and precipitate copper as copper
sulfide, which is filtered off and ammonia is recirculated. The filtrate is then heated
and saturated with air at high temperature and pressure to ensure the oxidation of the
remaining unsaturated sulfur compounds (particularly the ammonium trithionate
(NH4)2S3O6) and to convert sulfamate into sulfate and produce amine:

NH4ð Þ2S3O6 þ 2O2 þ 4NH3 þ H2O ¼ 2 NH4ð Þ2SO4 þ NH4SO3H2N ð11:11Þ

This operation is known as oxyhydrolysis. The resulting liquor at this stage
containing 40–50 g l�1 of nickel at NH3/Ni

2+ molar ratio of 2 can be treated with
hydrogen under pressure to precipitate nickel powder. In Canada at the Sherritt
Gordon Mines, Sudbury, the process has been in practice on a commercial scale
since 1954 (see Appendix A.3b).

11.1.1.6 Bacterial Leaching

In Sect. 11.1, while listing various leaching reactions, it has been mentioned that
oxide minerals of copper can be leached easily in dilute sulfuric acid, but dissolution
of sulfide requires oxygen in addition to H2SO4 as per the reaction:

Cu2Sþ 5=2 O2 þ H2SO4 aqð Þ ¼ 2CuSO4 aq : 2Cu2þ þ 2SO2�
4

� �þ H2O ð11:12Þ

Bacterial action enhances the rate of dissolution. Dissolved oxygen from air acts as
an oxidant and bacteria as catalyst. Industrially, it has been demonstrated that Fe2+

ions required for rapid dissolution are generated due to pyrite (FeS2) present in the
ore according to the reaction:
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2FeS2 þ 7O2 þ 2H2O!bacterial action 2FeSO4 aq : 2Fe2þ þ 2SO2�
4

� �
þ 2H2SO4 ð11:13Þ

Fe2+ oxidizes to Fe3+ which enhances the rate of dissolution of Cu2S:

1
2
O2 þ 2Fe2þ þ 2SO2�

4 þ H2SO4!bacterial action 2Fe3þ þ 3SO2�
4 Fe2 SO4ð Þ3
� �þ H2O

ð11:14Þ
Cu2Sþ 10Fe3þ þ 15SO2�

4 þ 4H2O!bacterial action 2CuSO4 aqð Þ þ 10FeSO4 aqð Þ þ 4H2SO4

ð11:15Þ

The role of ferric ions (present as FeCl3 or Fe2(SO4)3 in the leaching media)
in dissolution of sulfide mineral of copper has already been stated in Sect. 11.1.
The Fe2+ ions produced by the above reaction are reoxidized. Thus, reduction/
oxidation reactions continue in a cyclic manner, and the rate of leaching reactions
(11.12–11.15) are enhanced extensively (up to million folds [5]) by the bacteria
enzyme catalysts. Thiobacillus ferrooxidans, thiobacillus thiooxidans, and
leptospirillum ferrooxidans [5, 6] are the most commonly known bacteria for
catalytic action. Thiobacillus ferrooxidans and ferrobacillus sulfooxidans have
been used successfully in bringing copper and uranium [2] from chalcopyrite and
bannerite, respectively, into solution. The former bacterium prevents the dissolution
of iron by oxidizing Fe2+ into Fe3+ and is thus helpful in increasing the dissolution
rate of copper.

These bacteria are autotrophic, and they depend on atmospheric CO2 for the
necessary carbon for the generation of cellular tissues in the presence of many heavy
metal ions. Bacterial cells basically made up of water, carbon, hydrogen, and oxygen
require these nutrients as well as suitable environments for growth. In addition, little
phosphorus, nitrogen, calcium, magnesium, potassium, and sodium are also needed.
Most minor nutrients can be supplied by normal mineral leaching environments
[6]. The growth of microorganisms is also affected by the dissolved oxygen level,
temperature, pH, and oxidation/reduction potentials. In order to achieve a reasonable
growth, oxygen level above 1 ppm and pH between 1.0 and 1.8 should be
maintained [7]. pH increase beyond 2.0 will reduce the availability of iron due to
precipitation. The bacterial action also decreases at high oxidation/reduction poten-
tials with limited availability of iron. A temperature of about 35 �C has been found
appropriate for maximum recovery in case of bacteria involved in sulfide dissolu-
tion. However, there are possibility that some bacteria are efficient at significantly
higher temperatures [6].

Geological weathering due to microbiological degradation processes has been
known for a long time. The commercial exploitation of bacterial leaching started for
the first time in the 1950s in dump leaching at Kennecott Copper’s Bingham Mines
near Salt Lake City, USA [8]. It was then followed by Chile in 1980 in heap leaching
[9]. The technology has been improved by the introduction of forced aeration and a
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variety of inoculation and is available in various trade names such as BIOX,
BioHeap, GEOCOAT, BioCOP, BioNIC, BioZinc, and BIOPRO for relatively
large-scale production [10]. Thermophilic microorganisms such as Acidianus,
Metallosphaera, and Sulfolobus archaea capable of leaching at elevated tempera-
tures, where traditional bacteria fail, have been employed for better recoveries
[11]. After successful development of the BioCOP process for extracting copper
from chalcocite concentrate, a mesophilic process with limited capabilities for
recovery of copper from chalcopyrite has been reported by Clark et al. [12]. This
was followed by the development of the mesophilic oxidation of refractory gold ores
via the now-well-established BIOX process. In the near future, commercial exploi-
tation of bacterial leaching is likely to be extended to possible recovery of cobalt and
nickel. Next-generation technologies will be focused on pretreatment of refractory
gold ores and in processing massive sulfides and silicate-locked minerals. In the
more distant future, in situ leaching [8, 10] will be based on the use of thermophilic
bacteria for sulfide oxidation [8]. There is also a report about commercial pilot-scale
demonstration of integrated bioleaching/solvent extraction/electrowinning for
zinc [6].

In view of the above facts and figures, biohydrometallurgy seems to be slowly
approaching toward achieving the status of ecofriendly and economic process.

11.2 Breakdown of Refractory Minerals

Many rare and nuclear metals, for example, beryllium, zirconium, and thorium,
occur in nature as silicate and phosphate. Aqueous acid and alkaline solutions are not
effective in leaching of such refractory minerals. Since these minerals can be neither
easily converted to oxides nor subsequently reduced to the pure metals by carbon, a
different ore breakdown step [13] is incorporated in the flow sheet for the extraction
of rare/refractory and nuclear metals. Strong chemical reagents, namely, concen-
trated acids, alkalis, and fluorides, are employed in breaking down these refractory
ores at elevated temperatures [13]. As these reagents usually attack other mineral
impurities, from an economic viewpoint, it is advisable to use relatively high-grade
ores. Generally, extensive purification is required after the breakdown and before the
metal production steps.

11.2.1 Concentrated Sulfuric Acid Breakdown

Monazite, a complex phosphate of thorium and rare earths (RE), is leached with
concentrated sulfuric acid (93%). In this process, monazite sand is slowly added,
while stirring, into concentrated acid heated to about 180 �C. The reaction is
exothermic, and the temperature rises to 220 �C for several hours without any
external heat. Thorium and rare earths are digested according to the reactions:
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Th3 PO4ð Þ4 þ 6H2SO4 ⇄ 3Th SO4ð Þ2 þ 4H3PO4 ð11:16Þ
REPO4 þ H2SO4 ⇄ RE SO4ð Þ þ H3PO4 ð11:17Þ

A total breakdown time of 4 h is required with acid/sand ratio of approximately
2:1. In order to prevent the precipitation of thorium pyrophosphate, the temperature
should not be allowed to exceed beyond 220 �C.

The principal mineral of beryllium, beryl (beryllium aluminum silicate) is
subjected to concentrated sulfuric acid (95%) treatment at 250–300 �C:

3BeO:Al2O3:6SiO2 þ 6H2SO4 ¼ 3BeSO4 þ Al2 SO4ð Þ3 þ 6SiO2

þ 6H2O ð11:18Þ

Prior to acid treatment, beryl is melted and quenched in water from 1800 �C or
fused with alkaline earth carbonate at 1500 �C to destroy the original structure of the
ore. This makes the ore reactive for subsequent H2SO4 digestion. However, con-
centrated sulfuric acid breakdown of monazite as well as beryl is not currently
practiced.

11.2.2 Concentrated Alkali Breakdown

Sodium hydroxide either in molten state (melting point 318 �C) or as a concentrated
solution is employed for the breakdown of phosphate and silicate minerals at about
200 �C. The concentrated sodium hydroxide is heated to 130 �C in a stainless steel
tank fitted with stirrer. Monazite sand ground to �300 mesh is gradually added over
a period of 30 min. A coarser size sand and dilute alkali require higher temperature of
digestion, 220 – 230 �C, whereas in the case of fine size and concentrated alkali, the
operation can be carried out at 140 – 145 �C. A very high concentration of NaOH
will decrease uranium recovery; hence, an ultimate concentration of 35–40% is
maintained, in any case it should not exceed 50%. For better recovery of thorium,
alkali/sand ratio should be 3:1.

Since zircon (ZrSiO4) is not digested to any appreciable extent with alkaline
solution, a fusion breakdown method has been evolved. Zircon sand is allowed to
react with fused sodium hydroxide at 500–600 �C in cast iron pots to convert silica
into water-soluble sodium silicate according to the reaction:

ZrSiO4 þ 4NaOH ¼ Na2ZrO3 þ Na2SiO3 þ 2H2O ð11:19Þ

Sodium silicate is washed off from the cooled mass leaving sodium zirconate
cake for further processing by dissolving it in (55–60%) nitric acid. Many break-
down processes using fused or sintered fluorinating agents [13] such as potassium
hydrogen fluoride, sodium silicofluoride, and iron cryolite have been developed for
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the treatment of refractory minerals. See Sect. 9.1.1 for breakdown of beryl, zircon,
and niobite (columbite)-tantalite.

11.3 Physicochemical Aspects of Leaching

In this section, the thermodynamic and kinetic principles with particular reference to
leaching will be discussed. As water happens to be the important component of the
leaching circuit, stability of water in different conditions, for example, oxidizing,
reducing, and acid and alkaline media, must be discussed before considering the
details of the physicochemical aspects of leaching.

11.3.1 Thermodynamics of Aqueous Solutions

The thermodynamic laws dealing with the solutions of metals, slags, and salts are
also applicable to aqueous solutions. Special features of these are summarized
below:

1. Gases like oxygen and hydrogen and organic compounds like sugar dissolve
molecularly in water. On increasing the dilution, the solute obeys Henry’s law,
whereas the Raoult’s law is obeyed by the solvent. However, inorganic sub-
stances such as electrolytes (acids, bases, and salts) do not follow Henry’s law.

2. At 25 �C, about 41 wt% of HCl gas dissolves in water at 1 atm pressure of HCl
gas. The partial pressure of HCl falls rapidly with decrease in concentration. At
low concentration, the solubility of the gas in water is proportional to the square
root of the partial pressure of HCl gas in equilibrium with water. This observa-
tion is analogous to Sievert’s law, which is applicable for the solubility of
diatomic gases like O2 and H2 in metals. The proportionality relation of the
solubility of HCl gas in water is based on the electrolytic dissociation reaction:
HCl(g) ¼ H+ + Cl�,

K ¼ aHþ:aCl�
pHCl

ð11:20Þ

At infinite dilution, these activities are proportional to the corresponding ionic
fractions. Since the concentration of H+ and Cl� ions is equal (in pure water) and these
ionic concentrations are separately equal to the concentration of HCl gas, the Sievert’s
type relation is obtained. In aqueous solutions, the concentration of electrolytes is
expressed as molality, that is, the number of moles per kilogram of water. Contrary to
the standard state for dilute solutions in liquid steel, where activity¼ weight percent at
infinite dilution, the standard state for ions is defined as activity of the species,
i (ai)¼molality (mi), at infinite dilution. Deviations occurring at higher concentrations
are accounted by activity coefficients: aHþ ¼ mHþ :fHþ and aCl� ¼ mCl� : fCl� , where
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f denotes activity coefficient. Since activity coefficient of individual ions cannot be
determined, by convention, it is agreed to use the mean activity coefficient as f� ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

fþ: f�
p

. Thus, we can determine only the activity of the neutral compound. By
another convention, we can express the chemical activity of the neutral compound in
solution to be equal to the product of the ionic activities:

aHCl ¼ aHþ :aCl� ¼ mHþ :mCl� f�ð Þ2 ð11:21Þ

In pure water, we have mHþ ¼ mCl� ¼ mHCl and f� ¼ 1 as mHCl ! 0. However,
this concept is applicable in solutions having strong electrolytes undergoing almost
100% dissociation.

In the above case of dissociation of a single electrolyte, HCl, the activities of H+

and Cl� are equal. But in the presence of other electrolytes such as NaCl or HNO3,
the concentration of H+ or Cl� would be the sum of the ions generated by different
electrolytes. In such cases, the activities of H+ and Cl� will not be equal, but the
relation aHCl ¼ aHþ :aCl� still holds. Hence, activity of HCl will increase by addition
of either NaCl or HNO3 to HCl solution. Similarly, activity of NaCl in solution will
increase by addition of HCl or NaNO3. In certain cases, the increase may be large
enough for the solution to be saturated with NaCl. On dissolution in water, metal
salts like NaCl or NiSO4 form cations, Na+ and Ni2+ and anions, Cl� and SO2�

4 .
Some metals such as aluminum may exist as cation Al3+ as well as anion AlO�

2 in
water according to the equilibria:

Al3þ þ 2H2O ¼ AlO�
2 þ 4Hþ ð11:22Þ

In such a case, activity of the anion increases with increasing pH (decreasing H+

activity because pH ¼ �logaHþ ). As the maximum pH attainable in a saturated
solution is 14, many metals may not be converted to anions. Similarly on decreasing
pH, some anions may undergo a change like SO2�

4 þ Hþ ¼ HSO�
4 . The concentra-

tion of HSO�
4 anion will be high at pH < 2. Different ions or ions and neutral salt

may give rise to the formation of complex ions according to the reactions:

Agþ 2CN� ¼ Ag CNð Þ�2 ð11:23Þ
UO2þ

2 þ 3SO2�
4 ¼ UO2 SO4ð Þ4�3 ð11:24Þ

Cu2þ þ 4NH3 ¼ Cu NH3ð Þ2þ4 ð11:25Þ

In some cases, metallic ion is converted from positive to negative charge. For
example, the conversion of Ag+ present in AgNO3 as a cation to anion by forming a
complex, Ag CNð Þ�2 on addition of NaCN or KCN. A large value of the equilibrium
constant for the formation of the complex makes the complex ions very stable. This
is confirmed by the fact that AgCl cannot be precipitated from Ag CNð Þ�2 solution by
addition of HCl, whereas it is easily obtained from AgNO3 solution. This principle is
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extremely useful in hydrometallurgy for bringing insoluble compounds in aqueous
solution.

The solubility product of dissociation of compounds in solution is expressed in
terms of equilibrium constant. For reactions: NaCl ¼ Na+ + Cl�, K ¼ aNaþ:aCl�: and
Al(OH)3 ¼ Al3+ + 3OH�, K ¼ aAl3þ:a

3
OH� . When the solubility product of NaCl

increases by addition of Na+ or Cl�, solid NaCl gets precipitated. Contrary to this,
AgCl gets dissolved when activity of Ag+ decreases by complexing with the
CN� ions. It is interesting to note that Al(OH)3 precipitated at certain pH goes
into solution again at higher pH by forming anion: Al OHð Þ3 þ OH� ¼
AlO�

2 þ 2H2O . Thus, Al(OH)3 may dissolve in acidic as well as in alkaline
solutions.

The solubility product varies considerably for various solids. Depending on its
value, the compound may be precipitated under different conditions. For example,
Ag2S having a smaller solubility product of 5.5 � 10�51 can be precipitated from
even a complex silver cyanide solution because the dissociation constant of
the complex ion Ag CNð Þ�2 is 1.8 � 10�19.

11.3.2 Stability Limit of Water

Leaching is one of the important steps in hydrometallurgy to bring metal value from
the mineral into aqueous solution (acid or alkaline) under reducing or oxidizing
conditions at normal or ambient temperature and pressure. As the entire operations
of dissolution and separation are carried out in aqueous media by controlling the pH
and pO2

and metal values are recovered from the solution either by cementation or
precipitation by blowing hydrogen gas at an appropriate pressure and pH, it is
important to understand the stability limit of water under oxidizing and reducing
conditions at different pH. Under reducing or oxidizing conditions, either hydrogen
or oxygen will evolve due to the decomposition of water. The thermodynamic
stability of water may be discussed with the aid of the following equilibria:

1. In acid as well as alkaline media, water dissociates into H+ and OH� ions
according to the reaction:

H2O lð Þ ¼ Hþ þ OH�,ΔGo ¼ 19095 cal ¼ �RT lnK ð11:26Þ
K ¼ aHþ : aOH�

aH2O
in pure water aH2O ¼ 1ð Þ ð11:27Þ

∴log K ¼ log aHþ þ log aOH� ð11:28Þ

also log K ¼ � ΔGo

2:303RT
¼ � 19095

1363
¼ �14:00 T ¼ 298 Kð Þ
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∴log aHþ þ log aOH� ¼ �14:00 ð11:29Þ

Since pH ¼ � log aHþ and when aHþ ¼ aOH�, pH¼ 7.00, that is, water is neutral.
Water is acidic at pH < 7.00, that is, aHþ > aOH�, and it is alkaline at pH > 7.00, that
is aHþ < aOH� .

2. Under oxidizing and reducing conditions, water may be oxidized or reduced with
the evolution of oxygen or hydrogen gas according to the reactions:

Oxidation : 2H2O ¼ O2 þ 4Hþ þ 4e ð11:30Þ
Reduction : 2Hþ þ 2e ¼ H2 ð11:31Þ

Therefore, the stability limit of water is confined to the upper and lower limits
where O2 and H2 are, respectively, evolved. ΔGo for reaction (11.30) at 298 K is
�113.38 kcal mol�1, since ΔGo ¼ � n FEo, Eo ¼ 1.23 V. We can make use of the
Nernst equation to evaluate E for reactions involving oxidation/reduction:

E ¼ Eo þ RT
nF

ln
aspecies in oxidized state

aspecies in reduced state

� �
ð11:32Þ

Since aH2O ¼ 1, and n ¼ 4 in reaction (11.30)

E ¼ Eo þ RT
4F

ln a4Hþ : pO2

� � ð11:33Þ

at 298 K,

E ¼ 1:23þ 0:059 log aHþ þ 0:0147 log pO2
ð11:34Þ

at pO2
¼ 1 atm,

E ¼ 1:23� 0:059 pH ð11:35Þ

For establishing the lower limit, consider reaction (11.31). By convention, Eo ¼
0 and n ¼ 2 for this reaction, at 298 K:

E ¼ Eo þ RT
2F

ln
a2Hþ

pH2

¼ 0:059
2

log
a2Hþ

pH2

ð11:36Þ

orE ¼ �0:059 pH� 0:0295 log pH2
ð11:37Þ

at pH2
¼ 1atm,

E ¼ �0:059 pH ð11:38Þ

The above two equilibrium conditions are presented in Fig. 11.1 by two parallel
lines of slope ¼ �0.059. The vertical line at pH ¼ 7.00 indicates the demarcation of
acid and alkaline media.
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The following conclusions may be drawn from the figure regarding stability of
water:

1. Between the two parallel lines, the equilibrium partial pressures of both oxygen
and hydrogen are less than 1 atm.

2. The region between these two lines is the area of thermodynamic stability of
water under 1 atm pressure.

3. Above the line corresponding to pO2
¼ 1 atm, water will tend to decompose by

oxidation according to the reaction (11.30).
4. Below the line corresponding to pH2

¼ 1 atm, water will tend to decompose by
reduction according to the reaction (11.31).

11.3.3 Potential–pH Diagrams

On dipping a metal, M, into an aqueous solution containing its own ions, a positive
charge, Mn+, develops on the metal at equilibrium due to the reaction M¼Mn+ + ne.
Since the Mn+(aq) ions are attracted to the metal, a potential difference exists
between the metal and the solution. This is known as the absolute electrode potential.
The value of the absolute electrode potential depends on the equilibrium state of the
reaction and is affected by the metal and its purity, crystal structure, surface
conditions, activity of Mn+ ions in the solution, and temperature. The absolute
electrode potential cannot be measured; however, the electrode potential of a metal
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Fig. 11.1 Stability limits of water at 25 �C
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can be estimated with reference to hydrogen electrode. If hydrogen gas is maintained
at 1 atm pressure, the potential obtained is called standard electrode potential.

Consider a metal, M, in equilibrium with its own divalent (M2+) and trivalent (M3+)
ions in solution. For the metal, the standard electrode potential, E�, can be determined
by considering the following reactions:

M ¼ M2þ þ 2e ð11:39Þ
M ¼ M3þ þ 3e ð11:40Þ

Mþ 2H2O ¼ M OHð Þ2 þ 2Hþ þ 2e ð11:41Þ

The standard electrode potential, E�, can be measured against the hydrogen
electrode. The reactions (11.39) and (11.40) are potential dependent, whereas
reaction (11.41) depends on pH, in addition to potential under standard conditions.
The combined effect of electrode potential and pH is presented as the Pourbaix
[14] diagram. For a given metal electrode, potentials are plotted as a function of pH
in these diagrams. An arbitrary diagram [15] shown in Fig. 11.2, known as
Pourbaix diagram for metal, M, is very useful in corrosion and hydrometallurgy.
The boundaries in potential–pH diagrams depending on chemical equilibria set the
predominance areas for various thermodynamically stable species. It is a custom-
ary to show the potential for the evolution of H2 and O2, both at 1 atm pressure.
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Fig. 11.2 Predominance areas (Pourbaix diagram) for metal–water system as function of pH and
reduction potential (From Principles of Extractive Metallurgy by T. Rosenqvist [15], © 1974,
p 473, McGraw-Hill Inc. Reproduced with the permission of McGraw-Hill Book Co.)

11.3 Physicochemical Aspects of Leaching 445



A metallic structure in contact with the aqueous solution is an electrode, and its
tendency to dissolve in the solution (electrolyte) is measured by its electrode
potential. In addition to the electrode potential, the pH of the solution has a
profound effect on the product of anodic dissolution. Generally, metal ion con-
centration of 10�2 or 10�3 mol kg�1 of water is taken while constructing Pourbaix
diagrams for hydrometallurgical applications. A brief discussion of some impor-
tant metal–water systems (for a metal ion concentration of 10�3 mol kg�1 at 25 �C,
that is, activity of metal ions ¼ 10�3 ¼ molality in extremely dilute solutions) has
been included in this section.

The dissolution of a metal is essentially an electrochemical process. Figure 11.3
shows that the potential for the dissolution of zinc (Zn! Zn2+ + 2e) is more negative
than the oxidation and reduction of water leading to evolution of oxygen or hydro-
gen (at 1 atm pressure) according to the reactions (11.30) and (11.31), respectively.
Hence, either reaction can be made use of as the cathodic process to support the
anodic dissolution of zinc. From the figure, it is evident that dissolution is favorable
below pH 6.9 with the formation of Zn2+ cations and above 13.4 with ZnO2�

2 anions.
Thus, depending on potential and pH, metallic zinc and ZnO would tend to dissolve
by the following electrochemical reactions:

(i) Below pH < 6.9 with the formation of Zn2+ ions according to the reaction
Zn ¼ Zn2+ + 2e.

(ii) Above pH > 13.4 with the formation of ZnO2�
2 anions by the reaction (i.e., in

highly alkaline solution) Znþ 2H2O ¼ ZnO2�
2 þ 4Hþ þ 2e or ZnOþ

½ O2 gð Þ þ 2e ¼ ZnO2�
2 . Between these two regions, ZnO is stable.

1

Domain ‘A’

Dissolution

D
is

so
lu

ti
o
n

ZnO2
2–

0

ZnO
Zn2+

H2O

H2O

H2

O2

0

E
°

–1

–2

4 8 12

Zn

pH

Fig. 11.3 Potential–pH diagram for zinc–water system at 25 �C (From Hydrometallurgical
Extraction and Reclamation by E. Jackson [16], ©1986, p 30, Ellis Horwood Ltd. Reproduced
with the permission of Ellis Horwood Ltd)
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Potential–pH diagram for Cu–H2O system shown in Fig. 11.4 suggests that Cu2+

reduction reaction Cu2+ + 2e ¼ Cu has more positive potential than for H2 evolution
reaction and negative potential compared to oxygen reduction. Hence, hydrogen
evolution reaction cannot be used as a cathodic process to dissolve copper metal
anodically. However, copper being nobler, it can only be dissolved by reduction of
oxygen or some other oxidizing agent. This can be achieved favorably under acid
conditions at pH < 6 or by reduction of O2 at high pH. The potential–pH diagrams of
metal–water systems are considerably modified in the presence of complexing
agents by the formation of highly stable metal complex ions. There are some
major changes in the diagram on introduction of cyanide and ammonia in a Cu–
H2O system. Ion stable domains extending to more negative potential make copper
dissolution more favorable in the entire range of pH, particularly in alkaline condi-
tions. One can notice remarkable changes in the stability regions of different ions in
Cu–H2O, Cu–CN–H2O, and Cu–NH3–H2O systems while referring to the
Figs. 11.4, 11.5, and 11.6.

Gold is more noble than copper, and the potential of 1.45 V for the reaction Au3+

+ 3e ¼ Au at equilibrium is more than the oxygen reduction reaction. Hence, gold is
highly stable in aqueous solution, and the metal remains unaffected by sulfuric acid
and even by strong oxidants like nitric acid, perchloric acid, and aqua regia.
Figure 11.7 clearly demonstrates that gold cannot be dissolved in noncomplexing
solutions in the presence of oxygen. The potential–pH diagram of Au–H2O system is
drastically modified in the presence of cyanide complexing reagent due to the
formation of stable Au CNð Þ�2 complex anions. The standard electrode potential of
�0.62 V (in the presence of complexing cyanide ions) for the cathodic/anodic
reaction Au CNð Þ�2 ¼ Au + (CN)� is a very large shift from the highly positive
value of 1.45 V in aqueous solution (Au3+ + 3e ¼ Au). The modified potential of
�0.62 V is negative enough to allow either reaction (11.30) or (11.31) to act as the
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cathodic process for gold dissolution. However, the oxygen reduction reaction is
most widely practiced in the cyanide leaching of gold ores.

It may be noted that potential–pH diagrams along with complexing ions have not
been compiled for many metals. Further, metal–water diagrams have limited appli-
cations because few metals only occur in native form in the earth’s crust. However,
these are useful in corrosion studies and can also be considered for cases of
dissolution of oxides and sulfides. Leaching of an oxide may take place by either
(i) chemical dissolution or (ii) oxidative dissolution or (iii) reductive dissolution.

A number of oxides get dissolved chemically without involvement of electrons.
For example, potential–pH diagram of Al–H2O (shown in Fig. 11.16, Problem 11.1)
indicates that Al2O3 (in bauxite) undergoes chemical dissolution in acid as well as in
alkaline solution according to the reactions:

Al2O3 þ 6Hþ ¼ 2Al3þ þ 3H2O ð11:42Þ
Al2O3 þ OH� ¼ 2AlO�

2 þ Hþ ð11:43Þ

Low-grade bauxite and laterites have been leached in sulfuric acid under pressure,
but alkaline leaching has been practiced on a larger industrial scale. High-grade
bauxite ore is digested with a strong caustic soda solution (130–350 g Na2O g l�1) at
5–10 atm pressure and 150–170 �C to achieve a high rate of dissolution.

On the other hand, the potential–pH diagram of a U–H2O system (Fig. 11.8)
demonstrates that uraninite (UO2) can get dissolved by three types of reactions:

1. Chemical dissolution: UO2 + 4H+¼ U4+ + 2H2O (11.44)
2. Oxidative dissolution: UO2 ¼ UO2þ

2 þ 2e (11.45)
3. Reductive dissolution: UO2 + e + 4H+ ¼ U3+ + 2H2O (11.46)
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However, oxidative dissolution with acid solution in the presence of some
oxidizing agent (MnO2 – pyrolusite) is generally practiced because direct chemical
dissolution in nonoxidizing acid does not take place readily. The oxidative
leaching yields uranyl ions (UO2þ

2 ) or other complex uranium (VI) species that
are preferred in subsequent separation and purification steps. The figure also
suggests that pitchblende (U3O8) can only be leached by oxidative dissolution
according to the reaction:

U3O8 þ 4Hþ ¼ 3UO2þ
2 þ 2H2Oþ 2e ð11:47Þ

Reductive dissolution of UO2 is not practiced because of the requirement of a
strong reducing agent that decomposes water. Further, the resulting U3+ would easily
get oxidized by the atmospheric oxygen.

Since many metals occur as sulfides, potential–pH diagrams of sulfur–water and
metal–sulfur–water systems are useful in explaining the leaching reactions in dissolu-
tion of sulfides in acid and alkaline solutions. The S–H2Odiagram showing the stability
regions of S, H2S, HS

�, S2�, HSO�
4 , and SO2�

4 has to be superimposed on the metal–
sulfur–water diagram to understand the dissolution reactions of metal sulfide(s). This
will enable us to predict the sulfur species in equilibriumwithmetal species. Formation
of two sulfides M2S and MS and two oxides M2O and MO makes such diagrams
complicated. The influence of anodic potential on the dissolution of these sulfides
according to the reactions can be estimated from such superimposed diagrams:

M2S ¼ MSþM2þ þ 2e ð11:48Þ
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MS ¼ M2þ þ S2� ð11:49Þ

In low pH range, the possible leaching reactions are as follows:

2MSþ 4H2O ¼ M2Sþ 7Hþ þ HSO�
4 þ 6e ð11:50Þ

M2Sþ 4H2O ¼ 2M2þ þ HSO�
4 þ 7Hþ þ 10e ð11:51Þ

In the presence of iron, though the system Cu–S–H2O becomes even more
complicated, the potential–pH diagram of Cu–Fe–S–H2O is most relevant while
discussing the leaching of chalcopyrite ore (CuFeS2), which is the main source of
copper. The oxidation reaction may be expressed as:

CuFeS2 ¼ Cu2þ þ Fe2þ þ 2Sþ 4e ð11:52Þ

The diagram also presents conversion of chalcopyrite into bornite (CuS�FeS4),
Cu2S, and CuS.

11.3.4 Electrochemical Phenomenon in Leaching

From the preceding section, it may be concluded that leaching is an electrochemical
phenomenon. Generally, dissolution involves an anodic reaction. Hence, oxidative
leaching may be regarded as an electrochemical cell comprising the anodic reaction
sustained by an appropriate cathodic reaction. The cathodic reaction may involve
either the reduction of oxygen (reverse of reaction 11.30) or of the oxidized species
having higher positive potential than that of the anodic reaction. A difference of at
least 0.2 V [16] is necessary for this reaction to proceed. The presence of different
minerals may give rise to galvanic effects. In such cases, electrically conducting
mineral particles possessing different potentials may set up a galvanic cell. The
mineral with more negative potential will undergo anodic dissolution, whereas the
nobler mineral will act as the cathode to facilitate a reduction reaction. For example,
pyrite (FeS2) having high positive potential acts as cathode (Fe2+ + 2S + 2e ¼ FeS2,
E� ¼ 0.757 V) against sphalerite (ZnS) having low positive potential (Zn2++
S + 2e ¼ ZnS, E� ¼ 0.174 V). Hence, a particle of ZnS that makes contact with a
pyrite particle in an aerated solution will dissolve anodically.

Anodic dissolution : ZnS ¼ Zn2þ þ Sþ 2e ð11:53Þ
Cathodic reaction on pyriteð Þ : 1=2O2 þ 2Hþ þ 2e ¼ H2O 11:30‐Reverseð Þ
Overall reaction : ZnSþ 1=2O2 þ 2Hþ ¼ Zn2þ þ Sþ H2O ð11:54Þ
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It is important to note that the cathodic mineral does not always remain inert.
Hiskey and Wardsworth [17] have shown that chalcopyrite in contact with copper in
acid solution undergoes cathodic reduction with the evolution of hydrogen sulfide
according to the reaction:

2CuFeS2 þ 6Hþ þ 2e ¼ Cu2Sþ 2Fe2þ þ 3H2S ð11:55Þ

The anodic reaction may be expressed as:

2Cuþ H2S ¼ Cu2Sþ 2 Hþ þ 2e ð11:56Þ

The overall reaction is:

2CuFeS2 þ 2Cuþ 4Hþ ¼ 2 Cu2Sþ 2Fe2þ þ 2H2S ð11:57Þ

The electrochemical method of dissolving electrically conducting minerals or
materials by direct anodic attack by applying external potential is called
electroleaching [18].

The partial pressure of oxygen and pH of the solution play important roles in the
dissolution and precipitation of a metal from an aqueous solution. Extensive knowl-
edge can be derived from the thermodynamic relationship between the metal ions,
hydrogen, and oxygen present in the solution. Resenquist [15] and Moore [19] have
discussed this aspect by considering a hypothetical case, where metal forms cations
M2+ and M3+, anions MO2�

2 and MO�
2 , and solid hydroxides M(OH)2 and M(OH)3.

In such a system, the following reactions between M, H+, and O2 are feasible:

2Mþ 4Hþ þ O2 ! 2M2þ þ 2H2O ð11:58Þ
4M2þ þ 4Hþ þ O2 ! 4M3þ þ 2H2O ð11:59Þ
M2þ þ 2H2O ! M OHð Þ2 þ 2Hþ ð11:60Þ
M3þ þ 3H2O ! M OHð Þ3 þ 3Hþ ð11:61Þ
M OHð Þ2 ! MO2� þ 2Hþ ð11:62Þ
M OHð Þ3 ! MO�

2 þ Hþ þ H2O ð11:63Þ
2Mþ 2H2Oþ O2 ! 2M OHð Þ2 ð11:64Þ

The equilibrium constant for reaction (11.58) is given as:

K58 ¼
a2
M2þ :a2H2O

a2M:a
4
Hþ :pO2

ð11:65Þ

Considering unit activities of H2O and solid M, the above relationship can be
expressed as:
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a2M2þ ¼ K58 a
4
Hþ :pO2

ð11:66Þ
or 2 log aM2þ ¼ logK58 þ 4log aHþ þ log pO2

ð11:67Þ

Since – log aHþ¼ pH, Eq. 11.67 is modified as:

2 log aM2þ ¼ logK58 � 4 pHþ log pO2
ð11:68Þ

Following a similar procedure and assuming unit activities of solids M(OH)2 and
M(OH)3, additional relations for reactions (11.59–11.64) may be derived as under:

4 log aM3þ ¼ logK59 þ 4 log aM2þ � 4 pHþ log pO2
ð11:69Þ

log aM2þ ¼ � logK60 � 2 pH ð11:70Þ
log aM3þ ¼ � logK61 � 3 pH ð11:71Þ

log aMO2�
2

¼ K62 þ 2 pH ð11:72Þ
log aMO�

2
¼ K63 þ pH ð11:73Þ

log pO2
¼ � logK64 ð11:74Þ

In order to maintain equilibrium between reactants and products, values of pO2
and

pH can be estimated from Eqs. 11.68, 11.69, 11.70, 11.71, 11.72, 11.73 and 11.74.
This forms the basis for the representation of the thermodynamic stability of various
phases in an aqueous solution. Assuming unit activity of the metal ions in solution,
stability region of different phases has been shown in Fig. 11.9 as functions of pH
and log pO2

. The figure illustrates the above relationships for a hypothetical metal
with arbitrary values of different equilibrium constants. It is important to note that
location of the areas get shifted by changes in the values of the equilibrium constants,
but slopes of various curves (hence areas) are marked by the stoichiometry of the
reactions. The lines divide the figure into predominance areas for various species. The
lines will shift for different values of activities of metal ions in the solution.

Reactions (11.60, 11.61, 11.62 and 11.63) represented by vertical lines in
Fig. 11.9 are independent of partial pressure of oxygen (i.e., pH dependent), reaction
(11.64) represented by horizontal line is independent of pH (i.e., pO2

dependent),
whereas reactions (11.58 and 11.59) shown by diagonal lines are controlled by pO2

and pH. The dashed horizontal lines drawn at the bottom and top of the figure
correspond, respectively, to the evolution of hydrogen and oxygen separately at
1 atm pressure of each. The lower curve corresponds to pO2

¼ 10�83 atm. Hydrogen
will evolve below this line at 1 atm pressure of hydrogen.

From Fig. 11.9, it is evident that the metallic phase, M, is stable at pO2
<

10�70 atm. On increasing pO2
in low pH region, M goes into solution as per

reaction (11.58). M2+ oxidizes to M3+ on further increase of pO2
according to

reaction (11.59). While increasing the pH of the solution at constant, pO2
metal first

is precipitated as M(OH)2 through reaction (11.60) and subsequently gets
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dissolved in the form of MO2�
2 ions at high pH as per reaction (11.62). Since

Fig. 11.9 presents a purely hypothetical case, it is not necessary that all the metals
form the simple species shown in this figure. Instead, hydrated oxides, basic salts,
anhydrous oxides, and complex anions like MO2�2n

n and MO3�2n
n and hydrated

anions may be formed. The location and size of different predominance areas for
different metals may differ extensively. Thus, under similar conditions, copper
may exist in metallic state and iron as Fe2+ ions. Zinc hydroxide precipitates at a
higher pH than at which ferric hydroxide precipitation takes place. Aluminum and
silicon dissolve as anions under conditions where ferric hydroxide exists. The
difference in location and extent of the predominance areas of various metals is one
of the main principles involved in the hydrometallurgical method of extraction.
Formation of more stable complex ions will affect the location and size of the
predominance areas. For example, predominance area is enlarged by the formation
of Cu NH3ð Þ2�4 ions (Fig. 11.6) on addition of ammonia to a solution of Cu2+. This
will prevent the precipitation of copper hydroxide even at high pH because activity
of Cu2+ ions is reduced by the formation of complex ions. Any such complexing
will change the position of the line due to the change in metal ion activity in
reactions (11.58, 11.59, 11.60, 11.61, 11.62 and 11.63). Thus, these diagrams can
be used for selective precipitation of unwanted species from solutions and for
purification of solution for further recovery of metal values.
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11.3.5 Kinetics of Leaching

Feasibility of a chemical reaction in a particular direction can be predicted with the
aid of thermodynamic data, but it does not provide information about the rate of
reaction. One has to consider kinetic aspects to understand the detailed mechanism
as well as the rate of reaction. The leaching reactions between solid minerals and
liquid solutions, which take place in several steps, are heterogeneous in nature. It
becomes a three-phase system when a gaseous reactant such as oxygen is involved in
the dissolution process. The three-phase heterogeneous system comprising solid
(mineral), liquid (leachant), and gas (oxygen) has been shown schematically in
Fig. 11.10.

The entire leaching operation may be divided into four steps:

Step 1: Transfer of the gaseous reactant from the gaseous phase to the liquid solution
(leachant).

Step 2: Transport of the reactant through the liquid to the solid–liquid interface.
Step 3: Chemical or electrochemical reaction at the interface involving adsorption or

desorption.
Step 4: Transport of the product from the interface into the bulk of the solution.

The rate of the overall process depends on one of the slowest steps. Generally,
step 2 or 4, which involves diffusion, happens to be the slowest. Such processes are
called diffusion controlled. Occasionally, it is observed that no single step is rate-
controlling, instead more than one step may be involved in deciding the overall rate
of reaction:

Solid Solution Gas

Step 1

Step 2

Step 3 Reactant

Product

Step 4

Fig. 11.10 Steps in a
leaching process (From
Hydrometallurgical
Extraction and Reclamation
by E. Jackson [16], © 1986,
p 42, Ellis Horwood Ltd.
Reproduced with the
permission of Ellis
Horwood Ltd)
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Step 1: If oxygen gas is involved in the leaching process, this step is represented by
molecular dissolution of O2 in liquid solution by the reaction:

O2 gð Þ Ð O2 solnð Þ ð11:75Þ

The equilibrium constant for the dissolution reaction is expressed as:

K ¼ aO2 solnð Þ
pO2

¼ xO2

pO2

ð11:76Þ

where xO2 and pO2
represent, respectively, the concentration of oxygen dissolved in

the leachant and the partial pressure of oxygen gas in equilibrium with the liquid
solution. Since solubility of oxygen is low, assuming validity of Henry’s law, aO2

has been equated to xO2 . From the above expression, it is evident that solubility of

oxygen in the leachant increases with increase of the partial pressure of oxygen in
equilibrium with the solution. At 25 �C, the equilibrium solubility of oxygen in water
is 8.26 and 40.3 mg dm�3 at 1 atm pressure of air (pO2

¼ 0.21) and oxygen,
respectively. These solubility figures decrease with increase of temperature and in
the presence of other solutes in water. Under similar conditions, solubility of oxygen
in one molar sulfuric acid at 1 atm pressure of oxygen is 33 mg dm�3. However, it
increases drastically with increase of pO2

, for example, at 40 atm and 100 �C, 1 g of
oxygen dissolves in water.

Step 2: Transport of a reactant from the liquid solution (leachant) to the solid–liquid
interface takes place by diffusion. According to the Fick’s first law of diffusion,
the rate of transport of the reactant may be expressed as:

� dn
dt

¼ �DA
dc
dx

ð11:77Þ

where dn is the number of moles of the reactant transferring in time, dt through an
area of cross section, A perpendicular to the direction of the concentration gradient,
� dc

dx, and D and x stand for diffusion coefficient and diffusion distance, respectively.
If c and ci are, respectively, the concentrations of the reactant in the bulk phase
(liquid solution) and at the solid–liquid interface and δ is the thickness of the
stagnant boundary layer, the concentration gradient can be expressed as:

� dc
dx

¼ c� ci
δ

ð11:78Þ

Substituting this in Eq. 11.77, we get:

dn
dt

¼ DA c� cið Þ
δ

ð11:79Þ
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When leachant adjacent to the solid–liquid interface is totally depleted of reac-
tant, ci ¼ 0, the expression is modified as:

dn
dt

¼ DAc
δ

ð11:80Þ

From the above expression, it can be inferred that in case of a diffusion controlled
reaction, the rate is (i) directly proportional to the concentration of the reactant in the
bulk of liquid solution, (ii) directly proportional to the interfacial area (A), and (iii)
inversely proportional to the thickness of the stagnant boundary layer (i.e., diffusion
layer δ). Thus, the rate of leaching can be maximized by increasing the interfacial
area and decreasing the boundary layer thickness. For increasing the interfacial area,
the ore/mineral should be ground to finer size, whereas the boundary layer thickness
can be decreased by vigorous stirring. It has been reported [16] that the thickness of
about 0.5 mm in the absence of stirring decreases to approximately 0.01 mm with
vigorous stirring, thereby increasing the leaching rate up to 50 times.

It may not be always beneficial to increase the concentration of nongaseous
reactant beyond a certain level leading to the separation of a solid from the solution
on exceeding the solubility limit of the product compound. However, the situation is
entirely different when oxygen is used as the gaseous reactant. As the solubility at
atmospheric pressure is very low, the reaction rate is mostly directly proportional to
partial pressure of oxygen over fairly long range of pressures.

Step 4: Transport of the reaction product away from the solid–liquid interface to the
bulk of the solution also involves diffusion. This step may be analyzed in a
manner similar to that of step 2, making use of Fick’s first law. The concentration
of the soluble product at the interface will be governed by the conditions
prevailing in the previous step. However, the concentration in the bulk of the
solution will be zero at the beginning of dissolution when a fresh solution is
employed. Thus, the rate of transport of products away from the interface can be
maximized by vigorous stirring and employing fresh leachant. It is important to
note that step 4 is not generally rate-controlling, but it may be so when an
insoluble product is formed, for example, formation of insoluble Fe2O3�H2O on
the surface of mineral particles of chalcopyrite (CuFeS2) and pentlandite (nickel–
iron sulfide) in ammoniacal leaching. Under such conditions, step 4 becomes rate-
controlling because the formation of insoluble product retards the diffusion of the
reactants to the reaction interface and of products away from it.

Step 3: The conventional absolute reaction rate theory based on the formation of an
activated complex involving an energy barrier does not provide sufficient infor-
mation on the kinetics of the chemical reaction occurring at the atomic and ionic
level. In majority of leaching processes, adsorption plays an important role, but all
types of reactions cannot be interpreted by a single mechanism. The reactions may
be classified in two groups: chemical and electrochemical. These will be
discussed separately together with examples of leaching of gold and uranium ores.

At this stage, it is worth discussing briefly the effect of operating variables on
leaching. Agitation or stirring is one of the important variables. In the case of
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diffusion controlled processes, the rate of dissolution increases by increasing the rate
of stirring because the thickness of the boundary layer δ decreases. However, the rate
of chemically controlled reaction is not affected by speed of stirring. The rate of
dissolution does not increase indefinitely with stirring due to the formation of air
pockets in the liquid at the interface. From Eqs. 11.79 and 11.80, it is clear that the
rate of dissolution increases with increasing surface area (A), which can be achieved
by fine grinding. The surface area increases with decrease of particle size. A
diffusion controlled process is characterized by being only slightly dependent on
temperature, while the chemically controlled process is strongly temperature depen-
dent. This can be explained on the basis of linear variation of diffusion coefficient
with temperature according to the Stokes–Einstein equation:

D ¼ RT
N

1
2πrη

ð11:81Þ

where R, T, N, r, and η stand, respectively, for gas constant, temperature, Avogadro’s
number, radius of the mineral particle, and viscosity of the solution. The chemical
rate constant (k) varies exponentially with temperature according to the Arrhenius
equation:

k ¼ A e�E=RT ð11:82Þ

In other words, if temperature is doubled, D is nearly doubled but k increases
about hundred times. The activation energy of the diffusion controlled process is
1–3 kcal mol�1, whereas for the chemically controlled process, it is greater than
30 kcal mol�1. The activation energy for intermediate- or mixed-controlled process
lies between 5 and 8 kcal mol�1.

In solid–solid reactions, however, the situation is different because the diffusion
coefficient varies exponentially with temperature according to the equation:

D ¼ Doe
�E=RT ð11:83Þ

These reactions are characterized by high activation energy of the order of
200–400 kcal mol�1. A chemically controlled process taking place at low temper-
ature may change its mechanism to a diffusion controlled one at high temperature. In
such cases, Arrhenius plots (log k vs 1/T ) give two straight lines with different slopes
corresponding to a high activation energy at low temperature and low activation
energy at high temperature. The change of mechanism is due to the fact that at low
temperature, the rate of chemical reaction is much slower than the rate of diffusion,
that is, the rate is chemically controlled. On the other hand, at high temperature, the
chemical reaction is accelerated and hence the rate becomes much faster than the rate
of diffusion, that is, it becomes diffusion controlled.

Similarly, the mechanism of solid–liquid reaction may change with increasing
concentration of the reagent in the liquid phase. This is due to the fact that at a low
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concentration of the reactant, the reaction has low activation energy that increases
with increase of temperature. At low concentration, the rate depends mainly on the
speed of stirring; that is, the reaction is diffusion controlled, whereas at high
concentration, the rate will be independent of stirring, that is, chemically controlled.
At low concentration, the diffusion rate is very slow, and hence, the process becomes
diffusion controlled. With increasing reagent concentration, the rate of diffusion
increases to such an extent that it supersedes the rate of chemical reaction, and
consequently, the process shifts from diffusion control to chemical control.

11.3.5.1 Kinetics of Leaching of Gold Ore in Cyanide Solution

For extraction of gold, the ore is dissolved in cyanide solution. Many theories have
been proposed to explain the mechanism of dissolution of gold and silver in cyanide
solutions. Habashi [2] has pointed out that the dissolution process is electrochemical
in nature and the overall reaction is represented as:

2Auþ 4NaCNþ O2 þ 2H2O ¼ 2Na Au CNð Þ2 þ 2NaOH þ H2O2 ð11:84Þ

While discussing the mechanism of gold ore dissolution according to the above
reaction, the following points need to be considered:

(i). For every mole of gold, half mole of oxygen is consumed.
(ii). For every mole of gold, two moles of cyanide are consumed.
(iii). For every two moles of the metal, one mole of hydrogen peroxide is generated.
(iv). In the absence of oxygen, dissolution of gold and silver is a slow process, and

hence, the reaction: 2Au + 4NaCN + H2O2 ¼ 2NaAu(CN)2 + 2NaOH takes
place to a minor extent.

Cyanide concentration, pH, temperature, and oxygen pressure are important
operating variables in dissolution of gold. Initially, the rate of dissolution of gold
increases with increase of cyanide ion concentration in the solution, but after
attaining the maximum, there is some retarding effect on further increase in cyanide
concentration. The hydrolysis of cyanide ions at high cyanide concentration
according to the reaction CN� + H2O ¼ HCN + OH� increases the pH of the
solution. High pH is responsible for the retarding effect, and hence, it should be
maintained at approximately 11. In actual practice, protective alkalinity should be
maintained to suppress the following reactions:

CN� þ H2O ! HCNþ OH� ð11:85Þ
and H2CO3 þ CN� ! HCNþ HCO�

3 ð11:86Þ
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Addition of lime increases OH� ion concentration and decreases the formation of
poisonous HCN by increasing alkalinity. Hence, alkalinity of the solution should be
carefully controlled.

The rate of dissolution increases with the increase of temperature up to a certain
value beyond, which it decreases due to decrease in the oxygen content of the
solution with increasing temperature. The maximum rate is achieved at the optimum
temperature of 85 �C. However, considering the overall effects at low cyanide
concentration, it can be deduced that the rate of dissolution depends only on cyanide
concentration; at higher cyanide concentration, the rate becomes independent of
cyanide concentration and depends only on oxygen concentration.

Mechanism In electrochemical reactions, electrons are liberated and consumed in
anodic and cathodic reactions, respectively, as listed below:

anodic reaction : Au ! Auþ þ e

or Auþ þ 2CN� ! Au CNð Þ�2 ð11:87Þ
cathodic reaction : O2 þ 2H2Oþ 2e ! H2O2 þ 2OH� ð11:88Þ

In Fig. 11.11, the reacting interface has been divided into cathodic and anodic
areas A1 and A2, respectively. The activation energy involved in these reactions falls
in the range of 2–5 kcal mol�1, which is typical of diffusion controlled reactions. It
is, therefore, assumed that the kinetics of dissolution of gold is basically controlled
by the diffusion of both the dissolved O2 and CN� ions, and not by the chemical
reaction at the solid–liquid interface.

Flow of

electrons

Nernst’s boundary layer (δ)

δ

CN–

Aqueous phase

O2

A1

Cathodic area

O2 + 2H2O + 2e →

H2O2 + 2OH–

Au → Au+ + e–

Au+ + 2CN–
→ Au(CN)2

–

Anodic area

A2

Fig. 11.11 Schematic
representation of the
dissolution of gold in
cyanide solution (From
Principles of Extractive
Metallurgy, Vol. 2,
Hydrometallurgy by
F. Habashi [2], © 1970, p
31, Gordon & Breach.
Reproduced with the
permission of the author,
F. Habashi)
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In transport-controlled reactions, for diffusion of oxygen from the bulk of the
solution to the cathode surface, according to Fick’s first law, we can write:

�d O2½ �
dt

¼ DO2

δ
A1 O2½ � � O2½ �i

	 
 ð11:89Þ

where d O2½ �
dt , DO2 , [O2] and [O2]i are, respectively, the rate of diffusion and diffusion

coefficient of O2, and concentration of O2 in the bulk of the solution and at the
interface. Similarly, for the diffusion of cyanide from the bulk to the anodic surface:

�d CN�½ �
dt

¼ DCN�

δ
A2 CN�½ � � CN�½ �i

	 
 ð11:90Þ

where d CN�½ �
dt , DCN� , [CN�]and [CN�]i are, respectively, the rate of diffusion and

diffusion coefficient of CN� ions, and concentration of CN� in the bulk of the
solution and at the interface.

If the chemical reactions at the metal interface are very fast as compared to the
rates of diffusion of cyanide and O2 through the stagnant boundary layer, they will
be consumed immediately after reaching the solid–liquid interface. Hence, [O2]i ¼ 0
and [CN�]i ¼ 0, and thus, Eqs. 11.89 and 11.90 are modified as:

�d O2½ �
dt

¼ DO2

δ
A1 O2½ �

and
�d CN�½ �

dt
¼ DCN�

δ
A2 CN

�½ �

Since as per reaction (11.84), the rate of gold dissolution, R is twice the rate of O2

consumption and half the rate of cyanide consumption, we can write:

Rate of gold dissolution,R ¼ 2d O2½ �
dt

¼ 2DO2

δ
A1 O2½ � ð11:91Þ

and also R ¼ 1
2
d CN�½ �

dt
¼ 1

2
DCN�

δ
A2 CN

�½ � ð11:92Þ

At steady state, the rates expressed by Eqs. 11.91 and 11.92 are equal; hence,

R ¼ 2DO2

δ
A1 O2½ � ¼ 1

2
DCN�

δ
A2 CN

�½ �

from Eq. 11.91, A1 ¼ Rδ
2DO2 O2½ � and from (11.92), A2 ¼ 2Rδ

DCN� CN�½ �.

The total interface area, A ¼ A1 + A2

¼ Rδ
2DO2 O2½ � þ

2Rδ
DCN� CN�½ �
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¼ Rδ DCN� CN�½ � þ 4DO2 O2½ �f g
2DO2 O2½ �:DCN� CN�½ �

∴R ¼ 2ADO2DCN� O2½ � CN�½ �
δ DCN� CN�½ � þ 4DO2 O2½ �f g ð11:93Þ

From Eq. 11.93, it is clear that at low cyanide concentration, the first term in the
denominator is negligible as compared to the second term:

∴Rate ¼ 1
2
A
DCN�

δ
CN�½ � ¼ k CN�½ � / CN�½ �

This is in agreement with the experimental observation that at low cyanide
concentration, the rate of dissolution depends only on cyanide ion concentration.
On the other hand, at high cyanide concentration, the second term can be neglected,
and hence, we can write:

Rate ¼ 2
ADO2

δ
O2½ � ¼ k2 O2½ � / O2½ � or pO2

This is also in accordance with the experimental fact that at high cyanide
concentration, the rate of gold dissolution depends only on oxygen concentration.
From Eqs. 11.91 and 11.92, we can also express the rate of dissolution “R” as:

R ¼ 2DO2

δ
A1 O2½ � ¼ 1

2
DCN�

δ
A2 CN

�½ � ð11:94Þ

when A1 ¼ A2, DCN� CN�½ � ¼ 4 DO2 O2½ � that is, when CN�½ �
O2½ � ¼ 4

DO2
DCN�

, the rate of

dissolution reaches its limiting value.
From the known values of DO2 ¼ 2:76� 10�5 cm2 s�1 and DCN� ¼ 1:83�

10�5 cm2 s�1 we get DO2=DCN� ¼ 1:5, and hence, the limiting rate of dissolution
is achieved when the concentration ratio of cyanide ion to oxygen is 6 { i.e., [CN�]/
[O2] ¼ 4 � 1.5 ¼ 6}. Thus, the experimentally observed value ranging between 4.6
and 7.4 is in good agreement with the theoretical value of 6.

The rate of dissolution of gold in cyanide solution is affected by the elements and
ions present in the leach liquor. For example, the presence of small amounts of lead,
bismuth, thallium, and mercury enhances the dissolution process. As the dissolution
of gold is a diffusion controlled process, the increase may be due to reduction in the
thickness of the stagnant boundary layer by the presence of these elements. On the
other hand, the following factors may retard the rate of dissolution:

1. Consumption of oxygen by side reactions: Pyrrhotite present in gold ore may form
ferrous hydroxide and sodium sulfide:

FeSþ 2OH� ! Fe OHð Þ2 þ S2� ð11:95Þ
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Ferrous hydroxide gets easily oxidized to ferric hydroxide in the presence of
oxygen, and sulfide ion is partially oxidized to thiosulfate:

2Fe OHð Þ2 þ ½ O2 þ H2O ! 2 Fe OHð Þ3 ð11:96Þ

Thus, the rate of dissolution of gold is affected by consumption of oxygen in side
reactions.

2. Consumption of cyanide by side reactions: Minerals of copper, zinc, and lead
associated with gold ore dissolve in cyanide and, thus, reduce the cyanide
concentration:

ZnSþ 4CN� ¼ Zn CNð Þ4
� �2� þ S2� ð11:97Þ

In the presence of oxygen, sulfide minerals react with cyanide to form
thiocyanate:

S2� þ CN� þ ½ O2 þ H2O ! CNS� þ 2OH� ð11:98Þ

The rate also decreases by adsorption of sodium cyanide on ferric hydroxide
formed due to the presence of iron sulfides. Similarly, adsorption also occurs on
quartz, aluminosilicates, or other silicates.

Gold is recovered from the cyanide leach liquor after solid–liquid separation by
the well-established Merrill–Crowe process [20] based on zinc cementation. The
process has been in practice throughout the world for more than a century due to its
easier operation. But the pollution caused by the toxic sodium/potassium cyanide has
forced the industries and chemical/metallurgical engineers to find an alternative
lixiviant for gold leaching. In recent years, extensive research has been directed in
testing the utility of different chemicals in order to develop a non/less toxic com-
mercial leachant for gold dissolution.

Although less toxic thiourea [21–24] can dissolve gold at reasonably fast rate, its
use is restricted because it decomposes into complex compounds, which retard the
leaching process by passivating the gold surface. Jeffrey et al. [25] and Feng and van
Deventer [26] carried out extensive studies on thiosulfate leaching, but the process
suffers from the disadvantage of high thiosulfate consumption due to its oxidation
into polythionates. Less toxic and stable thiocyanate has been another possibility but
was discouraged on account of slow rate of leaching [27–29]. However, this problem
has been sorted out by a combination of acid thiocyanate and ferric sulfate as the
oxidant [30–32]. The mixture has proved to be a potent lixiviant with better stability
and lower thiocyanate consumption in bringing gold into solution at a faster rate.

Li et al. [32] have employed the rotating disk method to study the effects of time,
thiocyanate concentration, addition of thiourea, and concentrations of Fe2+, Fe3+,
Cu+(added as CuCl), Cu2+(as CuSO4), and Ag+ (as AgCl) ions on the rate of
leaching of gold. Gold is brought in the leach liquor by the complexes [32] formed
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in the solution mixture by the ferric sulfate and acidic thiocyanate according to the
reactions:

3Fe SCNð Þ�4 þ Au ¼ 3Fe2þ þ Au SCNð Þ�4 þ 8SCN� ð11:99Þ
Fe SCNð Þ�4 þ Au ¼ Fe2þ þ Au SCNð Þ�2 þ 2SCN� ð11:100Þ

The rate of dissolution in the acid thiocyanate containing ferric sulfate as oxidant
is not affected to any appreciable extent by higher molar ratios of Fe (III)/SCN
[32]. Ferrous and cupric ions have no effect on the leaching kinetics, whereas the rate
of leaching of gold is retarded significantly in the presence of silver and cuprous
ions. Based on their electrochemical investigations, Li et al. [32] have proposed that
the anodic reaction in dissolution of gold in acid thiocyanate solution happens to be
the rate-limiting step in the overall leaching process.

11.3.5.2 Kinetics of Leaching of Copper in Cyanide Solution

In a similar manner, copper complex cyanide ions: Cu CNð Þ�2 , Cu CNð Þ2�3 , and
Cu CNð Þ3�4 are formed on dissolution of copper in cyanide solution. The reaction
proceeds electrochemically [33]. The Cu CNð Þ2�3 formed by consuming 3CN� ions
(instead of 2CN� as in cyanidation gold) is the most stable phase. The rate of
dissolution of copper in cyanide solution has been derived as:

Rate ¼ 2ADO2DCN� O2½ � CN�½ �
δ DCN� CN�½ � þ 6 DO2 O2½ �f g ð11:101Þ

In this case, the limiting rate of dissolution corresponds to the ratio [CN�]/
[O2] ¼ 9.

11.3.5.3 Kinetics of Leaching of Pitchblende in Sodium Carbonate
Solution

The Canadian high-grade pitchblende concentrate [34] containing 62.4% U3O8,
19.4% SiO2, 11.4% Pb, 0.62% S, and 3.4% CaO is leached with Na2CO3 and
NaHCO3 solution under pressure in an autoclave. In the presence of oxygen,
uranium is oxidized and goes into solution according to the reaction:

U3O8 sð Þ þ 1
2
O2 gð Þ þ 9CO2�

3 þ 3H2O lð Þ ! 3UO2 CO3ð Þ4�3 þ 6OH� ð11:102Þ
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In the presence of bicarbonate, the dissolution reaction is:

U3O8 sð Þ þ 1
2
O2 gð Þ þ 3CO2�

3 þ 6HCO�
3

! 3UO2 CO3ð Þ4�3 aqð Þ þ 3H2O lð Þ ð11:103Þ

The process of dissolution is retarded due to the formation of insoluble sodium
urinate (Na2UO4) on the surface of ore particles as per the reaction:

UO2 CO3ð Þ4�3 þ 4OH� þ 2Naþ ! Na2UO4 þ 3CO2�
3 þ 2H2O ð11:104Þ

Calcium bicarbonate is used to stop the formation of sodium uranate.
The effects of operating variables such as concentration of carbonate and bicar-

bonate ions, partial pressure of oxygen, temperature, and particle size of the con-
centrate have been studied to establish the kinetics and mechanism of the dissolution
process. As expected, the rate of dissolution increases with increase of temperature
and decrease of particle size, that is, increase in surface area. Peters and Halpern [34]
have established that both Na2CO3 and NaHCO3 are essential for leaching of
uranium. The rate of leaching is proportional to the square root of the partial pressure
of oxygen gas in equilibrium with the leach liquor. This means oxygen gets
dissociated prior to dissolution. Based on the experimental investigations of Peters
and Halpern [34], the following conclusions may be drawn about the rate-
determining step:

(i) The heterogeneous reaction occurring at the pitchblende surface and not the
homogeneous reaction in the bulk of the solution is the rate-determining step.

(ii) Oxygen takes part in reaction after dissociation. This is evident from the fact
that the rate of dissolution varies linearly with the square root of the partial
pressure of oxygen in equilibrium with the leach liquor.

(iii) Although the presence of both CO2�
3 and HCO�

3 in the leach liquor is essential
for the dissolution of U3O8, these ions do not seem to participate directly in the
rate-determining step. This is based on the fact that increasing the concentration
of either Na2CO3 or NaHCO3 beyond 80 g l�1 does not affect the rate of
dissolution. However, these salts help in preventing hydrolysis and
precipitation.

(iv) Transport of reactants (i.e., O2, CO
2�
3 , and HCO�

3 ) to the pitchblende surface or
transport of products away from the surface does not seem to be a rate-
controlling step because the activation energy of 12.3 kcal mol�1 is much
higher than that expected for a diffusion controlled process. The rate of
dissolution of pitchblende has been expressed as:

Rate ¼ d U3O8½ �
dt

¼ KAp1=2O2
e 12300=RTð Þ ð11:105Þ

where K,A, pO2
, and T are, respectively, a constant, the surface area of the mineral

pitchblende, partial pressure of oxygen gas in equilibrium with the solution, and
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absolute temperature. The experimental rate of dissolution at 100 �C and 4 atm O2

pressure was found to be 0.112 mg U3O8 cm�2 min�1 in solutions containing an
excess of Na2CO3 and NaHCO3 (more than 80 g l�1 of each).

Mechanism Amechanism for the dissolution of pitchblende in solutions containing
sodium carbonate and sodium bicarbonate may be analyzed in the following steps:

Step I: Dissolution of gaseous oxygen in the aqueous solution: Dissolution of oxygen
(reaction 11.75) is reversible, and equilibrium is rapidly established:

1
2
O2 gð Þ Ðfast 1

2
O2 g� solnð Þ

Step II: Adsorption and dissociation of oxygen on the pitchblende surface along with
the oxidation of U3O8 to UO3: This is a slow step, hence rate determining.

U3O8 sð Þ þ½ O2 gð Þ !slow activated complex½ � ! 3UO3 sð Þ ð11:106Þ

UO3 formed in step II reacts rapidly with carbonate and bicarbonate and dissolves in
the aqueous solution.

Step III:Reaction of UO3 with CO2�
3 and HCO�

3 and dissolution as a carbonate:

3UO3 sð Þ þ 3CO2�
3 aqð Þ þ 6HCO�

3 !fast 3UO2 CO3ð Þ4�3 aqð Þ þ 3H2O lð Þ ð11:107Þ

The overall reaction can be expressed as:

U3O8 sð Þ þ 1
2
O2 þ 3CO2�

3 aqð Þ þ 6HCO�
3 aqð Þ ! 3UO2 CO3ð Þ4� aqð Þ þ 3H2O lð Þ

ð11:108Þ

According to the absolute reaction rate theory, the rate of a chemical reaction is
given as:

v ¼ KT
h

c1c2 e
�ΔG{=RT ð11:109Þ

where K, h, (c1 and c2), and ΔG{ stand for Boltzmann constant, Planck constant,
concentrations of reactants, and free energy of activation, respectively. Application
of Eq. 11.109 to the rate-controlling step II yields the following expression for the
specific reaction rate per unit area at the pitchblende surface:

Specific rate ¼ d U3O8½ �
dt

¼ KT
h

cU3O8 :c1
2O2 aqð Þ:e

�ΔG{=RT ð11:110Þ
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where [U3O8] is the number of molecules of U3O8 dissolved from a surface area A in
time dt, cU3O8 is the concentration of U3O8 surface sites, and cO2 aqð Þ is the concen-
tration of the dissolved O2 molecules. The free energy of activation is obtained as:

ΔG{ ¼ G{ � GU3O8 � 1
2
GO2 aqð Þ ð11:111Þ

Thermodynamic consideration of the equilibrium in step I yields the following
expression:

cO2 aqð Þ ¼ cO2 gð Þe�ΔG1=RT ð11:112Þ

where cO2 gð Þ is the concentration of gaseous oxygen. ΔG1, the standard molar free
energy of dissolution of oxygen in water in step I is given as:

ΔG1 ¼ 1
2
GO2 aqð Þ � 1

2
GO2 gð Þ ð11:113Þ

From Eqs. 11.110 and 11.112, we get the following expression for the specific
rate:

d U3O8½ �
dt

¼ KT
h

cU3O8c1
2O2 gð Þ:e

� ΔG{þΔG1ð Þ=RT

¼ KT
h

cU3O8c1
2O2 gð Þe

� G{�GU3O8�1
2GO2 gð Þð Þ=RT

¼ KT
h

cU3O8c1
2O2 gð Þ:e

� H{�HU3O8�1
2HO2 gð Þð Þ=RT :e S{�SU3O8�1

2SO2 gð Þð Þ=R

¼ KT
h

cU3O8c1
2O2 gð Þ:e

�E=RT :e S{�SU3O8�1
2SO2 gð Þð Þ=R ð11:114Þ

G ¼ H � TS, where H and S are, respectively, the standard enthalpies and
entropies of the concerned species. The entropies of the solid activated
surface state, S{ and SU3O8, can be neglected because they have only one degree of
vibrational freedom. Hence, Eq. 11.114 can be expressed as:

v ¼ KT
h

cU3O8c1
2O2 gð Þ:e

�E=RT :e�
1
2SO2 gð Þ=R ð11:115Þ

The theoretical rate of 0.37 mg U3O8 cm
�2 min�1, estimated by this equation at

100 �C and 4 atm pressure of oxygen, may be compared with the experimentally
determined rate, 0.112 mg cm�2 min�1. The agreement further confirms that disso-
lution of U3O8 in carbonate leach liquor in the presence of oxygen is a chemically
controlled process.

In view of the above discussion, it may be concluded that formation of UO3 in
step 2 by the aqueous oxidation of UO2 is doubtful. Since the rate of dissolution of
UO2 in aqueous solution of Na2CO3 and NaHCO3 under oxygen gas pressure
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follows a trend similar to that of dissolution of gold in cyanide solution, an
electrochemical mechanism based on the following two reactions may be
considered:

(i). The reduction of oxygen in the cathodic area:

O2 þ 2H2Oþ 4e ! 4OH�

(ii). The oxidation of UO2 in the anodic area:

UO2 ! UO2þ
2 þ 2e

The uranyl ion forms a soluble carbonate complex in the presence of carbonate
ions. This mechanism is similar to the corrosion of metals as discussed in the
preceding section. Hiskey [35] has studied the kinetics of dissolution of UO2 in
ammoniacal carbonate solutions as a function of total carbonate concentration,
oxygen pressure, temperature, and pH. According to him, the nature of the dissolu-
tion is electrochemical involving the anodic oxidation of UO2 coupled with reduc-
tion of oxygen.

11.3.5.4 Kinetics of Leaching of Gibbsite in Sodium Hydroxide Solution

Glastonbury [36] studied the effect of surface area, sodium hydroxide concentration,
and temperature on the kinetics of dissolution of gibbsite in sodium hydroxide
solution according to the reaction:

Al OHð Þ3 þ NaOH ¼ NaAlO2 þ 2H2O ð11:116Þ

Based on his investigations, Glastonbury [36] proposed the following mathemat-
ical model to deduce the rate of extraction in the temperature range, 50–100 �C:

Rate ¼ 4:60� 105:A cNaOHð Þ1:73 e23850=RT
� �

ð11:117Þ

where A and c represent surface area (cm2) and concentration of sodium hydroxide
solution (mol l�1), respectively. The kinetics of the reaction was chemically con-
trolled. The large activation energy of 23,850 cal mol�1 causes large temperature
effects on the kinetics, which is reflected by the fact that the reaction rate at 100 �C is
approximately 150 times faster than the reaction rate at 50 �C. From the fractional
disorder of 1.73, it seems reasonable to assume that reaction is second order with
respect to [OH�] ion concentration.
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11.3.5.5 Kinetics of Leaching of Cuprite in Sulfuric Acid

The rate of dissolution of oxide minerals [33] in acids is dependent on the activity of
hydrogen ions without involving oxidation–reduction couples. As an exception,
dissolution of cuprite (Cu2O) is affected by surface area and geometric factors. In
the absence of oxygen for the reaction:

Cu2Oþ 2Hþ ! Cu2þ þ Cuþ H2O ð11:118Þ

the oxidation–reduction couple is completed by the disproportionation of cuprous
copper. In the presence of oxygen, cuprite forms cupric ions in the solution
according to the reaction:

Cu2Oþ 4Hþ þ 1
2
O2 ! 2Cu2þ þ 2H2O ð11:119Þ

If the same rate-controlling process accounts for both the reactions, the reaction
rate [33] is given by:

Rate ¼ d Cu2O½ �
dt

¼ d Cu2þ
� �
dt

¼ 1
2
d Cu2þ
� �

O2
dt ð11:120Þ

where subscript O2 refers to the rate of appearance of cupric ions in the presence of
oxygen.

11.3.5.6 Kinetics of Leaching of Scheelite in Sodium Carbonate Solution

Queneau and Cooke [37] investigated the kinetics of dissolution of scheelite in basic
solutions of carbonate, fluoride, phosphate, and mixed fluoride and phosphate.
Based on their studies, they have concluded that sodium carbonate solution is a
more selective leachant for industrial scheelite concentrates associated with exces-
sive amount of calcium gangue. The dissolution of scheelite in sodium carbonate
solution along with the formation of calcite crystals (according to the reaction
CaWO4(s) + Na2CO3(aq) ¼ CaCO3(s) + Na2WO4(aq)) on the attacked surface
follows a parabolic rate law with an activation energy of 14.1 kcal mol�1. In the
temperature range 115–135 �C, transport of CO2�

3 ions through the calcite to the
scheelite surface happens to be the rate-controlling factor, not the diffusion of
tungstate, WO2�

4 ions. This has been confirmed by the fact that the rate of dissolution
of scheelite depends on the pH of the carbonate solution. However, a positive
deviation from parabolic behavior in the temperature range 135–155 �C points out
toward calcite grain growth and formation of noncoherent calcite layer. In the light
of these observations and findings, one important conclusion has been drawn that to
get better leaching efficiency, a procedure must be incorporated for removal of
calcite film from the calcite particles. Tungsten recovery up to 99.5% can be
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achieved by employing ball-mill autoclave at 200 �C using double the stoichiometric
requirement of sodium carbonate solution. This amount is much less compared to
that required in the absence of attrition. A plant based on these principles is under
operation at Bishop, California.

11.3.5.7 Kinetics of Leaching of Sulfides

Habashi [2] has reported that dissolution of ZnS in dilute sulfuric acid at 100 �C
follows a trend similar to that of rate of dissolution of gold in cyanide solution. At
constant oxygen pressure, the rate of dissolution increases with increasing H2SO4

concentration and finally approaches a plateau when the rate is proportional to the
partial pressure of oxygen. Kinetics of dissolution of sulfide minerals such as
chalcopyrite, sphalerite, galena, and so on can be analyzed by the electrochemical
process involving the following reactions:

anodic dissolution : MS ! M2þ þ Sþ 2e in anodic area

cathodic reaction : M2þ þ Sþ 4e ! Mþ S2� in cathodic area

and in the presence of oxygen : O2 þ H2Oþ 4e ! 4OH�

Thus, sulfides produce elemental sulfur or sulfide ions. Wadsworth [33, 38] has
reviewed the kinetics of leaching of sulfide and oxide minerals in different media and
analyzed the dissolution kinetics in the light of electrochemical reactions. It has long
been recognized that dissolution of chalcocite [38] (Cu2S) in ferric sulfate/ferric
chloride solutions takes place in two steps according to the reactions:

Cu2Sþ 2Fe3þ ! CuSþ Cu2þ þ 2Fe2þ ð11:121Þ
CuSþ 2Fe3þ ! Cu2þ þ Sþ 2Fe2þ ð11:122Þ

At low temperature, reaction (11.121) is completed before the formation of
elemental sulfur. In Sect. 11.3.4, the electrochemical nature of dissolution of chal-
copyrite (CuFeS2) has been mentioned according to reactions (11.55), (11.56) and
(11.57) listed below:

Cathodic reaction : 2CuFeS2 þ 6Hþ þ 2e ¼ Cu2Sþ 2Fe2þ þ 3H2S ð11:55Þ
Anodic reaction : 2Cuþ H2S ¼ Cu2Sþ 2 Hþ þ 2e ð11:56Þ
Overall reaction : 2CuFeS2 þ 2Cuþ 4Hþ ¼ 2Cu2Sþ 2Fe2þ þ 2H2S ð11:57Þ

Since the rest potential of chalcopyrite is approximately 0.46–0.55 V, it will
dissolve cathodically according to the reaction (11.55), if contacted with a metal (Cu,
Fe, Pb, Zn, etc.) that has lesser potentials. In this case, anode is not provided cathodic
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protection but is induced to react anodically as per reaction (11.56). Hiskey and
Wadsworth [17] have measured the kinetics of the galvanic conversion of CuFeS2
using copper according to reactions (11.55) and (11.56). Both cathodic and anodic
reactions produce Cu2S, which gets welded and provides good electrical contact. At
lower temperature, stirring disrupts the bond and retards the reaction. At 90 �C,
stirring has less effect on the overall kinetics. Initially, the rate was found to be
proportional to the anodic surface area (Cu), but as the reaction proceeded, discharge
at the cathodic surface became rate limiting due to the dissolution of CuFeS2
cathodically and the diminishing surface area. The rate of dissolution of chalcopyrite
has been expressed by the following general equation:

Rate ¼ a1=2Hþ A1A2k1

A1 þ k2A2ð Þ1=2 k3A1 þ k4A2ð Þ1=2
ð11:123Þ

where A1 and A2 represent cathodic and anodic surface areas in the electrochemical
system, respectively, and k1, k2, k3, and k4 are empirical rate constants.

On the other hand, the anodic dissolution of chalcopyrite in the presence of ferric
ions [Fe2(SO4)3 or FeCl3] has been explained on the basis of diffusion of ferric ions
through the deposited sulfur film resulting from the dissolution:

CuFeS2 ! Cu2þ þ Fe2þ þ 2Sþ 4e ð11:124Þ

The depletion of ferric ions in solution results in the buildup of a sulfur layer of a
thickness assumed to be directly proportional to the amount of copper entering in the
solution. Beckstead and Miller [39] studied the kinetics of dissolution of chalcopy-
rite in oxygenated ammoniacal solution according to the reaction:

CuFeS2 þ 4NH3 þ 17
4
O2 þ 2OH� ¼ Cu NH3ð Þ2þ4 þ 1

2
Fe2O3 þ 2SO2�

4 þ H2O

ð11:125Þ

They have reported that ammonia oxidation leaching of chalcopyrite is controlled
by a catalytic electrochemical surface reaction. The kinetics of the electrochemical
reaction was analyzed using Butler–Volmer equation. Beckstead and Miller [39]
have expressed dissolution kinetics of the reaction by the under mentioned equation
valid over a wide range of temperature, pressure, and cupric ion concentrations:

Low pressure, pO2
< 1 atm:

Rate ¼ kl
do

OH�½ �1=2 O2½ �1=2 k1 þ k2 Cu2þ
� �� �1=2

1� fð Þ2=3 ð11:126Þ
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High pressure, pO2
> 1 atm:

Rate ¼ kh
do

OH�½ �1=2 k1 þ k2 Cu2þ
� �� �1=2

1� fð Þ2=3 ð11:127Þ

where k1, k2, kl, and kh are empirical rate constants, do is the initial particle diameter,
and f is the fraction of CuFeS2 reacted. At high pO2

, the rate becomes zero order
with respect to oxygen; otherwise, the rate is approximately proportional to half
order with respect to hydroxyl and cupric ions and pO2

(at low pressure). The half-
cell reaction proposed includes the anodic dissolution of CuFeS2 as per reaction:

CuFeS2 þ 19OH� ¼ Cu2þ þ 1
2
Fe2O3 þ 2SO2�

4 þ 19
2
H2Oþ 17e ð11:128Þ

The rate of reaction was independent of ammonia concentration but was signif-
icantly dependent on temperature, hydroxyl, and cupric ion concentration. The
activation energy of 10 kcal mol�1 suggests that the electrochemical reaction was
limited by a surface reaction mechanism.

Ngoc, Shamsuddin, and Prasad [40] conducted studies on chloride leaching for
simultaneous recovery of copper, zinc, and lead from an off-grade and complex
chalcopyrite concentrate associated with appreciable amount of sphalerite, galena,
and pyrite. They investigated the effects of temperature, concentration and quantity
of ferric chloride, stirring speed, and leaching time on metal dissolution. Leaching
tests were also conducted with individual (HCl, NaCl, CuCl2, FeCl3) and mixed
chlorides (two-, three-, and four-component mixtures). Results showed the possi-
bility of recovery of not only 99% copper and 89% zinc but also 82% lead and 58%
elemental sulfur by the treatment of the concentrate with 4 M FeCl3 at 110 �C for
2 h employing 25% excess FeCl3 at a stirring speed of 700 rev min�1. Kinetic
studies indicated that the chalcopyrite, sphalerite, and galena of the concentrate
dissolved simultaneously in the FeCl3 lixiviant as if each mineral was separately
leached and the copper and zinc dissolution reactions were under chemical control
(linear kinetics). The dissolution rate of all the metal values (Cu, Zn, and Pb)
followed the Arrhenius relationship (log k vs. 1/T ). The calculated activation
energy values of 37.4, 40.3, and 15.8 kJ mol�1, respectively, for dissolution of
copper, zinc, and lead were in agreement with those reported in literature. From the
agreement in the characteristic activation energy values, Ngoc et al. [40] have
suggested that the constituent minerals, chalcopyrite, sphalerite, and galena of the
concentrate dissolved simultaneously in ferric chloride as if each individual min-
eral was leached separately. The dissolution of copper and zinc appeared to be
under chemical control. As regard to the dissolution of lead, no definite conclusion
on its mechanism could be drawn due to the contradicting results, namely, linear
rate law (indicative of chemical control) and very low activation energy value
(similar to diffusion control).
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11.4 Treatment of Leach Liquor

The resultant liquor obtained after leaching the mineral with dilute acidic or
alkaline solution or after dilution of the pasty mass obtained by chemical break-
down of refractory minerals by fusion with concentrated acid, alkali, or fluorides
contains impurities, undissolved species, and suspended solid particles of the
gangue minerals. The leach liquor has to be separated from suspended particles,
concentrated, and purified prior to the recovery of the metal value. However, the
extent of concentration and purification required varies from metal to metal
depending on the level and nature of impurities and the subsequent method of
recovery. Suspended solids are removed by settling, classification, or filtration. For
handling large quantities of solution, the Dorr thickener is generally used. It
consists of a large-diameter flat-bottomed tank of relatively less height fitted
with a central shaft carrying slow revolving arms with scrappers. The leach liquor
from agitators or leaching tanks is directly fed to a central well at the top of the
shaft. After allowing sufficient time for settling and thickening, clear solution
containing the metal value is taken into a channel around the thickener. The
residues left at the bottom of the tank are gradually collected by scrappers to the
center and finally withdrawn. Settling of fine particles is facilitated by addition of
organic coagulating agents such as glue.

The resultant clear solution after solid–liquid separation is purified by suitable
techniques, such as chemical precipitation, fractional crystallization, carbon-in-pulp,
ion exchange, or solvent extraction. In rare metal extraction, ion exchange or/and
solvent extraction is/are being used extensively for purification and concentration of
dilute solutions and separation of chemically similar elements. In this section, the
principle and application of these techniques will be briefly discussed.

11.4.1 Chemical Precipitation

Generally, the chemical precipitation technique is adopted for removal of impurities
and recovery of certain metals from the leach liquor under conditions of controlled
pH, temperature, and concentration in the presence of oxidizing or reducing agent.
Traces of radium present in sulfuric acid leach liquor of uranium do not precipitate as
RaSO4. The precipitation of RaSO4 is energized by addition of barium chloride to
the leach liquor to form BaSO4 precipitate. The mixture containing the precipitates
of RaSO4, BaSO4, and PbSO4 is filtered to obtain clear uranyl sulfate solution for
further operation. Arsenic and phosphorus are removed as poorly soluble magne-
sium arsenate and magnesium phosphate, respectively, from the leach liquor
obtained by pressure leaching of scheelite/wolframite concentrate in sodium carbon-
ate solution. The filtrate is treated with sodium sulfide to precipitate molybdenum as
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molybdenum trisulfide, MoS3. Thus, some metals may be removed and also recov-
ered as sulfides. Recovery of metal sulfides will be discussed in Sect. 11.5.1.

Many other impurities present in minor quantities may be removed by precipi-
tating them as hydroxides at appropriate pH. In treatment of ores of uranium and
other rare metals, often iron is precipitated as ferric hydroxide by adjusting the pH to
about 3.2 with lime or soda ash. In almost all the leach liquors, iron (ferrous as well
as ferric ions) is present as a common impurity. The two hydroxides of iron, namely,
Fe(OH)2 and Fe(OH)3, are precipitated at pH > 7 and pH ~ 3.2, respectively. Since
many metals get precipitated in this pH range, Fe2+ present in the leach liquor is first
oxidized to Fe3+ by adding MnO2 in the leaching circuit or blowing oxygen. The
precipitate of Fe(OH)3 is voluminous; absorbs precipitates of arsenic, antimony, tin,
and germanium; and poses problems in settling and washing. In order to avoid these
problems, iron is precipitated as a dense and crystalline basic sulfate having higher
settling rate and better filtering characteristics. Toward this end, there has been an
important development known as the “jarosite process,”which is extremely useful in
the extraction of zinc via the hydrometallurgical route from sphalerite containing
relatively higher percentage of iron.

It is interesting to note that the jarosite process has derived its name from jarosite,
a naturally occurring mineral with chemical formula, K2Fe6(OH)12(SO4)4, named
after the place of its first location, Jarosite in Spain. Other jarosite-type compounds
may be formed by substituting K+ with NHþ

4 , Na
+, or Rb+. The process has solved

the problem of zinc ferrite (ZnO.Fe2O3) formation during roasting of sphalerite
(particularly in fluidized bed roasters). Zinc ferrite from the calcine can be dissolved
in more concentrated acid at relatively higher temperature (90–95 �C) because
excess iron can be precipitated as jarosite that can be easily removed from the
leach liquor. In the jarosite process, calcine (ZnO) is dissolved in a neutral leach
tank and Fe2+ is oxidized to Fe3+ in the presence of MnO2. Fe(OH)3 is precipitated at
a pH of 5. The overflow is purified and subjected to electrowinning, and the
underflow slurry is leached with spent electrolyte at 90–95 �C with addition of
fresh H2SO4. Ferric hydroxide precipitate is redissolved, and zinc ferrite is attacked.
The liquor is subjected to thickening to remove insoluble constituents as underflow.
Yellow jarosite is precipitated by the addition of NH4OH/NaOH to the overflow
taken in the precipitation tank (see Appendix A.4b) according to the reaction:

3Fe2 SO4ð Þ3 þ 10H2Oþ 2NH4OH ¼ NH4ð Þ2Fe6 SO4ð Þ4 OHð Þ12
þ 5H2SO4 ð11:129Þ

In order to counterbalance the effect of H2SO4 released and to maintain the
pH ~ 5, some more calcine (ZnO) is added. The slurry is taken to a thickener to
collect jarosite and recycle the solution to the neutral leach.

Prior to the development of the jarosite process, in order to produce leach liquor
with minimum iron, only iron-free zinc oxide was readily dissolved in sulfuric acid at
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60 �C leaving zinc ferrite as insoluble residue. Hence, recovery of zinc rarely
exceeded 85% due to the loss of zinc in ferrite. With the advent of this process,
recovery has increased up to 96%.Most of the zinc ferrite can be dissolved in hot acid
leach solution, and even higher amount of iron can be easily precipitated and filtered.

11.4.2 Fractional Crystallization

This method of purification/separation makes use of the advantage of the difference
in the solubilities of salt in water. This principle was employed first for separation of
niobium (columbium) from tantalum due to the difference in solubility of K2TaF7
and K2NbF7. It is one of the oldest methods for the separation of compounds of
chemically similar metals. It depends on small differences that are magnified in
repeated operations. However, in recent years, it has been replaced by faster and less
cumbersome methods of ion exchange and solvent extraction. In view of its histor-
ical importance, a brief account of the technique used earlier in the separation of
chemically similar zirconium and hafnium, and niobium and tantalum is given here.

Zircon sand broken by potassium silicofluoride according to the reaction Zr
(Hf) SiO4 + K2SiF6 ¼ K2Zr(Hf)F6 + 2SiO2 contains double fluorides of zirconium
and hafnium. The ground sintered mass after leaching with water retains the entire
hafnium (~1.6%). Since hafnium has a high neutron absorption cross section, it has
to be reduced to less than 200 ppm for nuclear applications of zirconium. For
separation of Zr and Hf, a 16- to 18-stage crystallization in stainless steel vessels
operating between temperatures of 100 and 19 �C has been found necessary to
reduce the hafnium content to the prescribed level. At these temperatures, the
respective solubilities [13] of zirconium salt are 250 and 16.3 g l�1. Solubility of
K2 Hf F6 is somewhat higher. The mother liquor from each stage is passed back to a
previous stage for a latter batch because the overall yield using fresh water for each
crystallization stage is about 10%. In this way, the overall yield of zirconium is 80%.
For rapid salt dissolution, all the tanks are equipped with immersion heater and
paddle stirrer. The tanks are arranged to facilitate gravity flow of mother liquors
down to cascade. During separation of K2ZrF6 and K2HfF6, K2ZrF6 crystallizes,
whereas K2HfF6 is left in the mother liquor. During the treatment of the niobite-
tantalite mineral, K2TaF7 crystallizes and K2NbF7 is collected in the mother liquor.

11.4.3 Activated Carbon

The leach liquor resulting from the sodium cyanide leaching of the gold ore is
generally poor in gold concentration. It needs to be concentrated for recovery of gold
in the next processing step. The most common method to increase the dissolved gold
concentration involves treatment of the leach liquor with activated carbon [1]. The
carbonaceous materials such as coal, wood, and plants like coconut, sized between
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1 and 4 mm diameter, are thermally activated to get internal surface area of about
1000 m2 per kg of carbon. Gold cyanide from the leach liquor is adsorbed (loaded)
on the carbon when the former is brought in contact with the latter for about 1.5 h in a
mechanically agitated tank. The gold adsorption efficiency increases with the num-
ber of stages (60 – 70% adsorption per stage). In general, six adsorption stages have
worked out to be optimum for adsorption of the order of 99.5%. The gold adsorption
is affected by temperature, concentration of gold, and cyanide in the leach liquor. It
decreases with rise in temperature, increases with increase of gold concentration, and
decreases with increasing cyanide concentration. Gold from the loaded carbon is
eluted (stripped) in concentrated cyanide solution at elevated temperature of about
95 – 150 �C. Activated carbon is regenerated by the activation process in a rotary
kiln at 650 �C in steam to remove organic waste. This is followed by HCl treatment
to remove inorganic precipitate like carbonates.

11.4.4 Ion Exchange

The principle of ion exchange seems to be derived from the special characteristic
power of soil to absorb ammonia from ammonium sulfate by releasing calcium as
per the reaction, calcium soil + ammonium sulfate ¼ ammonium soil + calcium
sulfate. Ion exchange technique was first employed [13] on commercial scale by
synthesizing inorganic zeolite: Na2Al2Si3O16, capable of exchanging sodium ions in
water softening and sugar treatment. Since natural and synthetic zeolites having
limited exchange capacity are stable only in a neutral environment, efforts were
made to develop rugged polymeric materials. In 1935, Adams and Holmes [41]
synthesized the first resinous type of exchange product from phenol and formalde-
hyde and anilines and formaldehyde. But these resins had limited applications in
industrial processes because of poor stability and low absorption capacity. Since
1944, styrene polymers with high physical and chemical stability have been used in
the manufacture of ion exchange resins.

11.4.4.1 Ion Exchange Resins

The most important type of resin is manufactured by suspension polymerization of
styrene plus variable amounts of a cross-linked agent divinyl benzene. Cation
exchange resins are obtained by sulfonation or carboxylation of the resulting poly-
mer, whereas the anion exchangers are obtained by amination after
chloromethylation of chloromethyl ether and a Friedel–Crafts type catalyst. Based
on these principles, a three-dimensional polystyrene network is prepared by copo-
lymerization of styrene (phenylethene) with divinyl benzene (diethenyl benzene).
The amount of divinyl benzene in the mixture controls the degree of cross-linkage,
which in turn determines the physical properties of the resin. Generally, 8% divinyl
benzene is used. Sulfonation of the cross-linked polystyrene results in a strong acid
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cation exchange resin. The strong acid–SO3H functional group occupying the meta
or para position on the phenyl ring [16] is shown below:

SO3H

SO3H SO3H

CH CH2 CH CH2

CH CH2 CH CH2 CH CH2

For preparation of weak acid cation exchanger, a weak acid functional group such
as a phosphoric acid (–PO3H2) or carboxylic acid (–COOH) is introduced into a
polystyrene network. The carboxylic acid resin may also be obtained by copolymer-
ization of methacrylic acid and variable amount of divinyl benzene depending on the
requirement of cross-linkage as per the reaction [16]:

+

Polyacrylate weak acid

cation exchange resin

C

CH3

COOH

CH2 C

CH3

COOH

CH2 C

CH3

COOH

CH2CH CH2

C CH2

CH CH2

CH CH2

Anion exchange resins are prepared by introducing an amine group into the cross-
linked polystyrene network by chloromethylation reaction. For preparing a strong
base functional group, a tertiary amine [16] is used, and for weak base, a secondary
amine is used:
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Secondary

amine

Tertiary amine

(e.g. N(CH3)3t)

CH2N(CH3)3Cl

Strong base anion exchange resin

quaternary ammonium compound

Weak base anion

exchange resin

CH2Cl

Cross-linked

polystyrene Chloro-

methylation

CH3
>O

CH2Cl

CH2Cl CH2Cl

CH CH2 CH CH2

CH2N(CH3)2Cl

CH CH2 CH

CH CH2 CH CH2 CH CH2

CH CH2 CH

The presence of a quaternary ammonium compound is responsible for the strong
base resin. The weak base resins do not exchange properly in alkaline solutions
although they can be easily regenerated by ammonia or sodium carbonate solution.
The quaternary ammonium compounds are of primary commercial importance.

In order to obtain the resin in a suitable particle size, the suspension polymeriza-
tion is carried out in an aqueous medium. The principal reagents are suspended
together with a catalyst, benzoil peroxide under agitation using suspension stabi-
lizers, for example, polyvinyl alcohol, bentonite, starch, or alginates in the aqueous
medium. The copolymer can have one— SO3H group introduced into each aromatic
nucleus by treatment with sulfuric acid, chlorosulfonic acid, or sulfur trioxide in
nitrobenzene. The cation exchange capacity of the resulting resin is 5 mg equivalent
per gram of dry resin. The resinous products exceptionally stable up to 120 �C and
resistant to acids, alkalis, and oxidizing and reducing agents are commercially
available in spherical shape with size ranging from 20 to 50 mesh as well as in the
form of membranes of usually 1–2 mm thickness.

Thus, ion exchange resins may be considered as insoluble [42] high molecular
acids or bases, which can form insoluble salts. They have loosely cross-linked
polymerized organic immobile structure, attached to a large number of mobile,
active, or functional groups. The functional groups may be acidic or basic in
character. Strongly acid resins with cation exchanger contain a sulfonic acid
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(�SO3H) group, whereas weakly acid resins have carboxylic (�COOH) or phenolic
(�OH) active groups. Such resins capable of exchanging H+ or Na+ for ions of
similar charge are marketed in hydrogen or sodium form. The active group in anion
exchange resins of the strong base type is a quaternary ammonium group (�NX3),
and the weak base resins contain an amino (�NX2) or imino (¼NX) group, where X
may be hydrogen or an organic radical. Anion exchange resins are generally
prepared in the chloride or hydroxyl form and can exchange the active ion for ions
of similar charge. The porosity, stability, and swelling characteristics of a resin are
governed by the degree of cross-linkage, which in turn increases with the proportion
of divinyl benzene used in synthesis.

11.4.4.2 Principle

There is an exchange reaction between the ions in the solution and those of like
charge in the resin when the two are brought into contact. For example, the cation
exchange process is represented by the following reaction:

nHR resinð Þ þMnþ solutionð Þ ⇄ MRn resinð Þ þ nHþ solutionð Þ ð11:130Þ

where R is the insoluble organic part of the resin and H is the ionizable part of the
functional group of the resin. In a similar way, an anion exchange reaction may be
expressed as:

nRCl resinð Þ þ An� solutionð Þ ⇄ RnA resinð Þ þ n Cl� solutionð Þ ð11:131Þ

In the above exchange processes, equivalent amounts of H+ and Cl� are released
into the solution. The extent of exchange is limited by the capacity of the resin which
is of the order of 2–10 g equivalent per kilogram [43] of the dry resin. The ion
exchange equilibria representing the ion transfer between a solid resin and liquid
solution are valid only for dilute solutions. The equilibrium constant or the distri-
bution coefficient for transfer of any ion, I, taking part in reaction of the type
(11.130) or (11.131) may be expressed as:

KI ¼ concentration of I in the resin
concentration of I in the solution

ð11:132Þ

The extent to which an ion is retained or sorbed in the resin depends on the nature
of the ion, the resin, and the solution under consideration [43]. Ions of greater charge
and lesser hydrated ionic radii are more easily sorbed in a resin than those of lesser
charge and greater hydration. For example, the order of retention of ions of thorium,
lanthanum, magnesium, and sodium by a resin from equivalent solutions would be
Th4+ > La3+ > Mg2+ > Na+. The order of retention in case of ions of the same valence
like thoseof analkalimetal groupand thealkaline earths areCs+>Rb+>K+>Na+>Li+

and Ba2+ > Sr2+ > Ca2+ > Mg2+, respectively. However, the degree of hydration
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plays an important role in the sorption of tripositive elements of lanthanide and
actinide series. Since the radii of the hydrated tripositive ions increase with atomic
number, the order of retention by a resin decreases with increase of the atomic
number. The order of retention for the actinide series is as follows:

U3þ > Np3þ > Pu3þ > Am3þ > Cm3þ

Similarly, the order of retention of anions by a strong base resin follows the trend:

SO2�
4 > CrO2�

4 > NO�
3 > HPO2�

4 > I� ¼ Br� > Cl�

The apparently incorrect position of phosphate ions may be due to their large size.
Weak acid and weak basic resins exhibit preferences toward certain ions, but strong
resins do not exhibit such a selectivity toward ions. For example, carboxylic resins
are selective toward Ca2+ and Cu+ among a mixture of different ions. Degree of
cross-linkage affects sorption. A stable resin with considerable cross-linkage pos-
sesses smaller pores and preferentially absorbs ions with a smaller hydrated volume.
As ion exchange equilibria are valid in dilute solutions, K values are affected to a
great extent by the total concentration of ions. A resin absorbs Ca2+ in preference to
Na+ from a dilute solution containing calcium and sodium ions, whereas the order is
reversed in the concentrated solution.

11.4.4.3 Kinetics of Exchange Reaction

An ion exchange resin may be regarded as a three-dimensional network of polymer
chains bonded to each other at regular intervals by cross-linking molecules. The
attached functional groups undergo ionization to generate cations (or anions). These
ions are capable of exchanging other ions present in the solution after coming into
contact. The ion exchange process is heterogenous presenting a case of solid (resin)–
liquid (aqueous solution) reaction, but it complies with homogeneous second-order
reaction kinetics. The exchange reaction between a strong acid cation exchange resin
in the hydrogen form (RH) and a dilute solution containing I+ ions may be
represented as:

RHþ Iþ ¼ RIþ Hþ ð11:133Þ

The reaction may be considered to occur in the following steps [16]:

(i) Transport of I+ ions from the bulk of the solution across the stagnant boundary
layer surrounding the resin bed

(ii) Diffusion of I+ ions into the interior of the resin
(iii) Exchange reaction between H+ ions and I+ ions
(iv) Diffusion of H+ ions outward to the surface of the bed
(v) Diffusion of H+ ions across the stagnant boundary layer into the bulk of the

solution
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The diffusion occurring in the boundary layer (steps i and v) may be termed as
“film diffusion,” whereas steps (ii) and (iv) are generally referred as “particle
diffusion”. The diffusion in the solid resin is complicated due to the restriction of
polymer network, charge distribution associated with the fixed ions of the functional
groups, porosity of the solid bed, and effective diffusivity of metal ions. Higher
cross-linkage may favor particle diffusion as the rate-controlling process. As a large
range of metal ion concentrations are encountered in hydrometallurgical processing,
the rate-controlling step in the initial stages of the ion exchange reaction is likely to
be film diffusion. The diffusion path lengthens progressively as the actual reaction
zone moves toward the resin bead surface. This gradually leads to a change from a
film diffusion controlled process to a particle diffusion-controlled process.

11.4.4.4 Ion Exchange Process

Ion exchange is carried out in two steps [13, 43], namely, “sorption” and “elution.”
In the first step, the solution containing ions of interest is allowed to pass through a
column filled with grains of a resin in an appropriate form. During the downward
movement in the column, the ions of the same charge as those on the resin are taken
up (sorbed) by the resin and the depleted solution flows out of the column. In the
second step, the ions retained by the resin are recovered by percolating a suitable
solvent (water, appropriate acidic, or alkaline solution) through the bed. The liquid
eluted from the column contains the desired ions. Thus, elution is just the reverse of
sorption. A resin can be employed for thousands of cycles. Often, the resin bed is
regenerated during elution. When the bed becomes impervious due to pick up of dust
and insoluble matter, a “back-wash”with water is carried out to “loosen” the bed and
to remove mechanically entrapped matter.

If one is interested in recovering two ions, I1 and I2 of similar charge present in the
solution, advantage is taken of the separation factor [43]. The separation factor (α) of
the resin is defined as the ratio of two distribution coefficients, KI1 and KI2 :

α¼ KI1

KI2

¼ concentration of I1 in the resin
concentration of I2 in the resin

� concentration of I2 in the solution
concentration of I1 in the solution

ð11:134Þ

or
concentration of I1 in the resin
concentration of I2 in the resin

¼ α
concentration of I1 in the solution
concentration of I2 in the solution

As both I1 and I2 may be sorbed on passing the solution through the resin bed, it
is necessary that the left-hand side of the above equation should be large to achieve
a good separation. The species I1 will then tend to be retained by the resin, while I2
is carried away by the solution, that is, I2 ions will move ahead of I1 in the exchange
column during the elution and will leave the column first. This can be achieved by
having either a large value of α or by having a large ratio of I1 to I2 in the solution.
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On the other hand, when the affinities of the ions for the resin are similar, that is, α is
small, the second condition may be beneficial. For this purpose, eluting solution
with anions that may form complexes with I1 and I2 (cations) may be employed. If
the complex formed with I2 is stronger, the ratio of free I1 ions to free I2 ions in
solution will be large and this will favor good separation. For example, citric acid
partly neutralized with ammonia to a pH of 3–3.5 has been used in the separation of
tripositive ions of the lanthanide and actinide series. In this case (H2 cit)

�, anions
present in the solution form neutral complexes of the type M(H2 cit) with the
tri-positive ions. The preferential elution of the component metal is facilitated
because the stability of the complex increases with decreasing atomic number.
During the separation of ferric ions from potassium ions, excess chloride is added
to the solution to form negatively charged complex of iron, which can be removed
by passing the solution over an anion exchange resin. Potassium is allowed to move
first through the column. Subsequently, iron is eluted with dilute hydrochloric acid.
Alternatively, the mixed solution with excess of chloride can be passed over a
cation exchange resin that allows the complex ferric ions to pass through and retain
potassium. Potassium can be subsequently recovered by elution with an acid
solution.

Ion exchange has been a batch process for several years in the past. After
extensive research investigations, the “Resin-in Pulp” (RIP) technique [13, 42] and
ion exchange membranes were introduced, but these developments could not fulfill
the prime objective of making ion exchange a continuous process. In the RIP
technique, unclarified slurries or pulps obtained by leaching are brought into contact
with resin and eluted with a suitable solvent. The technique employs tanks, moving
baskets of resins in solution tanks, pulse columns, and jerked beds. In uranium
processing, a semicontinuous operation has been achieved by the use of a few
columns in series, some for sorption and some for elution. Continuous ion exchange
equipments have also been developed. Ion exchange membranes are being used
increasingly in electrochemical industries to minimize energy losses due to mixing
of anolyte and catholyte. These membranes are used as a partition between anolyte
and catholyte.

11.4.4.5 Applications in Metallurgy

Ion exchange technique has been successfully employed in four distinct classes of
applications, namely, concentration, separation, purification, and metathesis. How-
ever, it has been most extensively used in concentration of solutions. When other
methods like precipitation, evaporation, or concentration fail, ion exchange is very
well suited for economic treatment of extremely dilute solutions. Concentration of
the order of thousand fold can easily be achieved. Many metals in dilute solutions
constitute harmful wastes requiring careful attention in disposal from the viewpoint
of health hazards. Ion exchange is very well suited for the disposal of such wastes
because it can quite effectively remove and recover even traces of ions present in any
solution. Separation of ions is widely used for analytical purposes. Ions with very
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small difference in the strength of adsorption can be easily separated by this
technique. Purification of a very high degree can be achieved. Salts can be converted
into acids and bases and other salts by metathesis, although it has a limited applica-
tion in metallurgy. Some of the unique examples where ion exchange plays an
important role in extraction, concentration, separation, or purification of metals are
briefly discussed here.

1. Extraction of uranium: Pitchblende, U3O8, is leached with dilute sulfuric acid in
the presence of pyrolusite at a pH of 1.8 as per reaction (11.1) in rubber-lined mild
steel pachucas [44, 45]. The resultant leach liquor containing about 0.4 g U3O8

per liter solution together with appreciable amounts of V, Al, Fe, PO3�
4 , Cl� and a

large amount of sulfate ions after filtration is passed through an anionic exchange
resin, Amberlite IRA-400. Uranyl sulfate of the lean leach liquor complexes with
the excess sulfate ions present in the solution to form negatively charged com-
plexes, such as [UO2(SO4)3]

4� and [UO2(SO4)2]
2�. These sulfato complexes are

selectively adsorbed on the resin according to the reaction:

4RClþ UO2 SO4ð Þ3
� �4�

⇄ R4UO2 SO4ð Þ3 þ 4Cl� ð11:135Þ

where RCl is the resin in chloride form. Elution with 1 M NH4NO3–0.1 M HNO3

or M NaCl–0.1 M H2SO4 yields effluent containing an almost pure uranium of
concentration: 5 g U3O8 per liter. This concentrated solution is followed by
diuranate precipitation (see Appendix A.7). The uranium recovery in the ion
exchange process is over 99%.

2. Treatment of gold ore: In the treatment of complex Canadian gold ore, cyanide
solutions were passed through a richly basic anion exchange resin for the
adsorption of cyanide complexes of gold, silver, copper, iron, cobalt, and nickel.
By following a selective elution procedure, separation of different metals from
the mixture was possible. Nickel and zinc were eluted with hydrochloric acid,
iron and copper with sodium cyanide solution, gold and silver with acetone
acidified with hydrochloric acid, and finally cobalticyanide complex with strong
potassium thiocyanate solution. This demonstrates the importance of ion
exchange technique in concentration, separation, and purification.

3. Separation of zirconium and hafnium: Zirconium and hafnium that occur together
have very similar chemical characteristics. Zirconium metal produced from its
ores contains small quantities of hafnium. With low absorption cross section for
thermal neutrons, zirconium is suitable for structural purposes in nuclear reactor
construction. Hafnium having high neutron absorption cross section has to be
reduced to less than 200 ppm in zirconium. In order to produce hafnium-free
zirconium, a separation process step has to be added after the ore breakdown step.
Prior to the development of the ion exchange process, fractional crystallization of
K2ZrF6 was carried out in 16 – 18 stages for zirconium–hafnium separation. As
fractional crystallization is a very tedious and cumbersome process, ion exchange
has proved to be a boon in Zr–Hf separation. Both cation and anion exchange
resins have been used for this purpose.
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From a nitric acid solution, both the metals are adsorbed in a thin layer at the
top of the resin Zeokarb-225. On elution with 0.5 M H2SO4, zirconium moves
down the column ahead of hafnium. About 98% Zr containing less than 200 ppm
Hf can be recovered by employing a suitable length of the column. Hafnium is
then eluted rapidly with 1.5 M H2SO4. The anion exchanger method is based on
the fact that Zr and Hf form stable anions such as fluorozirconate and
fluorohafnate. These complexes are adsorbed on a suitable anion resin and
subsequently selectively eluted with a mixture of HF–HCl acid solution to yield
hafnium-free zirconium.

Similarly, spent fuel elements are treated for purification, separation, and
recovery of unburnt uranium, plutonium, and radioactive fission products useful
for industrial and research purposes. However, in recent years, solvent extraction
has superseded the ion exchange technique in separation and purification of
chemically similar elements like Zr and Hf, Nb and Ta, U and Pu, V and Th,
and fission products elements. Currently, ion exchange happens to be an impor-
tant tool for concentration of dilute solutions obtained by leaching, plating rinse
waste, and disposal of industrial wastes.

4. Treatment of plating solutions: It is necessary to purify the contaminated plating
bath for reuse and recovery of valuable constituents. For example, chromic acid is
used extensively in hard chrome or decorative coating baths or for formation of a
protective oxide coating. In these operations besides the desired plating or
oxidizing reactions, dissolution of some of the base metals in chromic acid
takes place. On the industrial scale, chromic acid is recovered by cation
exchanger and chromates by anion exchanger resins. Another example is that
of tin recovery from hot alkaline tin plating wastes. Hot dilute sodium stannate is
passed through a hydrogen exchanger bed to form insoluble stannic acid that
separates as a flocculants material of 2% solids in a decantation tank. The stannic
acid is subsequently treated for the recovery of tin.

5. Disposal of industrial wastes: Waste solutions from many industries contain
relatively valuable materials in very low concentrations whose recovery by
conventional methods is not economical. Several industries are employing ion
exchange columns for waste treatment, not only for prevention of loss of valuable
metals but also from the viewpoint of public health. Purification of industrial
wastes before disposal into rivers is definitely more beneficial compared to the
recovery of metal values. Ion exchange technique has been successfully
employed in the treatment of waste solutions from brass, textiles and rayon
mills, anodizing, and plating units. Waste liquids from atomic energy installations
are radioactive in character and contain many fission product ions. These would
cause great harm to public health as well as vegetation when they enter water
supplies. Ion exchange has proved to be a valuable tool in decontamination of
radioactive wastes. The technique has also been useful in recovery of some
radioactive isotopes for research and medicinal purposes.
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11.4.5 Solvent Extraction

Ion exchange is a batch process. Despite extensive and serious efforts, it has not been
possible to develop it on a continuous scale due to the limited capacity of the resins
and slower adsorption/desorption kinetics of the solid–liquid exchange reactions.
Thus, the technique has been confined to a few specific applications. Contrary to
this, solvent extraction has emerged as a continuous process on account of a much
faster rate of transfer of ionic species in the liquid – liquid exchange process (from
the aqueous phase to the organic phase and vice versa). In recent years, the solvent
extraction technique has been exploited on a tonnage scale in a number of metallur-
gical and chemical industries. It is generally considered to have come into vogue
about eight decades ago in the pioneering observations of Peligot [43] on the transfer
of uranyl nitrate from an aqueous solution to an organic solvent, diethyl ether. Since
then, it has been employed for a variety of purposes including separation of
chemically similar elements, concentration of dilute solutions, extraction of desired
species from a solution, purification of salts, recovery of valuable constituents from
waste solutions, and so on in the field of chemistry, chemical engineering, and
extractive metallurgy. The first metallurgical application may be said to have
begun with the commercial exploitation of the process (in 1942) for the recovery
and purification of uranium by the US Atomic Energy Commission. The technique is
being used on an industrial scale not only in rare metal extraction but also in the
winning and purification of common metals.

11.4.5.1 Basic Principles and Process

Solvent extraction process consists of bringing into contact the aqueous solution
containing the metal value with a suitable organic phase (an organic compound, i.e.,
extractant, dissolved in a diluent). The metal value is distributed between the two
phases and under equilibrium [45] the distribution coefficient, D is defined as:

D ¼ co
ca

ð11:136Þ

where co and ca are, respectively, the concentration of metal ion in the organic phase
and in the aqueous phase. The relation holds good provided there is no association or
dissociation in either phase. If αo and αa are the association or dissociation coeffi-
cient in the organic and aqueous phases, respectively, the relationship is modified as
D ¼ co 1�αoð Þ

ca 1�αað Þ. This coefficient helps in assessing the extent of extraction in a given

number of stages as total extraction does not occur in only one step. Further, the
aqueous solution may contain a number of impurity metals (i1, i2. . . ..in). along with
the metal (m) of interest. In such a case, the ratios of distribution coefficients
Dm=Di1

, Dm=Di2
, and so on known as the separation factors [13], are indicative of the

degree of separation achieved in one equilibrium stage. For good separation that is
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required in the extraction as well as purification operations, these factors should
obviously be much larger than or much smaller than unity [2].

After extraction, the metal value is recovered from the loaded organic phase in a
subsequent step known as “stripping”where the loaded organic phase is brought into
contact with a suitable aqueous stripping solution. The ease with which metal ions
are transferred from one phase to the other may be controlled by adjusting the
compositions and operating conditions properly (discussed in a subsequent section).
Provision is made to strip only one metal, if more metal ions are extracted in the first
stage, by adding one more step known as “scrubbing” to each of the extraction and
stripping columns. Generally, the process requires several steps to attain the maxi-
mum amount of extraction. It is necessary to optimize [2, 13] the number of
extraction stages and volume of the solvent in each stage for a given quantity of
solvent. For maximum extraction, the solvent is used in a number of volume
fractions rather than using all the solvent at a time. After n extractions, the concen-
tration of the solute left behind in the aqueous solution, (ca)n, is given by

cað Þn ¼ cað Þi 1
1þD vo=vað Þ

 �n
; where vo and va are the volumes of organic and aqueous

phases, respectively, and (ca)i is the initial concentration of metal ions in the aqueous
phase.

Batch and continuous counter current extraction methods have been employed for
solvent extraction. Generally, feed preparation is carried out in stainless steel or
concrete tanks provided with a coil for heating or cooling, a stirrer, and a manhole.
For extraction, vertical or horizontal vessels [2, 13] known as columns and mixer-
settlers, respectively, are in use. Pumper decanters and centrifugal extractors have
been employed to a lesser extent. In every type of extraction unit, the main object is
to obtain rapid and efficient transfer of solute from one phase to the other.

11.4.5.2 Mechanism

Some of the important mechanisms of solvent extraction are outlined below:

1. Charged complex formation followed by ion exchange: The solvent acts either as
an anion or a cation exchanger [2, 13, 45]. The metal ions are readily transferred
to the organic phase by the formation of more soluble charged complexes
between the metal species and the solvent:

a. Anion exchangers include the basic organic extractants like amines. The above
principle is illustrated by the following equations in the extraction of uranyl
ions in sulfuric acid medium:

UO2þ
2 þ 2SO2�

4 ¼ UO2 SO4ð Þ2�2
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2R3Nþ H2SO4 ¼ R3NHð Þ2SO4

and R3NHð Þ2SO4 þ UO2 SO4ð Þ2�2 ¼ R3NHð Þ2UO2 SO4ð Þ2 þ SO2�
4 ð11:137Þ

b. Cation exchanger solvents include acid organic extractants like dialkyl phospho-
ric acid and carboxylic acid. The extraction of a divalent metal ion by dialkyl
phosphoric acid may be represented according to the equation:

2HR2PO4 þM2þ ! M R2PO4ð Þ2 þ 2Hþ ð11:138Þ

General Mills Incorporated was the first to demonstrate that an aliphatic
α-hydroxy-oxime (LIX 63) could be used to extract copper from dilute sulfate
leach liquor. LIX has been classified as liquid cation exchanger [16] on account of
the following exchange reaction in extraction of copper:

2 RHð Þorg þ Cu2þ
� �

aq ¼ R2Cuð Þorg þ 2Hþð Þaq ð11:139Þ

For which, the equilibrium constant,

K ¼ R2Cu½ �org Hþ½ �2aq
RH½ �2þorg Cu2þ

� �
aq

ð11:140Þ

since D ¼ R2Cu½ �org
Cu2þ½ �aq ,

we can express the distribution coefficient as:

D ¼ K RH½ �2org
Hþ½ �2aq

∴ logD ¼ logK þ 2 log RH½ �org þ 2pHaq ð11:141Þ

Thus, the distribution coefficient depends on the pH of the solution. The pH value
corresponding to 50% extraction by LIX63 is 4.8. This is too high for extracting
copper from heap leach liquor together with poor selectivity over iron. The rate of
extraction was enhanced by mixing aromatic β-hydroxyoxime with α-hydroxyoxime
(LIX-63). The mixture called LIX 64 has better selectivity over iron at pH ¼ 3.3.
LIX64 has been used commercially at the Bluebird Mine Miami [16]. On further
modification, LIX65N was developed to obtain satisfactory rates of extraction at
elevated temperatures. A small proportion of LIX63 with LIX65N designated as
LIX64N works better in terms of greater selectivity of copper over iron [46] at lower
pH of 2.9. Kelex reagents based on 8-hydroxyquinoline were developed by Ashland
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Chemical Company. These reagents extract acid along with copper and show poor
selectivity against iron; however; they possess excellent stripping characteristics.

In recent years, a mixture of aldoximes and ketoximes [5] dissolved in petroleum
distillate (to the extent of 10–20% by volume) is being used in most of the copper-
producing plants based on the hydrometallurgical route. The appropriatemixture can be
easily prepared to achieve optimum conditions for efficient and effective extraction,
stripping, and separation. Low acid concentration (0.5–5 g H2SO4 per liter of solution)
favors extraction, whereas stripping of copper from the loaded organic solvent is
favored at high acid concentration (150–200 g H2SO4 per liter). Alternatively,
aldoximes modified with ester can also be used. The formation of the copper complex
with twooximemolecules is shown inFig. 11.12. In the exchange reaction (11.139),RH
is the extractant, aldoxime, or ketoxime. In aldoxime, R stands for C9H19 or C12H25 and
A stands for H, whereas in ketoxime, R is C9H19 and A is CH3 (Fig. 11.12).

2. Additive product formation: Readily extractable additive complexes are formed
by the replacement of water molecules attached to the metal chelates when a
hydrophobic extractant such as tri-butylphosphate (TBP) or tri-n butylphosphine
oxide is used as the organic solvent. These solvents are characterized by electron
donor [45] oxygen atoms, which are helpful in the removal of water molecules
during extraction. For example, uranyl ions formed by ionization of uranyl nitrate
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Fig. 11.12 Formation of copper complex with two oxime molecules (From Extractive Metallurgy
of Copper by W. G. Davenport et al. [5],© 2002, p 310, Elsevier Science Ltd. Reproduced with the
permission of Elsevier Science Ltd)
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during further hydration gets associated with a ring of six oxygen atoms contrib-
uted by water molecules. Removal of these water oxygen atoms can be affected
by a donor group of extractant to form a neutral molecule. Thus, distribution of
metal ions to the organic phase depends on the donor capacity of the extractant;
for example, TBP is a strong donor and can replace all the water of hydration,
whereas diethyl ether replaces only a part of water bound to ions. The transfer
[45] may be represented by the reaction:

2RO⋯

RO

⋮
P

⋮

RO

¼ Oþ UO2 NO3ð Þ2

→ RO⋯

RO

⋮
P

⋮

RO

¼ O

2
666666664

3
777777775
2

UO2 NO3ð Þ2 where R is C4H9

3. Salt formation: While using chelating (synergistic) agents, the solute metal
ions form complexes that are more soluble in the organic phase.
Thenoyltrifluoroacetone (TTA) added to TBP has been found to promote extrac-
tion of many metals. If both acid and basic functional groups of an organic
solvent molecule combine with a metallic ion, a chelate is formed. Acetyl acetone
in the enol form on reaction with beryllium ion gives rise to the formation of the
following chelate by replacing enolic hydrogen [2].

CH3

C OH

2HC + Be2+ Be CH + 2H+

C O

CH3

CH3

CC O O

HC

CC O O

CH3

CH3

CH3
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When sodium tungstate solution is allowed to come into contact with the
extractant [47] (7% alamine-336 and 7% decanol dissolved in kerosene), tungstate
ions are transferred from the aqueous phase to the organic phase by forming a salt
according to the reaction:

n
2

R3NH � HSO4ð Þ2
h i

org
þ WxOyHz

� �n�� �
aq ! R3NHð ÞnWxOyHz

� �
org þ n HSO�

4

� �� �
aq

11.4.5.3 Desirable Characteristics of a Solvent and Various Solvents

In order to select a proper solvent, a number of characteristic features [2, 43] are to be
kept in mind. A solvent should show a high selectivity, which may be expressed by
the separation factor as discussed earlier. The solvent should be immiscible with the
solution to be extracted, chemically stable against various chemical reagents (includ-
ing strong acids/bases, oxidizing/reducing reagents, and α, β, and γ radiations for use
with radioactive materials), less viscous to reduce the costs of pumping, and
noninflammable and nontoxic from the point of view of in-plant safety. There
must be enough difference in densities and proper interfacial tension between the
two phases so as to have good contact as well as separation. The solvent should also
be readily available in pure state at a reasonable cost and should be capable of easy
recovery, for example, by distillation. The solvents of interest are widely known by
abbreviated and trade names. They can be divided into four main groups [2, 48]:

1. Organophosphorus compounds: This group provides a number of compounds for
extraction and purification of metals, such as tri-butyl-phosphate (TBP), tri-octyl
phosphine oxide (TOPO), tri-phenyl phosphite (TPP), tetrabutyl ethylene
diphosphonate (TBEDP), and di2ethylhexyl phosphoric acid (D2EHPA). Each
solvent is effective in a specific medium. For example, TBP and D2EHPA are
powerful extractants in HNO3 and H2SO4 media, respectively. The former is less
effective in HCl and H3PO4 solutions and shows poor extraction through H2SO4

media. TBP has been used for the extraction of a number of metals U, Th, Fe, Zr,
Hf, Ta, and La. TBP-D2EHPA and TOPO-TBP systems are good examples of
synergistic [49, 50] action.

2. Nitrogen containing organic compounds: This group consists of amines [51] and
ammonium compounds [52] (mol wt > 200) such as tricapryl amine (Alamine-
336), methyl trioctylamine (Aliquat 336), α hydroxyoxime (LIX-63), triiso-
octylamine (TIOA), methyldioctylamine (MDOA), amberlite, ethylenediamine
tetra acetic acid (EDTA), and diethylene triamine penta acetic acid (DTPA).
Tertiary amines are more powerful than primary and secondary amines. A
number of common metals such as Co, Ni, and Zn have been successfully
extracted through HCl media by the use of either quaternary ammonium
compounds (trialkyl monomethyl ammonium chlorides) or tertiary amines.
Hydroxyquinoline has been reported to be a powerful synergistic agent in this
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group. Hydroxyoximes [53] have been used for the extraction of copper from
leach liquor.

3. Carboxylic acids, soaps, and surface active agents: These solvents are less
effective as compared to organophosphorus compounds, but a number of high-
molecular-weight carboxylic acids (mol wt 165–300) have been used for the
extraction of common metals [54, 55]. pH plays an important role during extrac-
tion with carboxylic acid. Fatty acid soaps [48] diluted in kerosene have been
successfully used for the extraction of heavy metals. The use of surface active
agents such as polypropylene glycol and high molecular sulfonic acids such as
dinonyl naphthalene sulfonic acid [56] has been reported for the extraction of
common as well as base metals through sulfate leach liquors.

4. Miscellaneous group: Apart from the above three major groups, many other
organic solvents [48] are in use, for example, ethers (diethyl ether and isopropyl
ether), alcohols (1-octanol. 2-octanol, amyl- and octyl-alcohol), ketones (methyl
isobutyl ketone), benzene, toluene, and so on. Dithizone, EDTA, DTPA, TTA,
and so on show synergistic action with this group of solvents. Ethyl and isopropyl
ether [57] have been used for separation of rare earths.

11.4.5.4 Factors Influencing Extraction

The extraction of an inorganic compound from an aqueous solution by means of an
organic solvent is affected by a number of factors listed below:

1. Salting agent: An agent that increases the extraction by increasing the distribution
coefficient is known as a salting agent. It may be a salt or an acid possessing the
same anion as the solute. For example, addition of either HNO3, NaNO3, or Mg
(NO3)2 favors the extraction of uranyl nitrate by diethyl ether [45].

2. Nature of anion: Different solvents may require different media for the extraction
of the same metal ion, that is, the extractability is dependent not only on the metal
ions but also on the anion to which it is associated in the solution. It is known that
in the case of uranyl ion extraction, TBP or diethyl ether functions satisfactorily in
a nitric acid medium, whereas D2EHPA requires strictly a sulfuric acid medium
(i.e., uranyl sulfate solution).

3. Oxidizing and reducing agent: For better extraction, the metal should be in its
most soluble state [43]. In some cases, this may be affected by its valence, as in
the case of Pu, where Pu6+ is more easily extracted as compared to Pu3+ by TBP.
Thus, extraction may be favored by oxidizing agents while stripping may be
favored by reducing agents.

4. Chelating compounds: Additives to the organic phase, which enhance extraction
by increasing co/ca ratio, are known as synergistic [2] or chelating agents. They
form more soluble complexes with metal species. Generally, neutral organophos-
phorus compounds show synergistic effects when added to acidic organophos-
phorus compounds, for example, TBP in D2EHPA.

5. Modifiers: Additives that increase the solubility of the extractant are known as
modifiers [2]. They are of particular use where the complex formed by the
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chelating agent is less soluble in the extractant resulting in a three-phase system.
High-molecular-weight alcohols (e.g., capryl alcohol, isododecanol) are often
used as modifiers.

6. Sols and cruds formation: Solvent extraction has been described as a colloidal
phenomenon [58]. Salting out agents promote extraction by the formation of
“sols,” provided they are easily dispersed in the organic phase; however, if these
“sols” segregate to form nonmiscible “cruds” or “emulsion,” the extraction is
hindered.

7. pH: When there are two metals of interest, selective extraction and stripping may
be achieved by variation of pH. For example, in the case of uranium and
vanadium extraction [13], the former is extracted at a pH of 1.0, whereas the
latter at 1.7. Better stripping may be achieved at a particular pH.

8. Phase ratio: Phase ratio [2, 13] is defined as the ratio of volume of organic phase
to the volume of aqueous phase. This ratio is adjusted according to the solvent
loading capacity.

11.4.5.5 Kinetics of Solvent Extraction

Theories regarding the kinetics of solvent extraction are still controversial. In the
case of chelating extractants, one group considers a completely interfacial reaction
process, while another assumes the reaction to occur in the aqueous phase adjacent to
the interface. In fact, no single theory can satisfactorily explain all the transfer
mechanisms. Despite these drawbacks, the classical two-film theory has been suc-
cessful in explaining the factors affecting the rate of extraction.

When two immiscible phases (aqueous phase containing metal ions and organic
phase containing the extractant) are allowed to come into contact (not in equilib-
rium), the rate of transport of metal ions from the aqueous phase (a) to organic phase
(o) is proportional to the concentration difference and the area of contact, A, of the
two phases and inversely proportional to the thickness of the boundary layer or film
thickness, δ. Transfer of metal from phase (a) to phase (o) via two films is shown in
Fig. 11.13. If c, D, and δ stand, respectively, for concentration, diffusion coefficient,
and film thickness with appropriate subscripts as indicated in the figure, the rate of
mass transport in the aqueous phase may be expressed according to the Fick’s law as:

dm
dt

� �
a

¼ D:A:
ca � caið Þ

δa
ð11:142Þ

Denoting D/δa ¼ ka as the film mass-transfer coefficient in the aqueous phase, we
can write:

dm
dt

� �
a

¼ ka:A ca � caið Þ ð11:143Þ

492 11 Hydrometallurgy



The metal ion produces a new species in the organic phase (o) by undergoing
reaction at the interface. The new species is then transferred in phase (o) away from
the interface at a rate given by

dm
dt

� �
o

¼ D:A:
coi � coð Þ

δo
¼ koA coi � coð Þ ð11:144Þ

The two Eqs. 11.142 and 11.144 can be equated at steady state:

dm
dt

� �
a

¼ DaA
δa

ca � caið Þ ¼ dm
dt

� �
o

¼ DoA
δo

coi � coð Þ ð11:145Þ

The above equations clearly demonstrate that the rate of extraction can be
enhanced by increasing the interfacial area and decreasing the film thickness.
Agitation of the fluids will increase the interfacial area by creating a more intimate
dispersion of the two phases as well as decrease the film thickness on both sides of
the interface. The phase ratio and temperature are among the other factors that
affect extraction. The former controls the interfacial area, and the latter changes the
diffusion coefficient.

The two-film theory is based on molecular diffusion under laminar flow condi-
tions. On the other hand, introduction of agitation generates turbulent flow condi-
tions where eddy diffusion dominates. As eddies move rapidly from one position to
another, interface will frequently receive solutes carrying eddies, which will
rapidly increase the mass transfer. In brief, the agitation by way of introducing
turbulent flow conditions will disturb the interface and the concentration gradient,

Organic phase (o)

Mass transfer of metal

ions to interface

Mass transfer of metal

species from interface

Aqueous phase (a)

Interfaces

coi

ca

co

cai

δo

δa

Fig. 11.13 Transfer of metal ions via two films (From Hydrometallurgical Extraction and Recla-
mation by E. Jackson [16], © 1986, p 117, Ellis Horwood Ltd. Reproduced with the permission of
Ellis Horwood Ltd)
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which are responsible for the two-film theory. However, there is a limit to the
degree of agitation that causes dispersion of one phase into another by formation of
droplets. The size of the droplet [16] is controlled by density, phase ratio of the two
phases, the interfacial energy, and the nature and degree of agitation. While a large
interfacial area formed of small droplets is desirable for a high rate of extraction, it
is important to note that the two phases must separate easily after extraction. This
requires easy coalescence, which is lower in case of smaller droplets. These
considerations warrant a compromise between the rate of extraction and efficient
phase separation.

11.4.5.6 Applications in Metallurgy

Generally, applications of solvent extraction can be classified into four distinct
groups, namely, concentration (extraction of metal value into a limited volume
from a large volume of aqueous solution), separation (of elements chemically similar
in nature), extraction (recovery of metal value from solutions obtained by leaching of
ores), and purification (to obtain a purer starting material for further metallurgical
operation). Many a time, extraction, concentration, separation, and purification may
be all achieved simultaneously. Some of the typical applications of solvent extrac-
tion in the field of extractive metallurgy are discussed briefly in this section.

1. Extraction of uranium: Solvent extraction is most widely used in the uranium
industry [13, 59, 60]. Uranium occurs essentially as pitchblende (xUO2�yUO3),
carnotite (K2O�2UO3�V2O5�3H2O), autunite (CaO�2UO3�P2O5�8H2O), and
turbernite (CuO�2UO3�P2O5�8H2O). Two flowsheets are generally adopted for
extraction: one involving sulfuric acid leaching, ion exchange purification, pre-
cipitation as diuranate, and purification of the compound by solvent extraction
(see Appendix A.7); and the other comprising pressure leaching with sodium
carbonate solution, precipitation as diuranate, and further purification of this
compound by solvent extraction. Solvent extraction may be employed along
with ion exchange as indicated above, or alternatively, the solvent can be directly
contacted with the pulp obtained by acid leaching. The compound (diuranate)
obtained by either method contains a number of impurities such as vanadium,
aluminum, molybdenum, titanium, boron, cerium, iron, and magnesium.
Removal of these impurities is essential in order to get nuclear-grade uranium,
and the same is possible by the use of solvent extraction.

Various extractant used for this purpose are TBP, diethyl ether, D2EHPA, and
amines. TBP is most widely used because of its cheapness, stability against
concentrated nitric acid, and safety considerations. A 20–35% TBP dissolved in
kerosene is the commercial solvent. HNO3, NaNO3, or Mg(NO3)2 may be used as
salting agent. From the loaded solvent, uranium ions are stripped into dilute nitric
acid in a separate column at 60 �C. This elevated temperature stripping decreases
the distribution coefficient and allows a lower aqueous to organic phase ratio,
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thereby giving a more concentrated solution requiring less subsequent evapora-
tion. For the treatment of ores containing vanadium (e.g., carnotite ore of
Colorado [2] plateau), use of D2EHPA has been found to be suitable. A 10%
D2EHPA and 2.5% TBP in kerosene extracts uranium in the first cycle. In the
second cycle, vanadium is extracted from the raffinate by the use of a different
proportion of the solvent. Sodium carbonate solution and 10% dilute sulfuric acid
are used for stripping of uranium and vanadium, respectively.

2. Extraction of thorium: The most important mineral of thorium is monazite
(complex phosphate of thorium and rare earths). Important steps in thorium
extraction are sulfuric acid or sodium hydroxide breakdown of monazite, diges-
tion, selective precipitation, and purification to separate thorium from uranium
and rare earths [13, 61]. The feed is obtained by dissolving thorium oxalate or
hydroxide (resulting from the previous operations) in nitric acid. Alternatively,
feed solution is obtained by direct nitric acid leaching of thorite (ThSiO4) ore.
TBP dissolved in xylene is the suitable extractant for this purpose. All thorium
deposits contain a small amount of uranium, and it is, therefore, essential and
useful to remove and recover uranium in the first stage of extraction. Advantage is
taken of the fact that uranium has a much higher [13] distribution coefficient than
thorium (e.g., 20 and 0.5 for uranium and thorium, respectively, for 40% TBP in
xylene; and 6 and 0.04, respectively, for 5% TBP in xylene). Thus, the more
dilute solution having a higher separation factor is suitable for uranium extrac-
tion, whereas thorium is extracted by 40% TBP in xylene in the second cycle (see
Appendix A.8). Both uranium and thorium are stripped by 0.02 M nitric acid.
Cerium is kept in an unextractable state by adding hydrogen peroxide to the feed.

3. Extraction of cesium: A solvent extraction process for the recovery of cesium
from pollucite ore (Cs2O�Al2O3�4SiO2) has been developed [2, 57, 62]. The ore is
leached in some mineral acid. BAMBP [4-sec-butyl-2(α-methylbenzyl) phenol]
dissolved in kerosene extracts cesium ions from the leach liquor by the exchange
of alkaline cesium with the acidic hydrogen of phenolic group as represented by
the general equation:

aCsþaq þ bRHorg ⇄ CsaRbHb�a½ �org þ aHþ
aq ð11:146Þ

where RH is a substituted phenol and subscripts “aq” and “org” refer to the
aqueous and organic phases, respectively. The complex Cs-BAMBP formed by
such an exchange is more soluble in kerosene than in the aqueous phase.
Subsequently, cesium is stripped into strong acid and recovered as cesium salt
by evaporation and crystallization.

4. Extraction of boron: Boric acid can be obtained by the solvent extraction tech-
nique from certain low-grade brines containing approximately 1% of Na2B4O7

using aliphatic or aromatic polyols dissolved in kerosene as the extractant [62]. A
complex of borate-didiol chelate anion with an alkali cation is formed when the
alkaline brine is brought into contact with this solvent. The borate is recovered by
stripping the loaded solvent with dilute sulfuric acid.
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5. Extraction of beryllium: Beryllium is usually extracted from sulfuric acid leach
liquor of beryl (3BeO�Al2O3�6SiO2) [62]. A number of organic solvents TBP,
D2EHPA, PDA, MIBK, and Methyl-p-tert-octyl-phenylphosphate have been
found to be suitable. Isodecanol may be used as a synergistic agent while
extracting with D2EHPA. Sodium hydroxide is a suitable stripping agent.
BeO obtained by heating the final liquor (obtained by this technique) is about
99% pure and cheaper than that produced by the conventional method, which
gives a purity of only 92–95%.

6. Extraction of copper: About 80% of primary copper is produced via the
pyrometallurgical route incorporating steps like concentration, smelting, and
electrorefining and the remaining 20% is obtained through the hydrometallur-
gical route based on a combination of leaching, solvent extraction, and electro-
winning [63–65]. The leach liquor (containing 1–3 g copper and 1–10 g iron per
liter of solution) obtained from the leaching circuit is very dilute and impure. In
order to get smooth, dense, and high-purity cathode copper for industrial use, the
electrolyte must contain more than 30 g copper per liter of the solution. Solvent
extraction offers attractive possibilities in this respect since it has the ability to
concentrate very dilute leach liquor to a level needed for electrolysis and at the
same time yields very pure electrolyte for electrowinning.

Currently, most copper hydrometallurgical plants use the recently developed
mixture of aldoximes and ketoximes [5]. This combination fulfills all the
desirable characteristics of organic solvents (as mentioned in Sect. 11.4.5.3) as
it is capable of faster and efficient transfer of copper ions from the leach liquor to
the organic phase (extraction step) and from the loaded organic phase to the
aqueous electrolyte (stripping). Aldoximes–ketoximes solvent combination not
only extracts copper in preference to iron and manganese but also prevents the
transfer of harmful species from the leach liquor to the electrolyte. Copper is
stripped into a concentrated sulfate–sulfuric acid solution.

7. Uranium, plutonium, and fission product separation: As U-235 burns in a
natural uranium reactor, there is an accumulation of fission product elements
that absorb thermal neutrons and thereby hinder the chain reaction. Also, there is
valuable plutonium formed and a large proportion of uranium remains unused.
Hence, spent fuel elements are treated for the purification and recovery of
plutonium and also some of the radioactive fission products (like Sr-90,
Ce-144, Pm-147, and Cs-137) that are useful for agricultural, industrial, and
space research applications. In breeder reactors, thorium blankets are treated
similarly for the separation and recovery of valuable U-233, some of the fission
product elements formed, and unused thorium. In all these cases of spent fuel
treatment, solvent extraction [57, 66, 67] has played an important role.

Spent fuel from a nuclear reactor is dissolved in nitric acid in the presence
of some oxidizing agent in order to bring plutonium into a more soluble state
(Pu6+). The feed is subjected to TBP extraction when uranium and plutonium
are extracted, and any fission product going to the organic phase is scrubbed
into the aqueous phase by means of an aqueous solution of sodium nitrate. In
the next stage, plutonium is stripped into an aqueous phase containing a
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reducing and a salting agent. Any uranium coming to the aqueous phase is
re-extracted with a small quantity of the organic solvent in the scrub section of
the plutonium column. Lastly, pure uranium from the organic phase is stripped
into distilled water.

Recovery, separation, and purification of other fission products have been
achieved by pH control as well as by the use of different solvents and strip
solutions. D2EHPA has also been found useful for the recovery of both Sr and
Ce, whereas Ce is recovered from the first cycle raffinate after oxidation. Pm and
Cs can be separated by the use of TBP and a substituted phenol, respectively.

8. Zirconium–hafnium separation: Zirconium and hafnium are chemically similar
elements and occur together in nature. Since the reactor-grade zirconium must
contain less than 200 ppm of hafnium, they are separated by the solvent
extraction technique. The feed is prepared by dissolving the product (obtained
by fusion of zircon with concentrated sodium hydroxide) in nitric acid so as to
have 126 g per liter of Zr-Hf in solution [13] with the acidity of 13.5 N. Most
commonly used extractant for this purpose is 50% TBP in xylene. Both Zr and
Hf are extracted into the organic phase. Hf is stripped into 5 N nitric acid. Later
on, the solvent containing only zirconium is treated with water to bring zirco-
nium back into aqueous phase. Separation can also be effected by the use of
MIBK through a hydrochloric acid medium containing ammonium thiocyanate.

9. Niobium–Tantalum separation: Niobium and tantalum have similar chemical
properties and their separation by fractional crystallization is a tedious process
[13]. This has been greatly simplified by solvent extraction technique. MIBK
and TBP are the principal extractants for this purpose. Methyl di-octyl amine
and di-isopropyl ketone can also be used. Extraction is carried out through a
hydrofluoric acid medium containing sulfuric acid. Tantalum is extracted into
MIBK in four extractions and two stripping stages (2 N HF stripping agent).
Niobium remaining in the raffinate is precipitated as the double fluoride K2NbF7
by adding a solution of K2CO3 and HF. Tantalum is recovered from the loaded
solvent as sodium tantalate by using a solution of 5% Na2CO3.

10. Cobalt, iron, nickel, and copper separation: Nickel and copper occur together in
nature along with iron and cobalt. Since their separation is difficult by conven-
tional pyrometallurgical and hydrometallurgical methods, attention has been
paid to solvent extraction techniques [68]. These elements can be separated in
stages by using different extractants. Copper is removed from nickel by the use
of naphthenic acid, whereas cobalt and nickel are separated by TBP or
D2EHPA. Carboxylic acid and tertiary amine have been used to affect the
separation of iron and cobalt. Further, iron and cobalt can be separated from
nickel in hydrochloric acid solution by means of tri-octyl amine.

11. Extraction of tungsten: In order to produce pure yellow tungstic oxide, WO3 (for
the production of pure tungsten metal), the sodium tungstate solution after
removal of silica, phosphorus, arsenic, iron, and molybdenum is further purified
by the solvent extraction process [47]. The solution containing 5 g WO3 per liter
of solution is contacted with the extractant (comprising 7% alamine-336, 7%
decanol, and 86% kerosene, by volume). During countercurrent flow of the two
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phases, tungstate ions are transferred from the aqueous phase to the organic
phase. The extraction is pH dependent and sufficiently enhanced in the rage of
1–3. The organic phase (loaded with 40 g WO3 per liter) leaving the extraction
column is scrubbed with de-ionized water to remove contaminated sodium ions.
Tungsten from the loaded organic phase is stripped into ammonia solution (5%
NH3). The presence of free ammonia in the aqueous phase at 60 �C prevents the
precipitation of ammonium paratungstate (APT) in the stripping circuit. The
organic phase after stripping is recirculated for extraction, and the ammonium
paratungstate solution is sent to the evaporator for crystallization of APT. APT
is decomposed to yellow oxide (WO3) at above 250 �C in a furnace under the
flow of air (see Appendix A.5).

12. Extraction of gold: Solvent extraction technique has not been successfully
employed on industrial scale in the recovery of gold from the cyanide leach
liquor. However, in recent years, there have been serious attempts to find a
suitable organic solvent for extraction of gold from solutions. As gold forms
anionic complexes with thiocyanate solutions [69], alamine 336 [70] was
considered as a suitable extractant for the extraction of the anionic auric
complex, Au SCNð Þ�2 . The kinetics of extraction was fast and the two phases
could be easily separated. Li et al. [70] have reported that the extraction of gold
with about 98% recovery was independent of alamine 336 concentration at a
molar ratio of alamine 336/gold above 10. However, it was dependent on
alamine 336 concentration at lower ratios. Acidic thiourea was found to be
most effective solution for stripping gold from the loaded amine extractant [70].

13. Extraction of zinc: In order to produce special high-grade zinc from the sulfate,
leach liquor obtained after jarosite precipitation is further purified by solvent
extraction. Zinc is first extracted with di-2-ethyl hexyl phosphoric acid and then
stripped into the spent sulfate electrolyte (from the electrolytic plant) from the
loaded organic phase [71] to procure a strong electrolyte containing 90 g Zn per
liter of the solution.

14. Miscellaneous uses: Waste solutions from some industries contain relatively
valuable materials in very dilute concentrations. Recovery by conventional
methods is not economical. Solvent extraction can be used for the treatment of
such wastes. In this context, recovery of isotopes formed during nuclear fission
and concentration of mine wastes, particularly for copper recovery, are note-
worthy. Solvent extraction can also be used for purification of electrolytic
solutions used for electroplating, electrowinning, and electrorefining.

11.5 Recovery of Metals from Leach Liquor

Chemical precipitation, cementation, gaseous reduction, and electrowinning are four
important methods for recovery of metals from solutions. Electrowinning will be
discussed along with electrorefining in Chap. 12 on electrometallurgy.

498 11 Hydrometallurgy



11.5.1 Precipitation of Metal Sulfides

Chemical precipitation as a means of purification has been discussed in Sect. 11.4.1.
In extraction via the hydrometallurgical route, precipitation plays an important role
in the recovery of metals from leach liquors. A number of metals can be precipitated
as sulfides by introducing hydrogen sulfide gas in the solution. Some sulfides can be
selectively precipitated by adjustment of pH. Solubility of H2S in water depends on
the temperature and partial pressure of H2S gas in equilibrium with water. After
dissolution, H2S undergoes dissociation in water according to the following two
reactions:

H2S gð Þ ¼ Hþ þ HS� ð11:147Þ
K147 ¼ aHþ:aHS�:

pH2S
¼ 1:02� 10�7 ð11:148Þ

and

HS� ¼ Hþ þ S2� ð11:149Þ
K149 ¼ aHþ:aS2�:

aHS�:
¼ 1:66� 10�14 ð11:150Þ

K147 increases with temperature and attains a maximum value [16] (¼ 2.8� 10�7)
at about 90 �C and decreases thereafter. Solubility of H2S in water increases with
partial pressure of the gas in equilibrium with water which may be represented as:

H2S gð Þ Ð H2S aqð Þ ð11:151Þ

K ¼ aH2S aqð Þ
pH2S

¼
H2S½ �aq: fH2S

� �
aq

pH2S
ð11:152Þ

where H2S½ �aq and fH2S

� �
aq represent concentration and activity coefficient of H2S,

respectively, in the aqueous phase. At 1 atm pressure and at 25 �C, water gets
saturated [72] with H2S by dissolving approximately 0.09 mol dm�3 (i.e., 0.09 M).

In dilute solution, activity may be assumed to be equal to concentration; hence,
from Eqs. 11.148 and 11.150, we get:

K147:K149 ¼
Hþ½ �2: S2�� �

pH2S
¼ 1:69� 10�21 ð11:153Þ

Under standard conditions, pH2S ¼ 1 atm
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∴ S2�
� � ¼ 1:69� 10�21

Hþ½ �2
ð11:154Þ

or log S2�
� � ¼ log 1:69� 10�21

� �þ 2pH ð11:155Þ

Since both the ionization constants K147 and K149 increase with temperature up to
about 90 �C and attain respective values of 2.8� 10�7 and 1� 10�20, and solubility
of H2S in water decreases from 0.09 M at 25 �C to 0.043 M at about 90 �C, Eq.
11.155 is modified [16] as:

log S2�
� � ¼ log 1:2� 10�20

� �þ 2pH ð11:156Þ

Thus, the sulfide ion concentration depends on the pH of the solution in addition
to pH2S and temperature. But pH has a far greater effect as compared to partial
pressure and temperature. Blowing H2S at higher pressure in the leach liquor
increases the working temperature by about 100 �C, which increases the rate of
sulfide precipitation. The sulfide ion concentration is affected by the presence of
other solutes in solution. Hence, the combined effect of variables, namely, pH, pH2S,
and temperature may be optimized to achieve selective precipitation of sulfides of
the metal ions present in the leach liquor. From Eq. 11.155, it is possible to calculate
the pH at which a particular metal sulfide may be precipitated or else the thermody-
namic feasibility of precipitation at a given pH may be analyzed (see Problem 11.3).

11.5.1.1 Kinetics of Precipitation of Sulfides

Formation of a metal sulfide, MS, by reaction between metal ions, M2+, present in
the aqueous solution and H2S gas dissolved takes place in the following three steps:

Step 1: Dissolution of H2S gas in aqueous solution (reaction 11.151) after transfer
from the gaseous phase:

H2S gð Þ Ð H2S aqð Þ

Step 2: Generation of S2� ions by dissociation of the dissolved H2S according to
reactions (11.147 and 11.149):

H2S gð Þ ¼ Hþ þ HS�
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and

HS� ¼ Hþ þ S2�

Step 3: Formation of a metal sulfide:

M2þ þ S2� ¼ MS ð11:157Þ

Hence, the overall reaction in sulfide formation is:

M2þ þ H2S ¼ MSþ 2Hþ ð11:158Þ

The reaction between the divalent metal ions, M2+, and the sulfide ions, S2�, seems
to be homogeneous and expected to obey the second-order reaction kinetics.
But when H2S gas is quickly supplied and transferred at a constant partial pressure
in the leach liquor at equilibrium under steady-state conditions, there is a likelihood
of attaining a constant S2� ion concentration in the gaseous phase. Under such a
condition of constant S2� ion concentration, reaction (11.157) becomes
unimolecular and follows the first-order reaction kinetics.

The precipitation of a metal sulfide can be optimized by simultaneously control-
ling the operating variables, namely, pH, temperature, and pressure of the H2S gas.
NiS can be precipitated at 120 �C from a solution at a pH of 3 by blowing H2S gas at
3 atm pressure. However, there is no precipitation at this pH on introducing the gas at
1 atm pressure and 25 �C. NiS can be precipitated from such a solution at 25 �C by
blowing H2S at 7 atm in the presence of catalytic nickel powder. Precipitation can be
achieved without any catalyst by increasing the temperature to 120 �C. It has been
reported [72] that initially rapid precipitation of sulfide takes place homogeneously,
but it slows down due to the increase in acidity (generation of H+ ions on formation
of the sulfide, reaction 11.158), which in turn reduces sulfide ion concentration. At
this stage, catalytic action is required for precipitation to continue further. The rate of
sulfide precipitation decreases as it becomes diffusion controlled.

11.5.1.2 Sulfide Precipitation Practice

Sulfide precipitation has been employed for purification and recovery, particularly in
the large-scale production of nickel and cobalt. From the ammoniacal leach liquor
obtained in the Sherrit Gordon pressure leaching process (Sect. 11.1.1.5, Appendix
A.3b), copper is completely removed at an early stage of the flow sheet. The leach
liquor containing metal amines and ammonium sulfate and sulfamate is boiled to
decompose trithionate to precipitate copper as sulfide. Evolved ammonia is recycled
to the leaching circuit and copper sulfide is filtered off. In the next stage of the
process (Appendix A.3b), the resultant solution is treated at 170 �C by blowing
hydrogen gas at 30 atm to precipitate nickel powder. After filtration of the nickel
powder, the filtrate contains 95% Co. Cobalt along with the remaining nickel is
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precipitated with H2S. The mixture containing precipitates of sulfides of cobalt and
nickel is leached with ammonia in the presence of air and separated into cobalt and
nickel salts. Nickel salt is recycled to the nickel precipitation circuit, and the cobalt
compound is finally precipitated as cobalt metal by hydrogen under pressure.

The cobalt concentrate after sulfatizing roast is leached with water in the Kokkila
cobalt plant of the Outokumpu Company of Finland. The leach liquor obtained at a
pH of 1.5 is first treated directly with H2S at atmospheric pressure to precipitate CuS.
After removal of CuS, zinc and nickel are selectively precipitated as sulfides.
Finally, cobalt is recovered by hydrogen reduction under pressure from the ammo-
niacal solution.

11.5.2 Cementation

Precipitation of a metal from an aqueous solution of its salts by another metal is
known as cementation because the precipitated metal is usually cemented on the
metal introduced in the solution. It is based on the principle of electrochemical
reduction of a metal ion from solution by adding a less noble metal in the solution or
by passing the solution over less noble (more anodic) metal. For example, copper is
precipitated from solution containing Cu2+ ions by adding zinc powder which
dissolves anodically due to the difference in their standard electrode potentials:

Cu2þ þ 2e ¼ Cu;Eo ¼ þ 0:337 V

Zn2þ þ 2e ¼ Zn;Eo ¼ � 0:763 V

Since Zn2+/Zn system has more negative potential, zinc will dissolve anodically,
while copper ions will get reduced by the cathodic reaction as shown below:

Anodic dissolution : Zn ¼ Zn2þ þ 2e ð11:159Þ
Cathodic precipitation : Cu2þ þ 2e ¼ Cu ð11:160Þ
Overall cell reaction : Znþ Cu2þ ¼ Zn2þ þ Cu ð11:161Þ

The potential for the cell: Zn2+/Zn : Cu2+/Cu is obtained as Eo
cell ¼ 0:337�

�0:763ð Þ ¼ 1:10 V.
The standard free energy change for the overall cell reaction is calculated as

ΔGo ¼ �zFEo
cell ¼ �212:3 kJ mol�1

Zn (�50.7 kcal mol�1
Zn ). The high negative value

of ΔGo confirms the thermodynamic feasibility of precipitation of copper by zinc
from the solution.

But the cell potential rapidly falls as reaction proceeds due to the increase of zinc
concentration with precipitation of the metallic copper. After achieving equilibrium,
the potentials corresponding to the two half cells (Zn2+/Zn and Cu2+/Cu) become
equal, and hence, at 25 �C, we have:
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Eo
Cu þ

0:0591
2

logaCu2þ ¼ Eo
Zn þ

0:0591
2

logaZn2þ

and, thus, we get
aCu2þ
aZn2þ

¼ 7� 10�38 ¼ Cu2þ
� �
Zn2þ
� �

The extremely low ratio shows that the copper ion concentration left in the
solution is going to be extremely low. Hence, copper can be recovered very
effectively by cementation with zinc.

For the cell with systems having closer Eo
M values, for example, Cu2+/Cu

(0.337 V) and Ni2+/Ni (�0.25 V), equilibrium is established at higher ratio of

activities/concentrations. Hence, the Cu–Ni system with
aCu2þ
aNi2þ

¼ 10�20 ¼ Cu2þ½ �
Ni2þ½ �

will offer lesser selectivity. The ratio further indicates that if aCu2þ < 10�20:aNi2þ
the electron flow will be in reverse direction that is from Cu to Ni. Under these
conditions, copper will act as anode and nickel as the cathode.

The above cases refer to simple cationic systems, and the electrode potential may
change where complex ions are involved. The recovery of gold from cyanide leach
liquor by zinc powder according to the reaction:

2Au CNð Þ�2 þ Zn ¼ 2Auþ Zn CNð Þ2�4 ð11:162Þ

involves the following two electrode systems:

Au CNð Þ�2 þ e ¼ Auþ 2CN�;Eo ¼ � 0:67 V

and Zn CNð Þ2�4 þ 2e ¼ Znþ 4CN�;Eo ¼ � 1:26 V

The resulting cell potential for the reaction (11.162) would be 0.59 V. From the
standard electrode potentials of some metals listed in Table 11.1, it is concluded that
chances of precipitation of impurity elements increase with increase of the cell
potential. Thus, lead, tin, nickel, and cobalt present in the solution are likely to
contaminate the precipitated copper. In the recovery of platinum and palladium [16]
by zinc, the likelihood of precipitation of impurity is even more. Thus, cementation
happens to be a less selective process compared to precipitation because reduction of
all the more noble metals present in the solution will continue until all the less noble
metals are dissolved or covered with the precipitated metals. However, despite these
problems, selective precipitation has been practiced. Silver has been selectively
recovered from spent copper contaminated silver electrolytes by reduction with
copper: 2Ag+ + Cu ¼ 2Ag + Cu2+. Similarly, copper can be cemented with nickel
powder in electro-winning of nickel: Cu2+ + Ni¼ Cu + Ni2+. Copper is recovered on
a commercial scale from leach liquor obtained by dump and heap leaching by
cementation with iron scrap.
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11.5.2.1 Kinetics of Cementation

Cementation being the oldest process among all the methods of recovery of metals
from solutions, it has been studied most extensively. Habashi [2] has given a very
simple approach to the kinetics of cementation. The rate of change of concentration
of ions of the more noble metal due to its precipitation by introduction of a less noble
metal is given by:

� dc
dt

¼ k
A
v
c ð11:163Þ

where c, k, A, and v stand for concentration of the more noble ions, rate constant,
surface area of the metal in contact with the solution, and volume of the reacting
solution, respectively. On integration, we get:

k ¼ � v
A
:
1
t
ln

c2
c1

ð11:164Þ

where c1 is the initial concentration of the more noble metal and c2 is the concen-
tration at time t. The process may be diffusion controlled or chemically controlled.
For the cementation of M1 by M2, we have:

Table 11.1 Standard elec-
trode potential of some metal
ion/metal systems

Electrode system E� (V)
Au3+ + 3e ¼ Au +1.45

Pt2+ + 2e ¼ Pt +1.20

Pd2+ + 2e ¼ Pd +0.92

Ag+ + e ¼ Ag +0.80

Cu2+ + 2e ¼ Cu +0.34

2H+ + 2e ¼ H2 0.0

Pb+ + 2e ¼ Pb �0.13

Sn2+ + 2e ¼ Sn �0.14

Ni2+ + 2e ¼ Ni �0.25

Co2+ + 2e ¼ Co �0.28

Cd2+ + 2e ¼ Cd �0.40

Fe2+ + 2e ¼ Fe �0.44

Fe3+ + e ¼ Fe2+ +0.77

Zn2+ + 2e ¼ Zn �0.76

Zr4+ + 4e ¼ Zr �1.53

Al3+ + 3e ¼ Al �1.66

Be2+ + 2e ¼ Be �1.85

Th4+ + 4e ¼ Th �1.90

Mg2+ + 2e ¼ Mg �2.37

Na+ + e ¼ Na �2.71

Ca2+ + 2e ¼ Ca �2.87
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M2þ
1 þM2 ¼ M1 þM2þ

2 ð11:165Þ
Rate of cementation reaction ¼ kA M2þ

1

� �
i

According to the Fick’s law, the rate of diffusion

¼ D
δ
A M2þ

1

� �� M2þ
1

� �
i

n o
ð11:166Þ

where M2þ
1

� �
i is the concentration of the metal ions, M2þ

1 at the interface, shown in
Fig. 11.14. M2þ

1

� �
, D, and δ refer, respectively, to the initial metal ion concentration,

diffusion coefficient, and thickness of the Nernst boundary layer. Under steady state:
Rate of diffusion ¼ Rate of chemical reaction (cementation) at the interface

∴
D
δ
A M2þ

1

� �� M2þ
1

� �
i

n o
¼ kA M2þ

1

� �
i

ð11:167Þ

or
D
δ

M2þ
1

� � ¼ M2þ
1

� �
i
k þ D

δ

� �

or M2þ
1

� �
i ¼

D=δ
k þ D=δ

M2þ
1

� � ð11:168Þ

∴Rate of cementation at the surface area,A ¼ k:D=δ
k þ D=δ

A M2þ
1

� � ð11:169Þ

Figure 11.14 refers to a case where the metal precipitated does not adhere to the
cementing metal. When k << D

δ , rate ¼ k:A M2þ
1

� �
, that is, process is chemically

controlled; when k >> D
δ , rate ¼ D

δ A M2þ
1

� �
, that is, the process is diffusion con-

trolled. For example, the precipitation of copper by iron in chloride solution (Cu2+ +
Fe ¼ Cu + Fe2+) is a diffusion controlled process with the activation energy of
3 kcal mol�1, whereas cementation of lead by iron in chloride medium is chemically
controlled with an activation energy of 12 kcal mol�1. The rate of cementation also
depends on the metal employed, for example, precipitation of lead by zinc is much
faster than precipitation by iron.

δ
Nernst’s boundary

layer

[M1
2+]i

[M1
2+]

[M2
2+]

M2

Fig. 11.14 Schematic
representation of
cementation process (From
Principles of Extractive
Metallurgy, Vol. 2,
Hydrometallurgy by
F. Habashi [2], © 1970,
p 230, Gordon & Breach.
Reproduced with the
permission of the author,
F. Habashi)
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Cementation of copper by iron has been studied most extensively. However, the
precipitation is complicated due the two oxidation states of iron. Involvement of side
reactions increases iron consumption as per the following reactions:

Cu2þ þ Fe ¼ Cuþ Fe2þ ð11:170Þ
Feþ½ O2 þ 2Hþ ¼ Fe2þ þ H2O ð11:171Þ
Cuþ½ O2 þ 2Hþ ¼ Cu2þ þ H2O ð11:172Þ

2Fe2þ þ ½ O2 þ 2Hþ ¼ 2Fe3þ þ H2O ð11:173Þ
2Fe3þ þ Fe ¼ 3Fe2þ ð11:174Þ
Feþ 2Hþ ¼ Fe2þ þ H2 ð11:175Þ

Cuþ 2Fe3þ ¼ 2Fe2þ þ Cu2þ ð11:176Þ

From the above equations, it is clear that the presence of oxygen in solution is
detrimental. It helps in dissolution of both iron and copper and also oxidizes iron
(II) to iron (III). The formation of iron (III) results in wastage of iron. The elimination
of oxygen decreases iron consumption. Cementation is more effective in hydrogen
atmosphere. pH has virtually no effect on copper precipitation, but iron dissolution
increases at lower pH in the later stages and in the post-period of precipitation
[16]. Schalch and Nicol [73] have reported that the initial copper ion concentration
has a significant effect on the cementation kinetics as well as on the physical
properties of the deposit.

Nadkarni and Wadsworth [74] have observed that cementation of copper by iron
is a first-order reaction with an activation of energy of 21.3 kJ mol�1

(5.09 kcal mol�1). Based on detailed studies on the effect of rate of stirring (n)
and concentration [Cu2+], they arrived at the following rate equation:

Rate of cementation ¼ koA Cu2þ
� �

n1=2 ð11:177Þ

where A and ko are the surface area and modified rate constant, respectively. The rate
becomes independent of stirring speed after achieving the limiting speed of
~2500 rpm and can be expressed as:

Rate of cementation ¼ koA Cu2þ
� � ð11:178Þ

Equation 11.178 is similar to one of the special cases of chemically controlled
expressions derived from Eq. 11.169.

Displacement of one metal (cemented Mc) from the solution by addition of
another metal (precipitant) may be considered as a corrosion process, which gives
rise to the corrosion of the precipitant metal. The main cathodic process responsible
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for anodic dissolution is reduction of the more noble metal ion from the solution.
Only a small potential difference develops at the beginning along with the surface of
the precipitant metal. Areas with more negative potential behave anodically and tend
to dissolve, whereas rest areas become cathodic. The following cathodic reactions
are feasible:

O2 þ 4Hþ þ 4e ¼ 2H2O ð11:179Þ
2Hþ þ 2e ¼ H2 ð11:180Þ
Mzþ

c þ ze ¼ Mc ð11:181Þ

The oxygen reduction reaction, which has a high positive potential in acid
solutions, occurs preferentially as compared to the reduction of most of the metal
ions on dissolution of oxygen. Hence, oxygen should be eliminated as far as possible
for efficient cementation.

The extent of competition between the discharge of hydrogen ions (reaction
11.180) and the reduction of metal ions (11.181) depends on the potential of the
metal system, pH of the solution, and the hydrogen over voltage on the cemented
metal. Noble metals like silver and copper are reduced in preference to hydrogen.
Alternatively, for efficient reduction of the metal, the hydrogen over voltage should
be large enough to effectively shift the hydrogen ion discharge potential to a more
negative value than that of the cemented metal. Increase of pH may be helpful, but
hydrolysis must be avoided to maintain the desired rate of cementation. This will
also lead to wasteful consumption of the precipitant metal. It is observed that the rate
of reduction remains low as cementation starts. However, with reduction in
dissolved oxygen together with deposition of some metal, formation of a galvanic
cell between the precipitant metal and the cemented metal deposited enhances the
rate of cementation. The galvanic cell formed will have a greater cell potential [16]
compared to the value listed in Table 11.1 for the particular system. With progress of
cementation, the cathodic areas continuously increase in size due to the accumula-
tion of deposited/cemented metal. This increases the overall rate of precipitation.
The cementation process is most likely to proceed in the following steps:

(i) Transfer of the cementing metal ions from the solution to the cathode surface/
solution interface

(ii) Transfer across the boundary layer of the metal ions to the cathodic reduction
sites

(iii) Chemical reaction involving anodic dissolution of the precipitant metal along
with simultaneous cathodic reduction of the cementing metal ions and incor-
poration of the metal atoms in the lattice or accumulation as a powder
(cemented metal)

(iv) Transport of the precipitant metal ions to the cemented metal/solution interface
(v) Transport of the precipitant metal ions from the cemented metal/solution

interface into the bulk of the solution
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The slowest of the above steps controls the overall rate of cementation. However,
in some cases, there may be two equally slow steps categorizing the process under
mixed control. Generally, the reaction kinetics of the cementation process is
governed by mass transfer in step (i) involving three types of transport, namely,
diffusion due to concentration gradient, migration of charge due to cell potential, and
convection current. Hydrodynamic conditions prevailing in the system will dictate
the contribution of each to the overall transport. It is important to note that step
(iv) may not exist in the early stage of the process. Step (iv) may become rate-
controlling by the formation of fine, coherent, and adherent deposit as cementation
progresses. It may be chemically controlled (step iii) in some cases, such as
cementation of cobalt [75] from zinc sulfate solution.

11.5.2.2 Cementation Practice

Cementation occupies a prominent place in recovery of copper from leach liquors
obtained from dump and heap leaching. For cementation of copper, inclined open
launders containing iron/steel scrap have been extensively used. The leach liquor
flowing under gravity makes contact with the scrap. The process is labor intensive
because cement copper has to be removed from the scrap resting on the wooden
frame placed in the launder. As launders are directly exposed to atmosphere, oxygen
pick up by solution increases iron consumption three times the theoretical require-
ments. The process variables and purity of the iron/steel scrap affect the purity of the
cement copper. There have been efforts to improve the efficiency of launder plants
by developing reactor vessels to reduce oxygen pick up by solutions and improve
mass transfer in the solution. The cone precipitator developed by Kennecott [76] is
more popular due to its high volumetric capacity, provision of automation, and
ability to treat a variety of solutions. It provides a high degree of turbulence and
reduces retention time as compared to launders.

Reid and Biswas [77] were successful in producing high-purity copper (>99.8%
pure) for direct metallurgical usage by carrying out cementation at elevated temper-
atures (95 �C) on 0.25% carbon steel strip under nitrogen atmosphere.

Cementation also plays an important role in the purification of leach liquor
generated by leaching of the roasted sphalerite concentrate. After removal of iron
by the jarosite process (Sect. 11.4.1), the filtrate is subjected to a series of cemen-
tation reactions with zinc dust to remove copper, cadmium, cobalt, and nickel before
electrowinning of zinc metal. The operation varies from plant to plant in terms of
number of stages, temperature of cementation, and particularly in the use of reagents
in removal of cobalt. In some plants, cadmium is cemented by passing the filtrate
through a series of five fluidized beds of zinc dust.

508 11 Hydrometallurgy



11.5.3 Gaseous Reduction

Electrochemical oxidation and reduction have been used for selective precipitation
of metals from aqueous solutions. Gaseous reduction using carbon monoxide and
sulfur dioxide has been carried out, but hydrogen has been used most widely. The
technique employed at Sherritt Gordon Mines demonstrates a remarkable and
important development in pressure leaching technology. In this section, the principle
of this technique has been discussed briefly.

Metal ions can be selectively precipitated by passing hydrogen gas through the
purified leach liquor at controlled pH and activity of the metal ions. Although a number
of metal ions may be present in the solution, for simplicity, we consider precipitation
of only two metal ions, M2+ and Me2+, by a reduction reaction of the type:

M2þ þ 2e ! M

and Me2þ þ 2e ! Me

According to the Nernst equation, the respective electrode potentials can be
expressed as:

EM ¼ Eo
M þ RT

2F
ln aM2þ ð11:182Þ

and EMe ¼ Eo
Me þ

RT
2F

ln aMe2þ ð11:183Þ

Simultaneously, the reducing gas blown in the solution is oxidized as:

1
2
H2 ¼ Hþ þ e ð11:184Þ

for which

EH ¼ Eo
H þ RT

F
ln

aHþ

p
1=2
H2

0
@

1
A

¼ Eo
H þ RT

F
ln aHþ � RT

F
ln pH2

� �1=2 ð11:185Þ

Since Eo
H ¼ 0, and � log aHþ ¼ pH, at 298 K, on substituting the values of R and

F, we get:

EH ¼ �0:059pH� 0:059
2

log pH2

� � ð11:186Þ
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A critical analysis of Eqs. 11.182 and 11.183 demonstrates that at constant
temperature, EM and EMe depend on the activity of metal ions present in the solution,
whereas Eq. 11.186 indicates that at constant temperature, EH depends on pH of the
solution as well as on the partial pressure of hydrogen gas blown in the solution.
Hence, plot of E versus pH for each reaction at constant metal ion activity (unimolar
concentration of M/Me) will give straight lines of zero slope for EM and EMe and a
straight line with negative slope for EH. The lower the electrode potential, the greater
the tendency of the metal to dissolve in the electrolyte. The variation of EH and EM

with pH of the solution is shown in Fig. 11.15. EM plotted for various metals,
namely, Cu, Ni, Co, Cd, Fe, and Zn, is independent of pH, and EH has been plotted
for pH2

¼ 10 and 100 atm. In these presentations, the temperature and the activity of
metal ions have been assumed constant for the entire pH range. When EH < EM

(or EMe), reduction will occur according to reactions:

M2þ þ H2 ¼ Mþ 2Hþ ð11:187Þ
Me2þ þ H2 ¼ Meþ 2Hþ ð11:188Þ
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Co/Co2+
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–0.2

–0.4

–0.6

–0.8

–1.0
0 4 8 12
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E
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)

+0.4Fig. 11.15 EM and EH as a
function of pH for metal and
hydrogen electrodes at
unimolar concentration of M
and 25 �C
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From the figure, it is clear that the point of intersection of ECu and EH lines lies
well into the negative pH region; hence, copper can be displaced by hydrogen from a
molar solution of copper at any pH. Similarly, other noble metals can be displaced,
theoretically, at all practical pH values. Contrary to this, zinc reduction (displace-
ment) from aqueous solution requires a high pH of 14. This is too high, and as such,
zinc cannot be precipitated from the solution at any pH. But a pH of 5 and 9 would be
sufficient for displacement of Ni and Fe, respectively. Co and Cd can be precipitated
at pH between 6 and 8. The discussion is based on ignoring over potentials of
hydrogen as well as those of metals. Displacement or precipitation reaction can be
carried out at lower pH by increasing the partial pressure of hydrogen blown into the
solution. Thus, a method of selective reduction (precipitation) from a solution
containing a number of metal ions can be worked out. For example, copper powder
can be precipitated at pH of 2 from a solution containing Cu2+, Ni2+, and Co2+. By
increasing the pH, nickel and cobalt can be precipitated. A pH > 7 would precipitate
Ni(OH)2 due to hydrolysis. This is prevented by addition of ammonia [78], which
increases the pH and reduces aNi2þ by formation of nickel complex [Ni(NH3)6]

2+. As
a result, the position of nickel line in Fig. 11.15 will be shifted to provide further
selectivity. At elevated temperature and pressure, the rate of reaction is enhanced not
only due to the increase of temperature but also due to the increased solubility of
hydrogen in water at high pressure. In Sherritt Gordon Process, nickel is precipitated
by blowing hydrogen at 30 atm pressure and 170 �C according to the reaction:

Ni NH3ð Þ2SO4 þ H2 ¼ Niþ NH4ð Þ2SO4 ð11:189Þ

11.5.3.1 Kinetics of Precipitation by Hydrogen

Although precipitation of nickel and cobalt from aqueous solutions by hydrogen is
thermodynamically feasible at room temperature, on the commercial scale, it is
carried out at elevated temperature and pressure in order to achieve a reasonable
rate of production. Reduction of metal ions is not effective with molecular hydrogen.
Its dissociation into atomic hydrogen makes it reactive. Since dissociation energy
involved is high (about 430 kJ mol�1), the reaction is facilitated by means of
catalysts. As catalysts, many metal ions promote homogeneous reaction and many
solids provide catalytic active surfaces to facilitate heterogeneous reaction. Ag+,
Hg2þ2 , and Cu2+ ions are well-known homogeneous hydrogenation catalysts. These
ions can successfully split molecular hydrogen by the formation of intermediate
hydride complexes [79]. Metals precipitated by homogeneous reaction from the
solution are in the form of finely divided powder. On the other hand, when the
reaction is heterogeneous, a catalytic active surface is provided by seeding with
finely divided solid, as practiced in the reduction of nickel and cobalt from ammo-
niacal solution. In the absence of seeding, deposition takes place on the walls and
agitators of the autoclave. Under certain conditions, a metal can be reduced by both
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homogenous and heterogeneous reactions. First, nuclei are formed homogeneously
in the absence of seeding. These nuclei then act as seeds for the heterogeneous
reaction. The rate of reaction increases with increase of the surface area of the
precipitated metal. Such a process, called autocatalytic, takes place during the
precipitation of copper from ammoniacal solution.

In both categories of homogeneous and heterogeneous reactions, the rate of
precipitation increases with temperature and partial pressure of hydrogen. However,
the two types of reactions differ by the fact that the former depends on the initial
metal ion concentration, whereas the latter is highly dependent on the area of the
catalytic surface. The maximum temperature of reduction depends on the solubility
of salts. Solubility of many metal sulfates increases with temperature and attains a
maximum value in the temperature range of 80–150 �C and falls rapidly with further
increase of temperature. In addition, stability of metal complexes decreases with
increase of temperature. Decomposition of complexes generally results in the pre-
cipitation of basic salts and hydroxides. Owing to these limitations, precipitation is
always carried out below 200 �C. Hydrolysis can be minimized by using solutions of
high concentration, which increases the ionic strength and decreases the activity
coefficient. The solubility of hydrogen in aqueous solution decreases up to approx-
imately 80 �C. It increases thereafter, and the increase is rapid above 140 �C. At
200 �C and 20 atm pressure of hydrogen, the solubility is approximately
0.2 mol dm�3 (0.2 M). As a result, optimum conditions for reduction is within
140–200 �C. The solubility and boiling point of the solution can be simultaneously
increased by increasing hydrogen gas pressure.

Meddings and Mackiw [80] have reported that the rate of reduction of nickel from
ammoniacal sulfate solution containing diamine nickel ion is independent of nickel
concentration up to 85% precipitation. The rate has been found to be directly
proportional to the surface area of the nickel powder (A) and the partial pressure of
hydrogen gas (pH2

) at equilibrium:

Rate ¼ � d Ni2þ
� �
dt

¼ kApH2
ð11:190Þ

According to Sircar and Wiles [81], the rate is proportional to the surface area,
nickel ion concentration, and square root of the partial pressure of hydrogen gas:

Rate ¼ � d Ni2þ
� �
dt

¼ k1A Ni2þ
� �

p
1=2
H2

ð11:191Þ

The kinetics of reduction of cobalt has not been very extensively studied as
compared to nickel. From ammoniacal ammonium sulfate solution of high cobalt
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concentration, the rate of reduction that occurs on cobalt metal catalyst has been
reported to be directly proportional to surface area and partial pressure of hydrogen:

Rate ¼ � d Co2þ
� �
dt

¼ kApH2
ð11:192Þ

The highest rate of precipitation was achieved at the [NH3]:[Co
2+] ratio of 2.5:1

with activation energy [82] of 37.6 kJ mol�1. This is comparable with the activation
energy of 42.6 kJ mol�1 for nickel reduction [80] under identical conditions.

Reduction of copper takes place homogeneously in noncomplexing solutions.
The rate of precipitation has been found to be independent of the surface area of
copper powder but increases with increase of temperature and pressure [83]. How-
ever, the reduction of copper from ammoniacal sulfate solutions is highly complex
due to the contamination of triamino copper (II) ion solution by suspension of basic
copper sulfate [84] up to a [NH3]/[Cu

2+] ratio of 3:1. Several insoluble compounds
including CuO and Cu2O are formed during the course of reduction with hydrogen.
Copper (I) amines are formed by homogeneous and heterogeneous reactions. Copper
powder is precipitated by disproportionate reaction of the reduced amines according
to the reaction:

2Cu NH3ð Þþn ¼ Cuþ Cu NH3ð Þ2þ2n ð11:193Þ

11.5.3.2 Hydrogen Reduction Practice

Sherritt–Gordon Mines Limited adopted the hydrogen precipitation technique for
recovery of nickel and cobalt as a part of the development of ammonia pressure
leaching of copper–nickel–cobalt sulfide concentrates from Lynn Lake Mines. In
this process, two-stage ammonia leaching is carried out in autoclaves at 80 �C under
8 atm (Sect. 11.1.1.5). The clarified solution is boiled to promote decomposition of
thiosulfate and thionate and to precipitate Cu2S simultaneously. The solution is
treated with H2S to precipitate the remaining copper. The copper-free solution is
then heated and allowed to saturate with air at high temperature and pressure to
generate conditions for the oxidation of the remaining unsaturated sulfur compounds
and to convert sulfamate to sulfate. Nickel is recovered from the solution by blowing
hydrogen gas at a pressure of 30 atm in an autoclave at 200 �C (reaction 11.189).

The precipitated nickel powder is filtered off (see Appendix A.3b). Filtrate
containing 95% cobalt and the residual nickel is treated with H2S. The solution
after filtration of sulfides of nickel and cobalt is evaporated to obtain ammonium
sulfate crystals. The Sherritt Gordon plant at Fort Saskatchewan, Alberta, Canada, is
based on operating cycles comprising nucleation, densification, and leaching of
nickel deposited on the autoclave walls.

The autoclave containing ammonia leach liquor is purged with nitrogen to
remove air before blowing hydrogen. Ferrous sulfate catalyst in the form of slurry
is added, and the liquor is heated to 118 �C by steam-heated coils. Under agitation,
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pressure of hydrogen is raised to 23 atm. Fine particles of nickel get precipitated on
ferrous oxide nuclei, and precipitation is completed within 30–40 min. The resultant
powder is allowed to settle in the autoclave, and solution is discharged. During the
densification stage, batches of nickel solution after oxyhydrolysis are reduced on the
catalytic nickel seed which becomes more dense as growth progresses. Finally,
nickel deposited on the walls and internal equipments of the autoclave is dissolved
in ammoniacal ammonium sulfate solution in the presence of air.

11.6 Problems

Problem 11.1
(a) With the help of the following data construct a Pourbaix diagram for Al–H2O

system assuming Al3+ ion concentration of 10�3 mol kg�1 water at 298 K.

Al3þ þ 3e ¼ Al, Eo ¼ �1:633 V ð1Þ
2Al3þ þ 3H2O ¼ Al2O3 þ 6Hþ, logK ¼ �11:4 ð2Þ
Al2O3 þ H2O ¼ 2AlO�

2 þ 2Hþ, logK ¼ �29:4 ð3Þ
Al2O3 þ 6Hþ þ 6e ¼ 2Alþ 3H2O,E

o ¼ �1:55 V ð4Þ
AlO�

2 þ 4Hþ þ 3e ¼ Alþ 2H2O,E
o ¼ �1:262 V ð5Þ

(b) Given for the reactions at 298 K: (1) Al(OH)3 ¼ Al3+ + 3OH�, K ¼ 5 � 10�33

(2) H2O ¼ H+ + OH�, K ¼ 10�14 and (3) Al OHð Þ3 þ OH� ¼ AlO�
2 þ 2H2O,

K ¼ 40, calculate the pH range in which Al(OH)3 exists at 298 K in Al � H2O
system at unimolar concentration of Al3+ ions.

(c) Show the two predominance areas of dissolution of Al2O3 in the diagram. Write
the corresponding chemical reactions in acid and alkaline solutions.

Solution
(a) Since equilibrium (1): Al3+ + 3e ¼ Al involves three electrons, hence according

to Nernst expression:

EAl ¼ Eo
Al þ

RT
3F

ln aAl3þ aAl3þ ¼ 10�3
� �

¼ �1:633þ 0:059
3

log 10�3
� � ¼ �1:633� 0:059

3
� 3 ¼ �1:692 V
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Equilibrium (2): 2Al3+ + 3H2O ¼ Al2O3 + 6H+ involves H+ ions, not electrons,

K ¼ a6Hþ

a2
Al3þ

, logK ¼ �11:4, aAl3þ ¼ 10�3
� �

∴logK ¼ 6 log aHþ � 2 log aAl3þ

or � 11:4 ¼ �6 pH � 2 log 10�3
� �

or � 11:4 ¼ �6pHþ 6

∴pH ¼ 2:9

Equilibria (1) and (2) are, respectively, independent of pH and potential.
Equilibrium (3): Al2O3 þ H2O ¼ 2AlO�

2 þ 2Hþ involves H+ ions but not electrons

K ¼ a2AlO�
2
:a2Hþ as aAl3þ ¼ 10�3, aAlO�

2
¼ 10�3

� �
∴logK ¼ 2 log aAlO�

2
þ 2 log aHþ

�29:4 ¼ 2 log 10�3
� �� 2 pH

∴pH ¼ 11:7

Equilibrium (4): Al2O3 + 6H+ + 6e ¼ 2Al + 3H2O involving H+ ions and
electrons depends on pH as well as E. According to Nernst equation, we can write:

E ¼ Eo þ 0:059
6

log a6Hþ

¼ Eo � 0:059
6

:6:pH ¼ �1:55� 0:059:pH ¼ �1:55� 0:059� 11:7 ¼ �2:24 V

Thus, equilibrium (3) is terminated at�2.24 V.
Equilibrium (5): AlO�

2 +4H+ + 3e ¼ Al + 2H2O involves H+ ions and electrons,
hence,

E ¼ Eo þ 0:059
3

log aAlO�
2
:a4Hþ

� �

¼ �1:262þ 0:059
3

log aAlO�
2
� 0:059

3
4 pH

¼ �1:262þ 0:059
3

log 10�3
� �� 0:059

3
4 pH

¼ �1:262� 0:059� 0:079 pH

¼ �1:321� 0:079 pH

In order to complete the boundary of equilibrium (5), substitute pH ¼ 14,
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E ¼ �1:321� 0:079� 14 ¼ �2:427 V

It is customary to superimpose the thermodynamic stability limit of water in the
Pourbaix diagram (at pH2

¼ 1 atm , E ¼ �0.059.pH, Eq. 11.38, hence E ¼ 0 at
pH ¼ 0 and E ¼ � 0.826 V at pH ¼ 14). Such a diagram for Al-H2O system
displaying different stability regions is shown in Fig. 11.16.

(b) For the reaction: Al(OH)3 ¼ Al3+ + 3OH�, K ¼ 5 � 10�33

K ¼ aAl3þ :a
3
OH�

aAl OHð Þ3
¼ a3OH� ¼ 5� 10�33 aAl3þ ¼ 1 ¼ aAl OHð Þ3

h i

∴aOH� ¼ 1:7� 10�11

For the reaction: H2O ¼ Hþ þ OH�,K ¼ 10�14 ¼ aHþ :aOH�

∴aHþ ¼ 10�14

aOH�
¼ 10�14

1:7� 10�11 ¼ 5:88� 10�4 pH ¼ � log aHþð Þ
∴pH ¼ 3:23
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For the reaction: Al OHð Þ3 þ OH� ¼ AlO�
2 þ 2H2O,K ¼ 40.

∴K ¼ aAlO�
2

aOH�
¼ 40

aOH� ¼ 1
40

aAlO�
2
¼ 1

� �

∴aHþ ¼ 10�14

aOH�
¼ 10�14

1=40
¼ 4� 10�13

pH ¼ � log aHþ ¼ 12:394

Thus, at the unimolar concentration of Al3+ ions, Al(OH)3 in Al � H2O system
exists in the pH range of 3.23–12.4 at 298 K.

(c) The two predominance areas of dissolution of Al2O3 in acid and alkaline
solutions have been shown in Fig. 11.16. The chemical reactions are given
below:

In acid solutions (i.e., at low pH), Al2O3 + 6H+ ¼ 2Al3+ + 3H2O.
In basic solutions (i.e., at high pH), Al2O3 þ OH� ¼ 2AlO�

2 þ Hþ.

Problem 11.2
Show that after n number of extractions, the concentration of the solute left in the

aqueous phase, (ca)n is given by cað Þn ¼ cað Þi 1
1þD vo=vað Þ

 �n
, where va and vo are the

volumes of the aqueous and organic phases, respectively, and (ca)i is the initial
concentration of the metal in the aqueous phase.

Solution
Derivation of expression for calculation of optimum number of stages in multiple
extraction: If va is the volume of the aqueous phase containing w g of the metal ions
and vo is the volume of the organic phase and after the first extraction, w1 g of the
solute remains in the aqueous phase.

Average concentration in the aqueous phase after the first stage of extraction
¼ w1

va
¼ ca.

Average concentration of the metal in the organic phase ¼ w�w1
vo

¼ co.

Therefore, by definition distribution coefficient,

D ¼ co
ca

¼
w�w1
vo
w1
va

or D:
w1

va
¼ w� w1

vo

or D w1vo ¼ vaw� vaw1
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or va þ D:voð Þw1 ¼ va:w

∴w1 ¼ va:w
va þ D:vo

¼ w
1

1þ D vo=vað Þ
 �

After the second extraction, weight of the solute remaining in the aqueous
phase ¼ w2.

The equilibrium concentration of the aqueous phase ¼ w2
va

and the equilibrium concentration of the organic phase ¼ w1�w2
vo

∴D ¼
w1 � w2

vo
w2

va

or w2 ¼ w1
1

1þ D vo=vað Þ
 �

¼ w
1

1þ D vo=vað Þ
 �2

Similarly, after n number of extractions, amount of metal remaining in the
aqueous

phase,wn ¼ w
1

1þ D vo=vað Þ
 �n

or
wn

va
¼ w

va
1

1þ D vo=vað Þ
 �n

or cað Þn ¼ cað Þi
1

1þ D vo=vað Þ
 �n

where(ca)i is the initial concentration of the metal in the aqueous phase, which is
reduced to (ca)n after n number of extractions.

Problem 11.3
Estimate the optimum number of stages in extracting the metal value almost
completely from a solution containing 100 g l�1 of metal ions from three different
organic extractants having distribution coefficients of 9, 4, and 3.

Solution
When D ¼ 9

Concentration

Initial concentration (g l�1) Stage co ca
100 1 90 10

10 2 9 1

1 3 0.9 0.1
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Since the total amount of the metal in the organic extractant after three stages of
extraction ¼ 99.9 g l�1 and left in the raffinate ¼ 0.1 g l�1, the optimum number of
extraction stages would be 3.

When D ¼ 4

Concentration

Initial concentration (g 1�1) Stage co ca
100 1 80 20

20 2 16 4

4 3 3.2 0.8

1 4 0.64 0.16

Since the total amount of the metal in the organic extractant after four stages of
extraction¼ 99.84 g l�1 and left in the raffinate¼ 0.16 g l�1, the optimum number of
extraction stages would be 4.

When D ¼ 3

Concentration

Initial concentration (g l�1) Stage co ca
100 1 75 25

25 2 18.75 6.25

6.25 3 4.65 1.6

1.6 4 1.2 0.4

0.4 5 0.3 0.1

Since the total amount of the metal in the organic extractant after five stages of
extraction ¼ 99.9 g l�1 and left in the raffinate ¼ 0.1 g l�1, the optimum number of
extraction stages would be 5.

Problem 11.4
A leach liquor (at pH ¼ 1.5) contains Fe3+ and Fe2+ ions (respectively at the
concentration of 10�5 and 10�4 M) along with some other impurities at 25 �C. If
pH of the leach liquor is gradually increased by addition of some alkali at what pH
will Fe(OH)3 and Fe(OH)2 get precipitated?

Given that:

Fe OHð Þ2 ¼ Fe2þ þ 2OH�, K1 ¼ 7:94� 10�16

Fe OHð Þ3 ¼ Fe3þ þ 3OH�, K2 ¼ 1:58� 10�39

H2O lð Þ ¼ Hþ þ OH�, ΔGo ¼ 19095 cal

Solution
H2O lð Þ ¼ Hþ þ OH�,K ¼ aHþ :aOH�

aH2O
¼ aHþ :aOH�

∴ logK ¼ log aHþ þ log aOH�
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ΔGo ¼ 19095 ¼ �RT lnK

logK ¼ � ΔGo

2:303:RT
¼ � 19095

1363
¼ �14:00

Hence,

log aHþ þ log aOH� ¼ �14:00 ð1Þ
Fe OHð Þ3 ¼ Fe3þ þ 3OH�,

K2 ¼ aFe3þ:a
3
OH�

aFe OHð Þ3
¼ aFe3þ: a

3
OH� ¼ 1:58� 10�39

a3OH� ¼ 1:58� 10�39

aFe3þ:
¼ 1:58� 10�39

10�5 ¼ 15:8� 10�33

∴aOH� ¼ 2:5� 10�11, log aOH� ¼ �10:6 ð2Þ

From Eqs. 1 and 2, we get: log aHþ ¼ �14:00� �10:6ð Þ ¼ �3:4
As pH ¼ � log aHþ

Hence, Fe(OH)3 can be precipitated at a pH of 3.4.

Fe OHð Þ2 ¼ Fe2þ þ 2OH�,

K1 ¼ aFe2þ:a
2
OH�

aFe OHð Þ2
¼ aFe2þ:a

2
OH� ¼ 7:94� 10�16

a2OH� ¼ 7:94� 10�16

aFe2þ:
¼ 7:94� 10�16

10�4 ¼ 7:94� 10�12

aOH� ¼ 2:82� 10�6, log aOH� ¼ �5:55 ð3Þ

From Eqs. 1 and 3, we get: log aHþ ¼ �14:00� �5:55ð Þ ¼ �8:45
Hence, Fe (OH)2 can be precipitated at a pH of 8.45. Ans.

Problem 11.5
A leach liquor at a pH of 2 containing metal ions: Cu2+, Ni2+, and Mn2+, each at a
concentration of 0.01 M, is treated with H2S gas at 25 �C. In the light of the given
data, what is your opinion about selective precipitation of CuS at this pH? What is
the concentration of Cu2+ ions left in the leach liquor after equilibrium is attained?
Calculate the pH required for precipitation of MnS.

Given that:

CuS ¼ Cu2þ þ S2�, KCuS ¼ 7:94� 10�37

MnS ¼ Mn2þ þ S2�, KMnS ¼ 3:16� 10�10

NiS ¼ Ni2þ þ S2�, KNiS ¼ 3:98� 10�20

520 11 Hydrometallurgy



Solution
At 25 �C, [S2�] ion concentration can be calculated by Eq. 11.155, pH ¼ 2

log S2�
� � ¼ log 1:69� 10�21

� �þ 2pH

¼ log 1:69� 10�21
� �þ 2� 2 ¼ �16:77

∴ S2�
� � ¼ 1:69� 10�17 and M2þ� � ¼ 0:01 givenð Þ

The ionic concentration product, K,for each metal sulfide would be:

M2þ� �� S2�
� � ¼ 0:01� 1:69� 10�17 ¼ 1:69� 10�19 ¼ K

M2+ stands for Cu2+, Ni2+, and Mn2+. Since this ionic concentration product, K
(1.69 � 10�19), is much higher than KCuS ¼ 7.94 � 10�37 but less than
KMnS ¼ 3.16 � 10�10 and very close to KNiS ¼ 3.98 � 10�20, CuS cannot be
very selectively precipitated at the pH of 2. There is no possibility of precipitation of
MnS, but precipitation of NiS cannot be ruled out.

Concentration of Cu2þ
� �

left in the solution at equilibrium ¼ KCuS

S2�
� �

¼ 7:94� 10�37

1:69� 10�17

¼ 4:7� 10�20Ans:

For precipitation of MnS:

S2�
� � ¼ KMnS

Mn2þ
� � ¼ 3:16� 10�10

10�2 ¼ 3:16� 10�8

Use Eq. 11.155 to calculate pH at the above [S2�] ion concentration:

log S2�
� � ¼ log 1:69� 10�21

� �þ 2pH

pH ¼ 1
2

log 3:16� 10�8
� �� log 1:69� 10�21

� �� � ¼ 6:64 Ans:

But at this pH, all the three sulfides, CuS, MnS, and NiS will get precipitated.

Problem 11.6
From the standard electrode potentials of the following half cells listed below
suggest two pairs of metal ionic systems equilibrating at the highest and lowest
ratio of concentrations at 25 �C. Calculate the ratio of concentration in each case.
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Fe2þ þ 2e ¼ Fe,Eo ¼ �0:440 V

Zn2þ þ 2e ¼ Zn,Eo ¼ �0:763 V

Ni2þ þ 2e ¼ Ni,Eo ¼ �0:250 V

Cd2þ þ 2e ¼ Cd,Eo ¼ �0:403 V

Cu2þ þ 2e ¼ Cu,Eo ¼ 0:337 V

Can iron effectively displace cadmium from the aqueous solution? Which ele-
ment can most effectively cement out cadmium from the solution? Give a quantita-
tive estimate.

Solution
The potential of the two half cells in any electrochemical cell comprising any two
metals after achieving equilibrium becomes equal. For the cell in which the two
metals have the largest difference in E�, for example, Cu2+/Cu and Zn2+/Zn will
equilibrate at the least ratio of activities

aCu2þ
a2þZn

(hence, at the least metal ion concen-

tration ratio). Therefore, at 25 �C, we can write:

Eo ¼ Eo
Cu þ

RT
nF

log aCu2þ ¼ Eo
Zn þ

RT
nF

log aZn2þ

0:337þ 4:575� 298
2� 23066

log aCu2þ ¼ �0:763þ 4:575� 298
2� 23066

log aZn2þ

and thus we get : log
aCu2þ
aZn2þ

 �
¼ � 1:10

0:0296
¼ �37:162

∴
aCu2þ
aZn2þ

 �
¼ 6:88� 10�38 ¼ Cu2þ

� �
Zn2þ
� � the least ratio Ans:

The system with lowest difference in Eo, for example, Cd2+/Cd and Fe2+/Fe, will

equilibrate at larger concentration ratio of
Cd2þ½ �
Fe2þ½ �. Following the above procedure, we

get:

log
aCd2þ
aFe2þ

 �
¼ �0:440� �0:403ð Þ

0:0296
¼ � 0:037

0:0296
¼ �1:25

∴
aCd2þ
aFe2þ

 �
¼ 5:6� 10�2 ¼ Cu2þ

� �
Fe2þ
� � ¼ the largest ratio Ans:

Since the
aCd2þ
aFe2þ

h i
ratio is rather close to unity, iron cannot effectively displace

cadmium from the aqueous solution. As the electrode potentials of Cd2+/Cd and Zn2
+/Zn are widely apart, zinc can most effectively cement out cadmium from the
solution.
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log
aCd2þ
aZn2þ

 �
¼ �0:763� �0:403ð Þ

0:0296
¼ � 0:360

0:0296
¼ �12:16

∴
aCd2þ
aZn2þ

 �
¼ 6:88� 10�13 Cd2þ

� �
Zn2þ
� � Ans:

Since
Cd2þ½ �
Zn2þ½ � ¼ 6:88� 10�13 is relatively very small, zinc can most effectively

cement out cadmium from the solution.

Problem 11.7
Concentration of copper in the leach liquor can be reduced to a very low level by
cementing out copper with iron. The liquor leaving the cementation launder at
27 �C contains 0.5 g l�1 of iron. What is the residual equilibrium copper content of
the solution if the activity coefficient of the ferrous ions in dilute sulfuric acid
solution is 0.2?

Solution
The cementation reaction: Cu2+ + Fe ¼ Fe2+ + Cu

The half-cell potential for iron is:

E ¼ E0
Fe þ

RT
nF

log aFe2þ ¼ �0:44þ 4:575� 300
2� 23066

log γFe2þ : Fe
2þ� �� �

¼ �0:44þ 0:0296: log 0:2:
0:5

55:85

 �� �

¼ �0:44� 0:0813 ¼ �0:5213 V

At equilibrium, the copper half-cell potential will have the same potential:

E ¼ E0
Cu þ

RT
nF

log aCu2þ ¼ 0:337þ 4:575� 300
2� 23066

log aCu2þ

∴� 0:5213 ¼ 0:337þ 0:0296 log aCu2þð Þ

or log aCu2þð Þ ¼ � 0:5213þ 0:337
0:0296

¼ �28:9966 ’ �29

Assuming activity coefficient of Cu2+ ions to be unity in the dilute solution and
substituting concentration for activity, we get:

log Cu2þ
� � ’ �29

∴ Cu2þ
� � ¼ 10�29M ¼ 63:54� 10�29 ¼ 6:4� 10�28 g l�1

Hence, the residual equilibrium copper content of the solution¼ 6.4� 10�28 g l�1

Ans.
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Problem 11.8
Hydrogen gas is bubbled at 1 atm pressure through aqueous solutions, each
containing either Zn2+, Fe2+, Cd2+, Cu2+, or Ni2+ ion. If concentration of the
individual ion in the solution is 10�2 M, calculate the minimum pH required for
the precipitation of Zn, Fe, Cd, Cu, and Ni from the aqueous solution at 25 �C.

Given that: Eo
Zn2þ=Zn ¼ �0:762, Eo

Fe2þ=Fe ¼ �0:44, Eo
Cd2þ=Cd ¼ �0:403,

Eo
Cu2þ=Cu ¼ 0:337 V, and Eo

Ni2þ=Ni ¼ �0:241 V.

Solution
For the precipitation of the metal from an aqueous solution, the necessary condition
is EM ¼ EH

at 25 �C we have EH ¼ �0.059 pH (when pH2
¼ 1 atm)

and

EM ¼ Eo
M þ 0:059

2
log aM2þ ¼ Eo

M þ 0:059
2

log 10�2 ¼ Eo
M � 0:059

∴when EH ¼ EM, we have� 0:059 pH ¼ Eo
M � 0:059,

for Zn precipitation: �0.059 pH ¼ �0.762 � 0.059

pH ¼ 0:821=0:059 ¼ 13:9

for Fe, �0.059 pH ¼ �0.44 � 0.059

pH ¼ 0:499=0:059 ¼ 8:5

for Cd, �0.059 pH ¼ �0.403 � 0.059

pH ¼ 0:462=0:059 ¼ 7:8

for Cu, �0.059 pH ¼ 0.337–0.059
pH¼� 0.278/0.059¼� 4.7 (since pH is negative, Cu can be precipitated at any

pH)
for Ni, �0.059 pH ¼ �0.241 � 0.059

pH ¼ 0:30=0:059 ¼ 5:1 Ans:

Problem 11.9
Calculate the minimum pressure of hydrogen gas required to precipitate Zn2+, Fe2+,
and Cd2+ at 25 �C from an aqueous solution at pH ¼ 6. The potential for the
precipitation of Zn2+, Fe2+, and Cd2+ can be taken as �0.83, �0.50, and � 0.47 V,
respectively.

524 11 Hydrometallurgy



Solution
For the precipitation of a metal from solution: the potential for metal precipita-
tion ¼ potential for hydrogen evolution, that is, EM ¼ EH

at 25 �C,

EH ¼ Eo
H � 0:059 pH� 0:059

2
log pH2

EH ¼ 0� 0:059� 6� 0:0295 log pH2

¼ �0:354� 0:0295 log pH2

now since EM ¼ EH

for Zn2+, �0:83 ¼ �0:354� 0:0295 log pH2

or � 0:476 ¼ �0:0295 log pH2

log pH2
¼ 0:476=0:0295 ¼ 16:14

that is, pH2
¼ 1:37� 1016atm

for Fe2+, �0:50 ¼ �0:354� 0:0295 log pH2

or log pH2
¼ 0:146=0:0295 ¼ 4:95

∴pH2
¼ 8:9� 104atm

for Cd2+, �0:47 ¼ �0:354� 0:0295 log pH2

log pH2
¼ 0:116=0:0295 ¼ 3:93

pH2
¼ 8:6� 103atmAns:
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Chapter 12
Electrometallurgy

Electrometallurgy is an important branch of metallurgy which uses electrical energy
in winning of metals from leach liquors and refining of crude metals obtained via the
pyrometallurgical route (e.g., blister copper and lead bullion) as well as by hydro-
metallurgical and electrometallurgical routes (e.g., aluminum). This branch of met-
allurgy also includes the extraction of metals and alloys by electrothermic smelting.
In this chapter, discussion is confined to electrowinning and electrorefining. Before
discussing the principle of electrometallurgy, it would be interesting to note the
difference between electrowinning and electrorefining. Electrowinning is an elec-
trolytic extraction method in which cathodic reduction is made use of to deposit the
desired metal from the electrolyte that is obtained from a leaching step in the flow
sheet. The process uses insoluble or inert anodes and the anodic process supports a
gaseous evolution reaction. Contrary to this, electrorefining uses anodes of impure
metal to be refined and the cathode is of pure metal starting sheet or a blank of
another metal. In electrorefining, the anodic reaction is a metal dissolution reaction,
which is reverse of the cathodic reduction. In electrowinning, the anodic reaction is
usually oxygen evolution from aqueous solutions:

2H2O ¼ 4Hþ þ O2 þ 4e ð12:1Þ

However, in the electrowinning of a metal from a sulfide or a matte, anode
dissolution takes place, for example, electrowinning of nickel from nickel matte
(Ni3S2). Dissolution of Ni3S2 generates Ni

2+ ions and elemental sulfur. Such pro-
cesses are categorized as electrowinning with soluble anode. On the other hand, in
fused salt electrowinning processes, the electrolyte and anode compositions dictate
the anodic reaction. In aluminum electrowinning using fused cryolite electrolyte
containing dissolved Al2O3, CO, and CO2 are generated, and, in production of
magnesium from fused chloride electrolyte, chlorine is evolved at the anode.
Depending on the operating conditions, pure metal may be occasionally deposited
on a pool of molten metal covering the conducting hearth of the cell and protected by
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the electrolyte (e.g., aluminum production). On the other hand, magnesium floats on
the electrolyte that is in contact with the cathode and a specially designed cell is
employed to prevent the metal coming into contact with the anodic chlorine.

During the past four decades, a number of plants based on hydrometallurgical
route incorporating leaching–solvent extraction–electrowinning and leaching–
chemical purification (Jarosite process)–electrowinning have come up in the pro-
duction of relatively high-purity copper and zinc, respectively. The production of
high-purity cathode has been achieved by successive improvement in the tankhouse
automation, development of superior anodes and cathodes, and efficient electrolyte
handling [1–3]. In recent years, there have been serious attempts to produce rare
metals/alloys by fused salt electrolytic process at lower cost [3–9].

Both electrowinning and electrorefining are carried out in electrolytic cells
fabricated out of reinforced concrete tank lined with either lead or lead alloy or
PVC or high-density polyethylene. In zinc electrowinning, a new technique utilizes
upside-down concrete “T” sections [10] that fit close together to form the cells lined
with plastic liners. The size of the cells varies according to the number of electrodes
and the interelectrode spacing. In copper and zinc electrowinning, the number of
electrodes varies significantly from plant to plant, but the center-to-center distance
between cathodes is normally 90–100 mm. In each electrolytic cell, cathodes are
arranged alternately with anodes. In order to ensure even and uniform deposits on the
end cathodes, one additional anode over the number of cathodes is used. The
cathodes and anodes are connected separately, in parallel. The cells are connected
in series. There is a large variation in the number of cells in a row from plant to plant.

In normal aqueous electrowinning processes, the anodes should be completely
insoluble. Any dissolution will contaminate the electrolyte (leach liquor) by addi-
tional metal ions that may reduce on the cathode and deposit along with the desired
metal. Traditionally, lead alloys containing 5–10% antimony have been used as
anodes. There is a slight contamination of cathode deposit by lead due to some
anodic corrosion in dilute acid electrolytes, which increases with an increase in acid
concentration. However, this can be minimized by the addition of Co2+ ions in the
electrolytes, which decreases the anodic corrosion over-potential of oxygen evolu-
tion reaction. In recent years, the use of more stable anode of Pb–Ca–Sn [2] has
increased in solvent extraction copper electrowinning circuit. Pb–0.5/0.75% Ag
alloys have been developed for zinc electrowinning. In order to reduce the energy
consumption of copper electrowinning, dimensionally stable anodes of titanium
coated with iridium oxide and ruthenium oxide [11–14] have been developed. In
addition to lowering energy consumption, they protect the environment by avoiding
lead sludge formation and its contamination with the product, and cobalt sulfate
addition.

Carbon anodes [15, 16] are exclusively used in the electrolysis of fused cryolite
with dissolved Al2O3 for aluminum production. These may be either prebaked or
self-baking. Prebaked anodes made of individual carbon blocks are replaced with
new ones after the one has been nearly consumed. The self-baking anode made of
carbon paste (Soderberg) is contained in a steel frame. While descending toward the
hot zone, the paste becomes hard and conducting. On consumption from below new
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carbon paste is added. Steel studs embedded in the anode carry electric current. They
are pulled out and moved up as the anode descends. The anodes undergo oxidation to
form CO and CO2 during usage. In recent years, the use of the Soderberg anodes has
a decreasing trend due to their lower production efficiency.

In electrowinning from aqueous solutions, the cathodes are usually in the form of
starting thin sheets of the same metal, which has to be deposited. These are prepared
by depositing on cathode blanks in special separate electrolytic cells. The thin
electrodeposited sheet can be easily stripped. Titanium and stainless steel blanks
[10] are used for preparation of copper and nickel starting sheets, respectively. The
blank surface is wetted with a parting agent to promote stripping which may be done
manually or by using automatic stripping machines. In zinc electrowinning, pure
aluminum cathode blanks are used directly. After carrying out deposition operation
for 24 h or longer, the cathodes are stripped. In aluminum production, an iron pot
lined with carbon, which acts as cathode, is used. In electrolytic production of
magnesium, steel cathodes [17] are used because magnesium does not alloy
with iron.

12.1 Principle

Electrolysis is basically the decomposition of a liquid (aqueous solution of a salt or
mixture of fused salts or ionic compounds) by the passage of an electric current.
Thus, the electrolytic process is essentially based on chemical reactions involving
ions (anions and/or cations) and electrons which may be represented by electro-
chemical equations. Potential–pH diagram for the M-H2O system discussed in Sect.
11.3.3 is useful in electrometallurgy. The diagram may be used as a guide for
selective dissolution of metals from anode and deposition of metal ions from the
solution (electrolyte) at the cathode. During electrolysis, basically a liquid (aqueous
solution or fused salts) ionic compound decomposes by passage of current. In the
electrolytic cell, anode is the electrode at which electrons are generated whereas
electrons are consumed at the cathode. Thus, the electrolytic cell is similar to the
electrochemical cell discussed in Sect. 11.5.2 under the heading “cementation,” but
the electrode polarities are reversed. The following cathodic reactions may be
considered during electrolysis:

1(a). In acid solution, hydrogen evolution is a common cathodic reaction:

2Hþ þ 2e ! H2 ð12:2Þ

1(b). In neutral and alkaline solutions, hydrogen evolution takes as:

H2Oþ e ! 1
2
H2 þ OH� ð12:3Þ
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2(a). In acid solution, oxygen may be reduced as:

1
2
O2 þ 2Hþ þ 2e ! H2O ð12:4Þ

2(b). In neutral and alkaline solutions, hydroxyl ions are produced by the reduction
of oxygen:

1
2
O2 þ H2Oþ 2e ! 2OH� ð12:5Þ

3. Metal deposition takes place:

Mne þ ne ! M ð12:6Þ

4. Metal ions may be reduced as:

M3þ þ e ! M2þ ð12:7Þ

5. Anion may get reduced as:

2NO�
3 þ 4Hþ þ 2e ! N2O4 þ 2H2O ð12:8Þ

The metal dissolution is the main anodic reaction in electrorefining:

M ! Mne þ ne ð12:9Þ

Other possible reactions at the anode include reverse of reactions (12.1, 12.2, and
12.3: gas adsorption), and (12.7: oxidation of metal ion: M2+ ! M3+ + e).

During the electrolysis of molten sodium chloride at above 600 �C, the only two
ionic species, Na+and Cl�, produced by the ionization of NaCl (NaCl! Na+ + Cl�)
are, respectively, reduced at the cathode, and oxidized at the anode according to the
reactions:

Reduction at the cathode : Naþ þ e ! Na ð12:10Þ
Oxidation at the anode : 2Cl� ! Cl2 þ 2e ð12:11Þ

The chlorine gas produced at the anode is collected as a by-product. On the other
hand, in the electrolysis of dilute sulfuric acid, OH� ions are also generated from
water in addition to H+ and SO2�

4 . SO2�
4 and OH� ions move toward the anode and
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H+ ions are converted to hydrogen gas at the cathode (reaction: 12.2). On account of
a lower discharge potential, OH� ions lose electrons easily compared to SO2�

4 ions
and undergo the anodic reaction to generate oxygen:

4OH� ! 2H2Oþ O2 þ 4e ð12:12Þ

Thus, the electrolysis of dilute sulfuric acid is equivalent to the decomposition of
water [18]:

2H2O ! 2H2 þ O2 ð12:13Þ

However, in the electrolysis of aqueous copper sulfate solution, there are two
important ionization reactions:

CuSO4 ! Cu2þ þ SO2�
4 ð12:14Þ

H2O ! Hþ þ OH� ð12:15Þ

In the solution electrolyte, copper ions migrate to the negatively charged electrode
(the cathode) under the influence of electrical potential between the two electrodes
and combine with the electrons released at the anode to form copper atoms that are
discharged at the cathode according to the half-cell reaction:

Cu2þ þ 2e ! Cu at the cathodeð Þ ð12:16Þ

The reaction at the anode depends on the nature of the electrode material. For
example, the discharge of hydroxyl ions at the nonconsumable anode (inert, e.g.,
carbon, platinum, etc.) generates oxygen gas (reaction 12.12) whereas in the case of
consumable crude copper anode, Cu2+ ions are produced as per reaction:

Cu ! Cu2þ þ 2e at the anodeð Þ ð12:17Þ

Combining the above two reactions at anode and cathode, the net reaction can be
represented as:

Cu at anodeð Þ ! Cu at cathodeð Þ ð12:18Þ

The above cell reaction summarizes the basis of electrorefining.
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12.1.1 Cell Potential

The minimum theoretical cell voltage, Ecell, required for electrolysis significantly
varies for aqueous and fused electrolytes. During the electrolysis of aqueous solu-
tions, the theoretical voltage depends on the reversible electrode potentials of anode
and cathode. Ecell can be estimated with the aid of Nernst’s equation and the
electrochemical series, as discussed in Chap. 11. In this chapter, it has been dem-
onstrated that water decomposes with the evolution of oxygen and hydrogen gases,
respectively, at the anode and cathode on application of 1.23 V (i.e.,Ecell¼ � 1.23 V)
at 298 K. Ecell can also be estimated from the knowledge of free energy
(ΔGo ¼ � nFEcell). For example,

H2O ! H2 þ 1
2
O2,ΔGo

298 ¼ þ237 k J ð12:19Þ

In the above reaction, n ¼ 2 because two electrons are transferred in reactions:

2Hþ þ 2e ! H2 ð12:20Þ

and 2OH� ! H2Oþ 1
2
O2 þ 2 e ð12:21Þ

∴Ecell ¼ � 237000
2� 96500

¼ �1:23 V

The positive value of ΔGo (and the negative value of Ecell) indicates that the
decomposition of water does not proceed spontaneously. Hence, to produce hydro-
gen and oxygen, a voltage slightly more than 1.23 V must be applied. Equation,
ΔGo ¼ � nFEcell, is more useful in the calculation of Ecell in fused salt electrolysis
due to lack of availability of Eo data in fused salt mixture.

The voltage required to operate an electrolytic cell is the sum of (i) emf for the
chemical reaction (Ecell), (ii) emf due to polarization at the anode (ηa) and cathode
(ηc), (iii) emf to overcome the ohmic resistance of the electrolyte and the contact
potentials between electrodes and bus bars (Eres). The contribution of each may be
accounted as:

1. Chemical reaction: The deposition of copper from an aqueous solution of
CuSO4 may be represented as:

CuSO4 þ H2O ¼ Cuþ H2SO4 þ ½ O2 ð12:22Þ
or Cu2þ þ H2O ¼ Cuþ 2Hþ þ ½ O2 ð12:23Þ

The standard free energy change for reaction (12.23) is the sum of the free
energies of the following two half-cell reactions:
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at the cathode : Cu2þ þ 2e ¼ Cu,ΔGo
298 ¼ �65620 J ð12:16Þ

and at the anode : H2O ¼ H2 þ ½ O2,ΔGo
298 ¼ 237000 J ð12:19Þ

and H2 ¼ 2Hþ þ 2e, ΔGo
298 ¼ 0 ð12:24Þ

The standard free energy of ionization of hydrogen is zero because Eo for the
standard hydrogen electrode has been arbitrarily chosen as zero. Hence, the free
energy, ΔGo

298 of the overall/net reaction (12.23) is 171380 J:

∴Eo ¼ � 171380
2� 96500

¼ �0:89 V

The positive value of the free energy (hence the negative value of emf) suggests
that reaction (12.16) will not occur spontaneously from left to right. The negative
value of �0.89 V is a measure of the emf, which has to be applied to allow reaction
(12.23) to occur. Thus, application of 0.89 V would bring the cell into equilibrium
without any net change. On the other hand, application of a higher voltage will lead
to copper deposition according to reaction (12.23). The emf of the net chemical
reaction (Ecell) may be calculated from Nernst’s equation:

E ¼ Eo þ RT
nF ln activity of the species in oxidized stateð Þ

activity of the species in reduced stateð Þ
h i

. Hence, for the reaction at the

cathode: Cu2+ + 2e ¼ Cu (12.16), we can write:

Ecell ¼ Eo þ RT
nF

ln
aCu2þ
aCu

ð12:25Þ

As n ¼ 2 for reaction (12.16), at 298 K Eq. 12.25 may be simplified as:

Ecell ¼ Eo þ 0:0295: log
aCu2þ
aCu

� �
ð12:26Þ

The second term (0.0295. Ʃ log ai) on the right-hand side acts as the correction
factor for activities. A change by a factor of 10 in the activity of ions in the
electrolyte will bring a change in the cell emf by only 0.059 V for n ¼ 1,
0.0259 V if n¼ 2, and so on. Thus, Ecell is not much affected due to activity changes
and hence it may be assumed to be constant and has a value equal to the standard
value (Eo). For example, a tenfold decrease in the copper activity together with a
tenfold increase in the activity of acid increases Ecell by only 0.06 V (about equal
contribution of 0.0295 V by each). Contrary to this, during electrorefining, ΔG ¼ 0
when the thermodynamic state of the metal being dissolved is almost identical to that
of the metal being deposited; hence, Ecell ¼ 0. Although the cell voltage is zero,
about 0.3 V is normally required to overcome ohmic resistance and over-voltages.
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2. Anode (ηa) and cathode (ηc) polarization: The anode polarization is due to
oxygen over-voltage caused by local surplus in sulfuric acid concentration and
because of the difficulty of nucleating oxygen bubbles. ηa can be reduced by
agitation or by using a catalyst or a reducing agent to pick up oxygen without
forming gas bubbles. On the other hand, the cathode polarization (ηc) occurs near
the cathode surface due to the concentration gradient in the metal ions caused by
the depletion in the solution.

3. Ohmic resistance of the electrolyte: The voltage, Eres required to overcome the
ohmic resistance of the electrolyte and the connection between electrodes and bus
bars is called ohmic drop. It can be lowered by optimizing the composition of the
electrolyte to have a higher proportion of conducting ions and by cell design to
have wide and short electrical paths leaving space for the growth of cathodes.
Since resistance R of a solid conductor is directly proportional to length l and
inversely proportional to cross-sectional area A, we can write:

R ¼ ρ
l
A

ð12:27Þ

where ρ is the specific resistivity of the electrolyte in Ωcm�3. Ionic species present
affect the value of ρ. Hydrogen and hydroxyl ions make least contributions in the
value of ρ. Thus, low resistances are obtained in fairly strong acid or alkaline
solutions. Hence, the total operating voltage required for a cell is given as:

E ¼ Ecell þ ηa þ ηc þ Eres ð12:28Þ

In general, plant operation data show that E is normally two or three times larger
than Ecell. For example, in deposition of copper, a potential drop of 2.3 V per cell
occurs although Ecell is only 0.89 V. Since resistivity of the electrolyte decreases
with an increase in temperature, electrolytic tanks are operated at about 40 – 50 �C.
However, in case of fused salts or oxides, higher resistance is desired to generate
larger heat (I2R) in order to maintain the cell at a higher temperature. As a result, a
higher cell voltage is required. This is exemplified in aluminum extraction where
Ecell is only 1.2 V for the net chemical reaction, but the total emf required for
deposition of aluminum from Al2O3 dissolved in cryolite melt is > 4.2 V (Ea ’ 0.50,
Ec ’ 0.15, Eres ’ 2.45 V).

The actual cell potential employed depends on the magnitude of current required
to attain the desired rate of production. Ecell is independent of the value of current,
but polarization at the electrodes and voltage drops across the electrolyte, the bus
bars, and the contacts increase with the use of higher current.
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12.1.2 Discharge Potential

The discharge potential refers to the minimum potential between the electrode and
electrolyte required for continuous discharge of an ion. Depending on the electrode
reaction, it is the sum of the reversible electrode potential (Er) and over-potential
(η), that is, Edischarge ¼ (Er + η). For example, the discharge potential of Zn ions on
zinc electrode is �0.96 V because Er ¼ �0:76 V Eo

Zn

� �
and η ¼ � 0.2 V. Sim-

ilarly, the discharge potential of hydrogen [18, 19] is �1.13 V because, for
hydrogen, Er ¼ 0 Eo

H

� �
and η ¼ � 1.13 V. It is important to note that hydrogen

over-potential (more commonly known as hydrogen over-voltage) plays a
significant role in the deposition/discharge of metal ions on a cathode. Zinc will
be deposited without hydrogen evolution provided the applied voltage is such that
the electrode potential lies between the discharge potentials of zinc and hydrogen.
The absolute value of over-potential is controlled by current density, pH, and
nature of the bath. On the other hand, only hydrogen will evolve at the cathode
without any metal deposition/discharge if the electrode potential of the metal is less
than �1.13 V. Thus, zinc, despite being relatively negative to hydrogen in the
electrochemical series, is deposited without hydrogen evolution due to hydrogen
over-voltage. In a similar manner, Mn, Cr, Fe, Cd, Co, Ni, Sn, and Pb are deposited
from aqueous electrolytes on account of higher hydrogen over-voltage. Noble
metals like Ag and Cu (electropositive to hydrogen) can be deposited from
aqueous solutions without hydrogen evolution whereas reactive base metals with
more negative discharge potentials would evolve hydrogen instead of metal dis-
charge at the cathode (e.g., electrolysis of NaCl solution). Hence, fused salt
electrolysis becomes essential in electrowinning/electrorefining of calcium,
sodium, magnesium, beryllium, aluminum, titanium, thorium, and niobium. In
contrast to this statement, sodium is deposited from aqueous solutions on a
mercury cathode due to its high hydrogen over-voltage on the extremely smooth
surface of the liquid metal and low activity of sodium in dilute solution of mercury.
Table 12.1 classifies metals under three categories according to their chances of
deposition from aqueous electrolytes without hydrogen evolution, under hydrogen
over-voltage, and only from fused salt electrolytes.

The above knowledge can be made use of in selective removal of impurities
during electrolysis. For example, since the discharge potentials of nickel (�0.45 V)
[¼ Er (�0.25) + η (�0.2 V)], cobalt (�0.40 V), and iron (�0.48 V) are comparable,
some Co and Fe will deposit along with nickel in the electrowinning of nickel from
soluble Ni3S2 cast anodes. The problem of the deposition of Co and Fe has been
sorted out by separating the electrolytic cell into anode and cathode compartments
with the aid of suitable diaphragms together with the provision of anolyte
purification.

The generation and deposition/discharge of ions, respectively, at the anode and
cathode can be estimated with the help of Nernst’s equation using activity values of
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ions in the electrolyte and the metals in the solid electrode. If aM2þ and aM,
respectively, refer to the activity of M2+ ions in the electrolyte and the activity of
M in the solid electrode, a high value of the ratio aM2þ=aM (i.e., aM2þ � aM ) means
that the dissolution of M is highly favorable at the anode. On the other hand, if
aM2þ � aM, the deposition of M2+ ions will take place at the cathode (see Problems
12.5 and 12.6).

12.1.3 Current and Energy Efficiency

According to Faraday’s Law of electrolysis, the amount of metal deposited, m, is
calculated as m ¼ zct, where z, c, and t are the electrochemical equivalent, current,
and time, respectively. Generally, the current used exceeds the theoretically required
value in depositing the metal from the leach liquor electrolyte. This introduces a term
“current efficiency” which is defined as the ratio of the weight of the metal actually
deposited to that which is expected to be deposited, theoretically, in accordance with
the Faraday Law. It is usually expressed in percentage. This anomaly is mainly due
to the following unavoidable side reactions that occur during electrolysis:

1. Some hydrogen may be occluded in the deposited metal due to hydrogen evolu-
tion. Discharge of hydrogen at the cathode should be controlled by limiting the
cell voltage.

2. A fraction of iron present in the electrolyte oxidizes (Fe2+ ! Fe3+) at the free
surface of the anode with air or oxygen. Fe3+ is then reduced at the cathode. Thus,
the current efficiency decreases due to the loss of current in oxidation/reduction

Table 12.1 Normal electrode potentials (E� V) of some metals at 25 �C (with reference to
hydrogen, Eo

H)

Electronegative metals with reference to hydrogen

Electropositive metals that
can be deposited from
aqueous solutions

Metals that can be deposited by
electrolysis of aqueous solutions under
hydrogen over voltage

Metals that can be
deposited by electrolysis
of fused salts only

Au+, Au +1.68 Pb2+, Pb �0.126 Nb3+, Nb �1.10

Au3+, Au +1.42 Sn2+, Sn �0.140 V3+, V �1.51

Pt2+, Pt +1.215 Mo2+, Mo �0.20 Al3+, Al �1.667

Pd2+, Pd +0.83 Ni2+, Ni �0.250 Be2+, Be �1.72

Ag+, Ag +0.799 Co2+, Co �0.277 Ti2+, Ti �1.75

Hg+, Hg +0.799 Cd2+, Cd �0.402 U3+, U �1.80

Cu2+, Cu +0.344 Fe2+, Fe �0.441 Th4+, Th �1.90

Bi3+, Bi +0.23 Cr3+, Cr �0.744 Mg2+, Mg �2.376

Sb3+, Sb +0.10 Zn2+, Zn �0.761 Na+, Na �2.714

W3+, W +0.05 Mn2+, Mn �1.05 Ca2+, Ca �2.87

K+, K �2.924

Li+, Li �3.024
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reactions. The current efficiency goes below 80% when iron content in copper
leach liquor is very high compared to a more normal value of 95% at low iron
concentrations. Hence, iron must be reduced to the required level prior to leaching
by converting it to an insoluble product. Alternatively, the leach liquor is purified
for removal of iron prior to electrolysis, for example, removal of iron by jarosite
precipitation in zinc extraction (see Sect. 11.4.1).

3. The re-dissolution of cathode material may also reduce current efficiency. This
may occur when acidity reaches a very high value.

In addition to the above side reactions, current may be lost through leakages to
earth and between bus bars. Due to the humid conditions prevailing in tank houses,
these losses cannot be eliminated, but they can be minimized by maintenance of a
high standard of cleanliness in the plant.

Some heat (/I2R) is generated due to the current and the resistance of the
electrolyte. In order to pass high current without any appreciable rise in temperature,
the resistance of aqueous solution electrolyte should be kept low. The resistivity of
acid solutions is lower than that of alkaline solutions. Neutral solutions have the
highest resistivity and hence must be avoided. As resistivity of electrolytes decreases
with an increase in temperature, electrolytic tanks are commonly operated at about
40–50 �C. While using fused salts/oxides as electrolytes, a higher resistance is
necessary to maintain a high cell temperature at any suitable current. This will
require a corresponding high voltage. Occasionally, supplementary heating may be
required.

In order to improve the process efficiency and purity of the product, leach liquor
may need purification to eliminate certain ions prior to electrolysis. The quality of
the cathode deposit is affected by temperature, pH, and current density. Normally,
current density varies from 100 to 300 A m�2. The highest value is used to achieve
the maximum production rate. However, irregular, loose, and spongy deposits are
produced at high current densities. Occasionally, metal may even fall in the cell,
resulting in a considerable decrease in its current efficiency. Additives to the
electrolyte, such as colloids, glues, and gum may improve the physical properties
of the deposit at even high current densities.

Energy efficiency is generally reported as electric power required to produce 1 kg
of the metal. It is expressed as kWh kg�1. Energy efficiency is calculated as:

Energy efficiency %ð Þ ¼ current efficiency %ð Þ � theoretical voltage
applied voltage

ð12:29Þ

At a constant applied voltage, the energy efficiency increases with an increase in
the current efficiency, that is, more useful utilization of current with the decreasing
overall power. The situation becomes more complicated when the applied voltage
changes at constant current efficiency. Power input increases with an increase in
voltage, but useful work does not vary proportionately because the applied voltage is
lost in overcoming polarization and resistance effect in the cell. A reduction in the
applied voltage decreases power input, but a certain minimum voltage is required to
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achieve an appropriate rate of electrolysis. Therefore, optimum conditions are
adjusted to maintain a balance between current efficiency and energy efficiency.
The energy efficiency in electrowinning/electrorefining of aluminum is poor because
energy is consumed in keeping the electrolyte in the molten state that is required for
carrying out electrolysis. There is no alternative route to get higher energy efficiency,
except that larger pot cells are employed for electrolytic reduction of alumina. The
economics of the electrolytic process may be expressed in terms of energy con-
sumption per kg of metal deposited by the relation [10]:

Energy consumption kWh kg�1
� � ¼ E:F

M=zð Þ � 3600� 0:01 CEð Þ ð12:30Þ

where E is the applied voltage in volts, F the Faraday constant, M is the relative
atomic mass, and CE is the percentage current efficiency.

12.2 Applications

12.2.1 Electrowinning

Table 12.1 classifies metals into three groups which can be electrowon/electrorefined
either from aqueous solutions or fused salt electrolytes. There are two categories of
metals which can be deposited from aqueous electrolytes. Metals electropositive to
hydrogen can be deposited without hydrogen evolution whereas metals electroneg-
ative to hydrogen are deposited under hydrogen over-voltage. Highly reactive metals
with negative discharge potentials can only be deposited from fused salt electrolytes.

12.2.1.1 Electrowinning from Aqueous Electrolytes

From the preceding section and Table 12.1, it is clear that gold, silver, and copper
can be electrowon from aqueous solutions whereas zinc, chromium, cadmium,
cobalt, iron, nickel, and manganese can be discharged on the cathode from aqueous
solutions under hydrogen over-voltage. During extraction of zinc and manganese,
simultaneous requirements of avoiding hydrogen evolution as well as preventing
co-deposition of copper, cobalt, antimony, and so on pose severe problems. This
warrants removal of impurities from leach liquors prior to electrolysis by precipita-
tion, cementation, and/or use of diaphragms. In the electrowinning of zinc from
leach liquors obtained by sulfuric acid leaching of roasted sphalerite concentrate,
iron is eliminated by jarosite precipitation whereas cadmium and copper are
removed by cementation. Diaphragms separating the electrolytic cell into anode
and cathode compartments are used to prevent deposition of iron and cobalt along
with nickel in electrowinning nickel from Ni3S2 anodes. If iron present in the leach
liquor is not removed, Fe2+ and Fe3+ ions will alternatively get oxidized and reduced
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at anode and cathode, respectively. This back-and-forth oxidation/reduction would
increase the power consumption of the electrolytic process and hence the current and
energy efficiency will decrease. Generally, inert or insoluble anodes of lead or lead
alloys are employed in electrowinning. However, occasionally, there may be some
exception, for example, use of cast Ni3S2 anodes in extraction of nickel. Hydrogen
over-voltage is controlled by pH and use of cathodes of different metals and alloys
(other than the metal under extraction). During extraction of a metal, the more noble
metals must be eliminated from the electrolyte or else they will get preferentially
deposited along with the metal. Owing to this problem, more negative metals,
namely, zinc and manganese, require a higher degree of purification. The electro-
winning of these metals requires thorough elimination of impurities which reduce
hydrogen over-voltage.

Electrowinning of Copper About 20% of primary copper amounting to 2.5 million
tons per year is obtained through the hydrometallurgical route involving leaching,
solvent extraction, and electrowinning from aqueous solutions [20, 21]. The leach
liquor is generated by heap and dump leaching of oxide ores in dilute sulfuric acid.
Chalcocite, bornite, and covellite are easily leached in sulfuric acid whereas leaching
of chalcopyrite requires an oxidant. It enhances in the presence of bacteria (Sect. 11.
1.1.6).

The leach liquor so obtained is not suitable for direct electrodeposition of high-
purity copper because it is not only extremely dilute in copper content (1 – 6 kg
Cu2+ m�3 of solution) but also highly impure due to high iron content
(1 – 10 kg m�3). For production of smooth, dense, and high-purity cathode copper
on an industrial scale, the copper content of the electrolyte should be more than
35 kg Cu2+ m�3 of solution. The leach liquor is therefore concentrated by the
solvent extraction technique using the oxime group of organic extractant, namely,
aldoximes and ketoximes [22]. The extractant, 5 – 10% (by volume) dissolved in
purified kerosene when contacted with the leach liquor, extracts most of the
copper, leaving very little in the raffinate (0.3 kg Cu2+ m�3) according to the
reaction: 2RH (org) + Cu2+(aq) ¼ R2Cu (org) + 2H+(aq). In the next step, copper is
stripped into Cu2+-depleted aqueous phase in order to enrich the electrolyte to the
desired high Cu2+ concentration (45 kg m�3) for efficient electrowinning. The
electrolyte almost free from zinc and iron is electrolyzed in a PVC-lined concrete
tank having a rolled Pb-Sn-Ca alloy anode and a 316 L stainless steel cathode
[20]. The electrolytic reactions may be represented as:

At the cathode : Cu2þ þ 2e ! Cu,Eo ¼ 0:34 V

At the anode : H2O ! 1
2
O2 þ 2Hþ þ 2e,Eo ¼ �1:23 V

Instead of theoretically required 0.89 V for the electrolysis of one molal CuSO4

solution, about 2 V are actually used in order to overcome (i) oxygen over-potential
(0.5 V), (ii) copper deposition over-voltage (0.05 V) and (iii) ohmic resistance at a
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cathode current density of 300 A m�2 (0.5 V). Well-managed electrolytic plants
operate at current efficiencies of more than 90% [3, 20]. Copper stripped from the
cathode is washed and stored, the spent electrolyte is recycled to the solvent
extraction units [22], and oxygen is released into the atmosphere.

The depleted solution (raffinate), containing approximately 0.4 kg Cu and 5 kg
H2SO4 m�3 of solution from the solvent extraction unit, is used as lixiviant for
industrial-scale leaching. Before recycling, the concentration of H2SO4 in the
raffinate is increased to 10 kg m�3. In all electrowinning plants, guar [23] gum is
dissolved in electrolytes (about 250 g per ton of cathode copper) to produce smooth
and dense copper deposits. About 150 ppm of Co2+ [3, 20] in the electrolyte (added
as CoSO4 solution) facilitates O2 evolution at the anode. This is helpful in retarding
oxidation of lead anodes. In turn, anode life increases and contamination in copper
deposit decreases.

Electrowinning of Zinc About 80% of primary zinc is produced via the hydromet-
allurgical route involving leaching and electrowinning from aqueous solutions. As
zinc is electronegative to hydrogen, the electrowinning of zinc is made possible by
hydrogen over-voltage. From the discussion in Sect. 12.2.1.1, it is clear that, for
efficient zinc deposition, sulfate solution obtained from the leaching circuit needs
thorough purification because the purified electrolyte renders high hydrogen over-
voltage suitable for electrodeposition of zinc. Hydrogen over-voltage decreases
significantly in the presence of even traces of arsenic, antimony, germanium, cobalt,
and nickel to a level to not only stop zinc deposition but also cause dissolution of the
deposited zinc. Cobalt and nickel decrease cathode current efficiency [24].

After removal of iron by jarosite process (see Sect. 11.4.1), a series of cementa-
tion reactions are carried out to remove copper, cadmium, cobalt, and nickel. The
procedure varies from plant to plant in terms of number of steps, temperature, and
reagents used for cobalt removal. In this section, the steps adopted in the Outokumpu
process [10] are briefly outlined:

1. In the first step, a calculated amount of zinc dust is added to cement out copper,
leaving about 50–80 gm�3 of copper in the solution:

Cu2þ þ Zn ¼ Cuþ Zn2þ ð12:31Þ
and Cu2þ þ Cuþ H2O ¼ Cu2Oþ 2Hþ ð12:32Þ

The cemented copper is of high purity, and a higher proportion of Cu2O may
be produced for reducing zinc consumption.

2. Cobalt, nickel, and remaining copper can be precipitated by treating the solution
at higher temperatures with As (III) oxide and zinc:

2HAsO2 þ 2Co2þ þ 6Hþ þ 5Zn ¼ 2CoAsþ 5Zn2þ þ 4H2O ð12:33Þ
2HAsO2 þ 2Ni2þ þ 6Hþ þ 5Zn ¼ 2NiAs þ 5Zn2þ þ 4H2O ð12:34Þ
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Cu2þ þ Zn ¼ Cuþ Zn2þ ð12:31Þ
2HAsO2 þ 6Cu2þ þ 6Hþ þ 9Zn ¼ 2Cu3Asþ 9Zn2þ þ 4H2O ð12:35Þ

3. The filtrate after separation of the residue is passed through a series of fluidized
beds of zinc dust to cement out cadmium:

Cd2þ þ Zn ¼ Cdþ Zn2þ ð12:36Þ

The large surface area of zinc powder eliminates formation of long cadmium
dendrites and gives a coarse product, easily separable in a hydro-cyclone. The
resulting high-purity solution can now be fed to the electrolytic tank for zinc
deposition. Manganese can only be tolerated as an impurity because it is more
electronegative as compared to zinc and does not affect the cathode reaction.
However, it partly oxidizes at the anode to form MnO2, which settles at the bottom
of the cell. This MnO2 may be recycled to the neutral leach to oxidize Fe2+ to Fe3+.

The purified leach liquor containing 55–90 kg Zn2+ and 125–175 kg H2SO4 m
�3

of solution is electrolyzed at about 30–35 �C. Hard rolled aluminum cathodes are
employed to attain a higher over-voltage and Pb–0.5–1.0% Ag alloy anodes [25] to
lower oxygen over-voltage for oxygen evolution, which is advantageous in retarding
the corrosion of the anode. At a current density of 300 A m�2, the cathode current
efficiency of zinc deposition is 90% and energy consumption works out to be
3.2 kWh kg�1. The spent electrolyte containing 50–65 kg Zn2+ and 150–200 kg
H2SO4 m

�3 of solution is recycled to the leaching plant. At the Cominco zinc plant,
cathode current efficiency of 94% has been achieved by careful control of glue
addition.

In addition to the purification of the electrolyte, attention has to be paid to the
operating variables that increase hydrogen over-voltage and produce better deposits
with high current efficiency: (i) smooth zinc cathode surface maximizes hydrogen
over-voltage; (ii) cathode material, that is, aluminum sheet is preferred to get higher
hydrogen over-voltage; (iii) addition of glue in the electrolyte increases hydrogen
over-voltage as well as current efficiency; (iv) proper circulation of electrolyte
avoids concentration polarization (e.g., use of grid anode provides better circula-
tion); and (v) temperature rise reduces hydrogen over-voltage, hence bath is
maintained at 30–35 �C.

Electrowinning of Nickel In the production of nickel, the normal extraction proce-
dure of partial roasting, smelting, and converting renders pentlandite [(NiFe)4S8]
concentrate into a product, which cannot be easily separated. The resulting matte is
very slowly cooled from 1100 �C to 400 �C (in 3 days), ground, and magnetically
separated to obtain Cu–Ni alloy and nickel–copper matte [26]. Ni3S2 and Cu2S can
be separated by froth flotation technique after fine grinding.
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In electrowinning with insoluble anodes, electrolyte is purified leach liquor
obtained by leaching nickel–copper matte (Ni3S2–Cu2S) in sulfuric acid. Both nickel
and copper may be recovered by adjusting the process variables. Purification of
electrolyte is an important step in the electrowinning of nickel. Cobalt is precipitated
as stable Co (III) hydroxide by Ni (III) hydroxide, prepared electrolytically. The
filtrate is further purified by solvent extraction using LIX 64N extractant. Copper is
first extracted at a pH of 2. Nickel is then extracted from the raffinate at a pH of 9 by
pH adjustment with ammonia. Leach liquor obtained by acid pressure leaching of
laterite ores of nickel is also purified by the solvent extraction method. Nickel from
the purified liquor is electrodeposited on nickel starting cathode using a Pb–Sb alloy
anode. The spent electrolyte that is rich in acid is recycled to the leaching circuit for
additional dissolution of the matte. In the presence of cobalt, chloride media work
better over sulfate electrolyte. Anionic cobalt complex, CoCl2�4 , formed in the
chloride solution is more effectively separated from the uncomplexed nickel. Higher
conductivity of the chloride electrolyte and lower over-potential associated with
chlorine evolution permit electrodeposition at higher current densities with lower
energy consumption.

Nickel can also be electrowon with soluble anodes of cast Ni3S2. For this
purpose, Ni3S2 obtained by froth flotation containing 26.7% S is melted and cast
into anodes. The solidified anodes kept in an insulated annealing box are very
slowly cooled so that βNi3S2 transforms completely into β0Ni3S2 at 505 �C. The
latter form of Ni3S2 is stronger and does not disintegrate or crack during usage. By
mass, the anode analyzes 70% Ni, 3% Cu, 0.5% Co, 0.5% Fe, and about 20% S
together with small quantities of Pb, Zn, Se, and precious metals. Ni3S2 anode is
electrolyzed using mainly sulfate electrolyte and pure nickel starting cathode. The
anodic reaction is:

Ni3S2 ! 3Ni2þ þ 2Sþ 6e ð12:37Þ

Nickel ions in the purified catholyte compartment are deposited on the cathode
(3Ni2+ + 6e ! 3Ni). Thus, the overall cell reaction is:

Ni3S2 ! 3Niþ 2S,ΔGo ¼ þ203 kJ ð12:38Þ

For this reaction, n ¼ 6,Ecell ¼ �ΔGo

nF
¼ �0:35 V

However, in practice, about 2.85 V is applied. The components of the applied
voltage are Ecell¼ � 0.35 V, ηa¼ 1.1 V, ηc¼ 0.2 V, and Eres¼ 1.2 V. The negative
sign is ignored because all components have to be overcome by the applied voltage.
Initial dissolution of the anode at a potential of about 2.85 V produces the anode
slime containing more than 90% elemental sulfur. The anode slime occupying twice
the volume of the starting anode is quite adherent. Hence, during electrolysis, cell
resistance increases due to the increase in thickness. As a result, the applied voltage
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has to be increased from about 2.85 to 4.5 V. At this high positive potential [10],
most of the impure metals present in the anode dissolve along with nickel sulfide:

FeS ¼ Fe2þ þ Sþ 2e ð12:39Þ
Cu2S ¼ Cu2þ þ CuSþ 2e ð12:40Þ
CuS ¼ Cu2þ þ Sþ 2e ð12:41Þ
CoS ¼ Co2þ þ Sþ 2e ð12:42Þ

In addition to the above dissolution reactions at the anode, some oxygen is
evolved: 2H2O ¼ O2 + 4H+ + 4e because the anode potential is large enough to
decompose some water. As a result, current efficiency decreases. Thus, there is an
imbalance between the nickel entering in the electrolyte and that depositing on the
cathode. Precious metals and selenium remain undissolved and join the anode slime.
The resulting anolyte at a pH of 1.9 has high amounts of impurities such as Cu 0.4,
Fe 0.12, and Co 0.08 kg m�3 of solution. Such an electrolyte is not suitable for nickel
electrowinning. The deficiency of nickel and excess of acid have to be adjusted
during anolyte purification. By adjusting pH to 4–5, purification maximizes the
current efficiency. For purification of the electrolyte, diaphragm cells are employed
to separate anode and cathode compartments. The diaphragm is a canvas screen
which does not obstruct the flow of electric current. In addition, anodes are enclosed
in loosely woven bags to facilitate removal of anode slimes. The anolyte is pumped
into the chemical treatment plant and the resulting purified nickel solution is fed to
the cathode compartment to deposit nickel. The process is continuous. Diffusion of
impure anolyte to the cathode compartment is prevented by maintaining a slightly
higher hydrostatic head of the purified electrolyte in the cathode compartment. In
this way, catholyte seeps to the anode compartment by gravity but does not get
contaminated by the untreated solution.

In the first step of electrolyte purification, pH of the anolyte is increased to 3.7 by
the addition of nickel hydroxide slurry:

2Hþ þ Ni OHð Þ2 ¼ Ni2þ þ 2H2O ð12:43Þ

Chlorine is injected to oxidize Fe (II) to Fe (III) and precipitate iron as Fe(OH)3.
The clarified solution is then allowed to react with nickel carbonate to oxidize Co
(II) and precipitate cobalt as Co(OH)3:

2Co2þ þ Cl2 þ 3H2Oþ 3NiCO3 ¼ 2Co OHð Þ3 þ 3Ni2þ þ 3CO2 þ 2Cl� ð12:44Þ
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The above precipitation reactions also energize coprecipitation of arsenic and lead
that are removed along with Co(OH)3 precipitation and filtration. Finally, copper is
removed as CuS by stirring the solution with nickel powder and elemental sulfur:

Cu2þ þ Niþ S ¼ CuSþ Ni2þ ð12:45Þ

The sequence of removal of impurities may vary from plant to plant. Copper may
be first precipitated as Cu2S by introducing H2S gas along with the coprecipitation of
arsenic and lead. Iron and cobalt may be precipitated simultaneously with chlorine
and nickel carbonate. Before feeding the electrolyte to the cathode compartments the
chemical composition of the purified solution is adjusted to have approximately [10],
Ni2+ 60, SO2�

4 100, NaCl 100 and H3BO3 20 kg m�3 of the solution.

Electrowinning of Manganese It is more difficult to deposit manganese electrolyt-
ically from aqueous solutions because its standard electrode potential (�1.05 V) is
more electronegative than zinc (�0.76 V). Since hydrogen over-voltage decreases
with an increase in pH, manganese deposition is facilitated at higher pH values. As
the electrolytic process of cathodic deposition of manganese requires a relatively
high applied voltage, there would be some decomposition of water:
2H2O ¼ O2 + 4H+ + 4e. Thus, hydrogen ion concentration at the anode would
increase and pH will decrease. Under this condition, manganese can only be
deposited if anolyte and catholyte compartments are separated from each other by
a diaphragm. This requires very careful control of temperature and composition of
the electrolyte to achieve a reasonable deposition. In order to improve the current
efficiency, the electrolyte must be made free from impure metals nobler than
manganese.

The leach liquor for manganese electrolysis is obtained by leaching manganese
ores in sulfuric acid. Ores containing higher oxides of manganese are given reduc-
tion roast treatment to enhance the kinetics of dissolution. Leaching of the calcine is
carried out with the spent electrolyte at a pH of 2.5. Subsequently, pH is raised to 6.5
by introducing ammonia and additional calcine to precipitate hydroxides of iron and
aluminum, which also carry away molybdenum, arsenic, and silica. In order to
prevent the formation of Mn(OH)2 in the catholyte compartment, SO2 is injected.
The resultant solution [10] containing manganous sulfate 30–40 and ammonium
sulfate 125 kg m�3 of solution at a pH of 8.3 is electrolyzed using stainless steel
cathode and insoluble Pb–1% Ag alloy anode at 5.1 V and a current density of
450–650 A m�2. The current efficiency of manganese deposition is low, of the order
of 50%. Since high cell voltages are used, the energy consumption is large, about
8.5 kWh kg�1. The acid anolyte still containing some manganese is recycled to the
leaching circuit.
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12.2.1.2 Electrowinning from Fused Salt Electrolytes

Since the base metals with higher negative discharge potentials evolve hydrogen
instead of metal deposition at the cathode, calcium, sodium, magnesium, beryllium,
aluminum, titanium, thorium, and niobium are deposited from fused salt electrolytes
at relatively high temperatures. Although the basic principles of electrolytic opera-
tions involving fused salts and aqueous solutions are the same, processes differ from
each other in several aspects. The technical problems involved in the purification of
electrolytes and the recovery of metals are similar in both cases. In the production of
reactive as well as highly electronegative metals, production and purification of a
suitable salt and electrolysis of the salt/compound dissolved in a suitable salt mixture
for metal recovery are the two major steps. The fused salt electrolyte bath is prepared
by dissolving a pure salt or a compound of the desired metal in an inert salt mixture
of reactive metals. The decomposition of the salt/compound is carried out by passing
DC electric power through the fused electrolyte contained in a pot with the provision
of collecting the produced metal.

As the fused salt electrolysis is carried out at relatively high temperatures, metal
deposited at cathodes requires protection from the atmosphere. For example, metal-
lic aluminum is collected on the cathode at the bottom of the electrolytic cell and is
protected by the electrolyte above it whereas magnesium being lighter floats on the
electrolyte and a specially designed cell is needed to protect the metal from the
anodic chlorine.

Electrowinning of Aluminum The entire primary aluminum is extracted by fused
salt electrolytic process developed independently in 1886 by Charles Martin Hall in
the United States and Paul L.T. Heroult in France. The pure Al2O3 produced from
bauxite (Al2O3.H2O) by the Bayer process is first exposed to the cell exhaust gas in a
scrubbing chamber to capture gaseous and particulate fluorides. The resulting
alumina with adsorbed moisture and fluoride, on charging into the molten cryolite
(Na3AlF6) bath contained in the electrolytic cells, reacts to form gaseous species
[(4Na3AlF6 + Al2O3(dissolved) + 3C (s) ¼ 4Al (l) + 6NaF (dissolved) + 3CF4(g)],
that causes stirring and thus assists in the dissolution of alumina in the electrolyte.
Alumina dissolves in cryolite by forming complex oxyfluoride aluminate anions
[27]. The cryolite (melting point: 1012 �C) fuses at lower temperatures by the
addition of AlF3 and CaF2 so as to conduct the electrolytic operation at about
960 �C. A flow sheet showing various steps in the extraction of aluminum from
bauxite is presented in Appendix A.11. The solubility of alumina varies largely with
the concentration of AlF3 in the electrolyte and temperature. Although saturation
ranges between 6% at 960 �C and 13% at 1000 �C [27], modern electrolytic cells are
generally operated with 2–4% Al2O3 in the electrolyte. As per recent practice, the
typical electrolyte [27] contains 9–11% AlF3, 4–6% CaF2 and 1.5–4% Al2O3. The
electrolyte having a liquidus temperature in the range of 945–950 �C is subjected to
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electrolysis in the Hall–Heroult cells in the temperature range of 955–965 �C. The
cells require 5–10 �C of superheat (difference between the operating temperature and
the liquidus temperature) to dissolve alumina powder in the bath. The pool of molten
aluminum in the cathodic area is nearly 300 �C above its melting point, 660 �C.

Since these fluorides are extremely corrosive, iron pots lined with carbon acts as
the cathode whereas carbon anodes are dipped into the electrolyte and are consumed
by oxidation as CO and CO2. The anodes consumed during electrolysis are contin-
uously renewed. During electrolysis, aluminum is deposited at the cathode and
oxygen is evolved at the anode and reacts with carbon to produce CO2 by the
exothermic reaction. This helps in controlling the electrolyte temperature but con-
sumes carbon anode. Fresh Al2O3 has to be added as it becomes depleted in the
electrolyte with the progress of electrolysis. More noble impurities (as compared to
aluminum) such as iron and silicon present in the raw materials or in the anode will
deposit along with aluminum on the cathode. Hence, aluminum oxide and anode
should be free of impurities as far as possible. The purity of aluminum produced may
be achieved up to 99.5% or better by careful control of the raw materials. The less
noble sodium (compared to aluminum) will not deposit on the cathode, but vapors of
sodium may diffuse into the cooler parts of the cathode to dissolve in the carbon. The
dissolution of sodium will reduce service life of the cathode.

Although the Hall–Heroult process has been in use for more than a century for
primary production of aluminum on commercial scale, the electrolytic cell reactions
are not yet well understood. According to Tabereaux and Peterson [27], alumina
dissolves in the electrolyte by forming oxyfluoroaluminate anions
(Al2OF2�6 and Al2O2F4�6 ), but, for calculation of specific energy consumption,
they have considered a simplified approach. The cell reactions are briefly summa-
rized below:

Dissociation of alumina in the electrolyte:

2Al2O3 ! 2AlO�
2 þ Al3þ ð12:46Þ

and the cathodic reaction:

Al3þ þ 3e ! Al ð12:47Þ

and the anodic reaction:

3AlO�
2 ! 3Alþ 3O2 þ 3e ð12:48Þ

also at the anode:

3C electrodeð Þ þ 3O2 gð Þ ¼ 3CO2 gð Þ ð12:49Þ
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On addition of the anodic and cathodic reactions, the overall cell reaction is:

Al3þ þ 3AlO�
2 þ 3C sð Þ ! 4Al lð Þ þ 3CO2 gð Þ

In a simplified manner, the above reaction can be presented as:

2Al2O3 sð Þ þ 3C sð Þ ! 4Al lð Þ þ 3CO2 gð Þ, ΔG0
1273 ¼ þ332 kcal ð12:50Þ

The required theoretical standard decomposition potential at 1000 �C is given as

Eo
1273 ¼ �ΔGo

nF
¼ � 332000

3� 23066
¼ �4:8 volts per 4 mol of Al

¼ �1:2 V per mol of Al

Assuming, aC ¼ aAl ¼ 1 and pCO2
¼ 1 atm, the theoretical decomposition

depends on the activity of Al2O3 in the electrolyte. The saturation limit of Al2O3

in the electrolyte at the working temperature reaches 6% Al2O3. At this concentra-
tion, aAl2O3 ¼ 1 , but, since during electrolysis concentration of Al2O3 decreases,
aAl2O3 will change and accordingly decomposition voltage will vary. For example, if
aAl2O3 ¼ 0:1,

E1273 ¼ Eo
1273 þ

RT
nF

ln a2Al2O3

¼ �1:2þ 1:987� 1273
3� 23066

ln 0:1ð Þ2 ¼ �1:37 V

Thus, we see that cell voltage increases with a decrease in the activity of aAl2O3 in
the cryolite bath. Although the theoretical decomposition voltage is 1.2 V, there is
over-voltage for CO2 evolution on the anode. In actual practice, in order to achieve a
favorable production rate, a minimum voltage of 4.2 V is applied to overcome the IR
drop of the electrolyte, concentration polarization, charge transfer, and bubble
nucleation. This amounts to a high power consumption of about 13.2 kWh kg�1 of
aluminum for a cell operating at 350 k A with 95% current efficiency. In addition to
this power consumption, 1920 kg of Al2O3, 16 kg of AlF3, and 420 kg of carbon are
required to produce 1 ton of aluminum. Although the theoretical requirement of
carbon is only 333 kg [27], the excess consumption is due to the oxidation of the hot
anodes exposed to the atmosphere.

The current efficiency of modern electrolytic aluminum plants based on new cell
technology using prebaked anodes of high-quality carbon has improved from 82% in
1990 to 96% in 2000. The maximum current efficiency of the cells using Soderberg
anodes is only 92% due to its inferior quality carbon, and magnetic design [27]. The
lower efficiency may be due to the dissolution of a fraction of aluminum in the
electrolyte, followed by its transfer and oxidation at the anode. Although the
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possibility of electrochemical oxidation cannot be ruled out, there is likelihood of
oxidation of aluminum by the CO2 gas formed at the anode:

3CO2 gð Þ þ 2 Al½ �dissolved ¼ Al2O3 þ 3CO gð Þ ð12:51Þ

A correlation [15, 16] has been observed between current efficiency and CO
content in the gas leaving the anode. The higher the CO content, the lower is the
current efficiency. The current efficiency can be increased by decreasing the transport
of aluminum to the anode compartment, which can be achieved by increasing the
distance between the anode and the cathode. Current efficiency also increases with
increasing current density at a constant bath composition. Currently, highly automated
aluminum electrolytic cells are operated with the aid of sophisticated computers.

An important feature of the Hall–Heroult cell is the abrupt increase in voltage
across the cell from 4.2 V to > 30 V and a corresponding decrease in amperage.
This is known as the “anode effect” and occurs when the alumina (Al2O3) concen-
tration in cryolite goes below one-third of its normal value. At this concentration,
the arrival of oxygen-containing ions at the electrode surface gets reduced to about
two-thirds of the normal rate. At a lower concentration of Al2O3, the electrolyte
does not wet the anode and hence a gas-filled gap is created between the anode and
the electrolyte. The formation and discharge of perfluorocarbon gases [16, 28–32]
(mainly carbon tetrafluoride, CF4, and minor contents of dicarbon hexafluoride,
C2F6) further deteriorate the situation due to their strong de-wetting characteristics.
The sudden rise in the voltage is localized in this region. The problem is solved by
stirring and addition of fresh alumina to make up the desired composition of Al2O3

in the cryolite.

Electrowinning of Magnesium About 80% of the total magnesium is produced by
fused salt electrolysis (see Appendix A.12) and the remaining comes via thermal
reduction processes. The electrolytic process conducted at 750 �C uses a typical
electrolyte containing 25% MgCl2, 15% CaCl2, and 60% NaCl. Carbon anodes and
steel cathodes dip in the electrolyte contained in an iron pot because magnesium
does not alloy with iron [33]. Magnesium is deposited at the cathode and chlorine is
evolved at the anode. Some carbon is consumed due to the presence of MgO in the
electrolyte. Since the specific gravity of the molten electrolyte is greater than that of
magnesium, the magnesium produced at the cathode floats on the surface of the bath.
It must be protected from the anodic chlorine coming in contact by providing
ceramic curtains. The curtains dipping into the electrolyte separate the anode and
cathode compartments. The molten magnesium recovered in the subsequent opera-
tion is protected from atmospheric oxidation either by molten sulfur or chloride flux.
Chlorine evolved at the anode is collected for hydrochloric acid manufacture. The
theoretical decomposition voltage of pure MgCl2 is above 2.5 V, but, in order to
overcome polarization and to achieve a reasonable production rate, about 6–7 V is
required. With a current efficiency of 75–90% about 18 kWh of power is required to
produce one kilogram of magnesium.
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Electrowinning of Sodium Sodium can be obtained by electrolysis [33] of either
sodium hydroxide in Castner cell or NaCl dissolved in CaCl2 in Downs cell. In the
latter cell operated at 600 �C, the electrolyte containing approximately 40% NaCl
and 60% CaCl2 is maintained in molten condition by thermal energy furnished by
the cell current. Sodium and chlorine are, respectively, collected at wire gauze
diaphragms and in a dome, located at the top of the cell. The chloride-based
electrolytic process works out to be cheaper coupled with the advantage of getting
chlorine gas as a by-product as compared to the electrolysis of NaOH. With a current
efficiency of 75–80%, the Downs cell consumes about 10 kWh kg�1 of sodium
produced.

Electrowinning of Calcium Calcium is extracted by electrolysis of fused salt
mixture of CaCl2–10% CaF2 in a graphite container using iron cathode and graphite
anode. About 50 kWh of power is consumed to produce 1 kg of 98% pure calcium at
a current efficiency of 65–82% [34].

Electrowinning of Lithium Lithium is obtained by electrolysis of LiCl–48% KCl at
400–420 �C, using cast iron cathode and carbon anode. The cell is operated at 8–9 V,
using a current of 0.4–2 A cm�2 with a current efficiency of 85–90% and power
consumption of 34–40 kWh kg�1 Li [34].

Electrowinning of Rare Metals In the production of rare metals by electrolysis
advantage is taken of the fact that the decomposition potentials of chlorides or
fluorides of rare metals are lower than the inert salts of alkali and alkaline earth
metals. The electrolytic process produces purer metals and may work out to be
cheaper compared to the metallothermic reduction using calcium, magnesium, or
sodium. The electrolyte is prepared by dissolving chlorides or fluorides of rare
metals in the fused mixture of inert salts of alkali or alkaline earth metals. The
decomposition potential of the inert salt should be higher than the decomposition
potential of the salt being electrolyzed at unit activity. This is essential because a
larger difference in the two potentials at unit activity gives sufficient margin for safe
operation when activity of the salt decreases during electrolysis. A low melting inert
salt mixture reduces the cost of maintenance, but the higher melting product metal
will deposit in solid form as a powder or dendritic crystals. In order to produce the
electrodeposited metal in liquid state, salt baths with higher melting points should be
employed. The small electrolytic cell may be prepared from a single block [35] of
graphite, alumina, or silica whereas, for large-scale production, it may be constructed
from refractory bricks bonded with appropriate cement to obtain the cell walls that
are impervious and resistant to the molten salt.

Difficulties are encountered in the extraction of rare metals by fused salt electrol-
ysis due to (i) the low solubility of their halides in salt mixtures, (ii) the deposition of
the high melting metals in solid form, and (iii) the formation of ions of variable
valence (in the case of metals possessing multiple valencies, e.g., Ti). Despite these
difficulties, there have been efforts to produce some rare metals by fused salt
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electrolysis. For example, the electrolysis of BeCl2 dissolved in a eutectic melt of
LiCl–KCl–NaCl, in the proportion of 40.4%, 53.2%, and 6.4% (melting point
362 �C), is carried out at a fairly low temperature to yield beryllium metal flakes
[35]. Thorium metal powder can be obtained by the electrolysis of ThCl4 dissolved
in a eutectic melt of NaCl–KCl, carried out at 700–800 �C [35] (see Appendix A.8).
Loosely adhering dendritic zirconium metal powder is deposited at the cathode by
the electrolysis of K2ZrF6 dissolved in NaCl melt at 850 �C [35]. The metal powder/
flake collected from the cathode compartment is crushed, leached with water,
filtered, and dried in air after separating the metal from the electrolyte.

In order to overcome the problem of low solubility of the rare earth oxides in
molten fluoride salts, Abbasalizadeh et al. [9] conducted a series of experiments to
convert rare earth oxides into rare earth fluorides using AlF3, ZnF2, FeF3, and
Na3AlF6 as fluorinating agents in a LiF–Nd2O3 system. The resulting neodymium
fluoride can be subsequently electrolyzed in the same reactor to deposit neodymium
on the cathode. This concept has been successfully utilized in the production of other
rare earths.

There have been constant efforts during the past several decades to develop new
processes based on electrochemical principles to lower down the cost of production
of titanium. The extraction of titanium possessing multiple valencies has been
difficult due to its strong chemical affinity for oxygen and high melting point
(1670 �C). Presently, Kroll process is the only well-established commercial process.
Being a multistep batch process, it suffers from several disadvantages: (i) high
capital cost involving large labor force, (ii) the titanium sponge produced requires
vacuum melting, and (iii) the process has an undesirable impact on the environment,
more than aluminum and steel [36]. As the process is energy incentive and time
consuming, the cost of titanium produced is on the higher side, which limits its
applications for special purposes only, despite its attractive properties of light
weight, high strength, corrosion resistance, and bio-compatibility [37]. Electrochem-
ical processes for the extraction of titanium under development may be classified
into three categories depending upon the form in which Ti is present in the electro-
lytic cells: (i) titanium compounds dissolved in the electrolyte, (ii) used as an anode,
and (iii) as a cathode.

Electrolytic Methods Based on Dissolved Titanium Compounds During the 1950s,
titanium was produced by the electrolysis of a eutectic melt of LiCl–KCl at 355 �C,
or a eutectic melt of NaCl–KCl at 650 �C, containing TiCl3, which was obtained by
the reduction of TiCl4 with hydrogen. At a current density of 250 A dm�2 [35] for
the electrolyte containing 15% TiCl3, the cell achieved a current efficiency of
30–40%. To obtain a higher current efficiency of 50–60%, a sillimanite diaphragm
was used to separate the anolyte and catholyte compartments [35]. The lower current
efficiency is due to the loss of current in repeated back-and-forth oxidation and
reduction of Ti2+, Ti3+, and Ti4+ ions at the anode and cathode, respectively.
Furthermore, electrolysis at lower temperatures, 355–650 �C, produces solid tita-
nium with large surface area and low bulk density, that has to be removed intermit-
tently for further deposition of titanium on the cathode.
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In order to overcome the problem of the presence of multivalent Ti ions in the
electrolyte, Ginata [4, 5] operated the cell at 1700 �C with TiCl4 dissolved in the
mixture of fused fluoride and chloride to extract liquid titanium. The dissolution of
TiCl4 in the fused salt mixture may be represented according to the reaction:

3CaF2 lð Þ þ KCl lð Þ þ TiCl4 in solnð Þ ¼ TiKCaF6 lð Þ þ 2CaCl2 lð Þ þ ½ Cl2 gð Þ
ð12:52Þ

The deposition of titanium on the cathode is assumed to take place according to the
reaction [36]:

TiKCaF6 lð Þ þ 2CaCl2 lð Þ ¼ Ti lð Þ þ 3CaF2 lð Þ þ KCl lð Þ þ 3=2Cl2 gð Þ ð12:53Þ

The presence of a monovalent alkali metal together with a divalent alkaline earth
metal maintains Ti in the trivalent state only [4].

Since the above electrolytic operation is based on the use of expensive TiCl4, the
cost of titanium produced will not be lower than what is achieved by the Kroll
process, and hence, unlikely to achieve the economic status. In addition, the process
needs special refractory material to withstand the high temperature in contact with
the corrosive molten titanium.

As oxide is easier to handle than halides, the reduction of TiO2 seems to be a
simpler approach from economic viewpoint by avoiding the expensive and time-
consuming carbochlorination step. The cost of chlorination is slightly more than half
the total cost of production of titanium metal from rutile by the Kroll process
[36]. However, the objective of developing an electrolytic cell for the extraction of
titanium similar to the Hall–Heroult cell for the production of aluminum has not been
fulfilled because no salt that can dissolve an appropriate amount of TiO2 to carry out
efficient electrolysis has yet been found. The Avanti process [36] developed at MIT
produces titanium metal by conducting electrolysis of oxide melt containing TiO2.
The cell is operated at 1700 �C using an inert anode of an expensive metal (iridium)
instead of carbon to avoid carbon pick-up in the melt. Nevertheless, it seems difficult
to obtain titanium metal with low acceptable oxygen content (< 0.2%) when the
liquid titanium deposited at the bottom of the cell (made cathode) is in contact with
the electrolyte containing TiO2.

In the QIT process [36], molten CaF2 electrolyte floats on a slag containing TiO2.
During electrolysis, the less electropositive elements, iron, chromium, manganese,
and vanadium, settle at the bottom of the electrolytic cell after reduction and titanium
is deposited on the cathode. Again, in this process, it is doubtful whether a titanium
metal with acceptable oxygen content can be obtained when molten metal remains in
contact with the slag containing oxygen. Furthermore, there is a strong chance of
attack of the refractory lining by molten titanium.

Electrolytic Methods Based on Anodes Containing Ti-Bearing Materials From
the above discussion, it is clear that several attempts to obtain titanium at lower cost
by the electrolysis of the chloride melts as well as TiO2 dissolved in oxide melt have
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not succeeded. The electrolysis of the chloride melt was uneconomical due to the
high cost of TiCl4 and poor current efficiency on account of multivalent titanium. On
the other hand, electrolysis of the oxide melt does not produce titanium metal with
acceptable oxygen content (lower than 0.2%). These problems led to the develop-
ment of a few electrolytic techniques in which a Ti-bearing material (containing
low-valence Ti) is used as the anode. Under this category, the noteworthy processes,
namely, USTB, MER, and Chinuka, employ consumable anodes of electronically
conducting titanium oxycarbide (TiO–TiC solid solutions). Oxycarbide anodes can
be prepared by heating a mixture of TiO2 and carbon at an elevated temperature in an
inert atmosphere. The resulting mixture, after pressing and sintering, is used as the
anode in a high-temperature electrolytic cell having either iron, molybdenum, or
stainless steel cathode, and molten salt electrolyte consisting of a mixture of fluo-
rides and chlorides of alkali and alkaline earth metals [38–46].

Withers et al. [40] have produced titanium powder at an estimated cost of about
half that of the Kroll process by conducting electrolysis using a suboxide–carbide
anode. The process has been demonstrated on a continuous basis to the scale of
250 kg per day of titanium containing less than 500 ppm oxygen. Jiao and Zhu [42]
conducted a series of electrolyses on the possibility of extracting titanium, using a
Ti2OC solid solution as an anode, in a NaCl–KCl melt. Carbon monoxide (CO) was
monitored at the anode during electrolysis together with the cathode product
analysis. Kjos et al. [44] recovered titanium by an electrochemical process using
titanium oxycarbide anode, prepared by heating a mixture of TiC and TiO. A liquid
metal cathode was employed to carry out electrolysis in the molten electrolyte of
NaCl–Na3AlF6 as well as NaCl–KCl.

A single-phase consumable titanium oxycarbonitride TiC0.25O0.25N0.5 anode [45]
was prepared out of a homogenous mixture of TiO, TiC, and TiN with a molar ratio
of 1:1:2 by spark plasma sintering at 1873 K for the USTB titanium process. The
anode dissolution process showed that TiO0.25C0.25N0.5 was electrochemically
dissolved to yield Ti2+ in the NaCl–KCl melts with the simultaneous evolution of
CO and N2 at the anode. The deposition of pure titanium powders on the cathode
demonstrated that TiO0.25C0.25N0.5 is a suitable consumable anode

In the MER process [6], a mixture of TiO, Ti2O3, Ti3O5, and Ti4O7 is prepared by
carbothermic reduction of TiO2 or Ti slag. Of these, TiO is the most appropriate
suboxide. The oxide is mixed with carbon and pressed and sintered at 1100–1300 �C
to obtain a well-bonded composite anode.

In the Chinuka process [6], consumable anode of titanium oxycarbide Ti2OC is
prepared by a thermal treatment of impure TiO2 with TiC or carbon. During
electrolysis conducted at 570–900 �C, the impurities (Al, Ca, Cr, Fe, and Si) present
in the anode dissolve in the electrolyte. Thus, it is advisable to purify the electrolyte
during the operation in order to get a reasonably pure Ti deposit.

A combination of electro-reduction and refining has been proposed by Jewell
et al. [46] to obtain pure titanium metal crystallite sponge or powder of particle size
1–30 μm from an impure raw material. The technique is based on the anodic

556 12 Electrometallurgy



dissolution of titanium oxycarbide together with cathodic deposition of Ti in a
eutectic mixture of NaCl–KCl at 973–1173 K.

Electrolytic Methods Based on Cathodes Containing Ti-Bearing Material-
s Although reduction of TiO2 with calcium as well as magnesium is thermodynam-
ically feasible, the rate of reaction is slow because the reactant TiO2 is covered by the
product, CaO (and MgO). In addition, an appreciable amount of oxygen is picked up
by the reduced titanium when the system attains equilibrium with CaO/Ca
(MgO/Mg). The dissolution of oxygen in the titanium metal deteriorates its mechan-
ical properties. In order to carry out the reaction without hindrance, TiO2 is reduced
in the CaCl2 melt, which dissolves the by-product, CaO. The process of reduction
can be made continuous by restricting the concentration of CaO in the CaCl2 melt
below the saturation limit. In this way, the activity of CaO can be lowered down to
<1, which is helpful in reducing the oxygen pick-up by the metal. As MgCl2
dissolves very little MgO, magnesiothermic reduction is not practiced, despite
being cheaper and readily available as compared to calcium.

Okabe et al. [47] adopted the above principle to produce nearly oxygen-free
titanium using titanium and carbon as the cathode and anode, respectively, immersed
in molten CaCl2. CaCl2 produces the deoxidant calcium and decreases the activity of
the by-product, CaO. The titanium sample at the cathode is deoxidized by the
electrolytically produced deoxidant Ca and the resulting O2� ions react at the carbon
anode to evolve CO (CO2) gas. Okabe et al. [47] could reduce the oxygen content in
the titanium wire sample from 1400 ppm to <100 ppm at the cost of carbon pick-up
of about 50 ppm. This principle led to the development of many electrochemical
methods [48–55] where TiO2 has been made cathode to recover the metallic
titanium. OS, EMR, FFC-Cambridge, and SOM processes are based on this
principle.

The concept of calciothermic direct reduction of titanium dioxide in molten CaCl2
as proposed above has been experimentally tested in the OS process [50]. The
process produces a metallic titanium sponge containing 2000 ppm oxygen at
1173 K in the CaCl2 bath employing a carbon anode and a Ti basket-type cathode
filled with TiO2 powder. The operation is conducted in a single cell, where the
calciothermic reduction and the electrochemical reaction for recovery of the reduc-
ing agent, Ca, are carried out simultaneously in the same molten CaCl2 bath. The
melt dissolves a few molar percent of Ca, which gives the media a strong reducing
power. To shorten the operating time and achieve a lower oxygen content in the
titanium metal, a concentration of 0.5–1 mol% CaO in the molten CaCl2 bath was
found to be optimum. The cathodic reduction of titanium dioxide occurs through
deposited calcium metal.

Park et al. [52] developed the EMR process to produce titanium powder by the
direct reduction of TiO2 in molten CaCl2 through an electronically mediated reaction
(EMR). The electrolytic cell is divided into two parts. In one part, CaCl2 melt is
electrolyzed to generate Ca at an auxiliary nickel cathode (Ca2+ + 2e ¼ Ca) . The
resulting Ca is dissolved into the nickel to form a Ni–Ca alloy rich in Ca. Depending
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on the composition of the melt, CO/CO2 and Cl2 gases are evolved at the carbon
anode. In the second part of the electrolytic cell, TiO2 is electronically connected to
the alloy. The following two reactions occur in this part: (i) generation of Ca2+ ions
by ionization of Ca present in the alloy (Ca ¼ Ca2+ + 2e) and (ii) reduction of TiO2

(TiO2 + 4e ¼ Ti + 2O2�). Thus, metallic titanium is produced by the electronically
mediated reduction process.

The electrolytic process developed at the University of Cambridge has been
popularized as the FFC-Cambridge process after the names of researchers, Fray,
Farthing, and Chen, and the place of research [8, 48, 53]. In this process, a metal
basket containing the sintered pellets, prepared by pressing the TiO2 powder, serves
as the cathode in the electrolytic cell with CaCl2 melt and consumable graphite
anode. Ca2+ ions generated by the ionization of CaCl2 transform into Ca. During
electrolysis the applied potential is controlled in such a way that the activity of Ca in
the electrolyte melt remains below unity at the cathode without any deposition of Ca
metal. TiO2 is reduced at the cathode by the ionization of oxygen from the cathode
itself. This suggests that the overall reaction in the FFC cell at the cathode is the
removal of oxygen from TiO2 by the displacement of oxygen anions with electrons
according to the reaction:

TiO2 þ 4e ¼ Tiþ 2O2� ð12:54Þ

The cathodic reduction of titanium dioxide takes place through oxygen ioniza-
tion. It has been reported that the cathode reactions taking place in a number of steps,
are very complex [8, 36]. The oxygen anions get discharged at the graphite anode
with the evolution of CO2 gas. It seems that the optimized FFC-Cambridge process
can produce titanium metal directly from high-purity TiO2 at lower cost with energy
consumption of 12 kWh kg�1 at a current efficiency of 50% at 900 �C [8]. The
Metalysis Ltd. [8] has adopted this process on commercial scale.

The solid oxide membrane (SOM) process, initially developed for the production
of magnesium [54] from magnesium oxide dissolved in fluoride-based fluxes in the
temperature range of 1150–1300 �C, has been successfully extended to titanium
extraction [55] with the primary objective of reducing the number of processing
steps involved in the conventional Kroll process. In the SOM process, a cell made of
steel contains the electrolyte of TiO2 dissolved in a eutectic mixture of CaF2–MgF2.
The cell is equipped with a carbon cathode and an oxygen ion conducting yttria-
stabilized zirconia (YSZ) membrane in the form of a one-end closed tube, which
contains either a liquid metal that acts as the anode or a liquid MgF2–CaF2 ionic flux
that connects the YSZ membrane to an anode. During electrolysis, titanium ions are
reduced at the cathode while the oxygen anions pass through the YSZ membrane and
are discharged at the anode to evolve molecular oxygen. The SOM process has been
commercialized [8].

Electrowinning of Rare Earth Alloys Han et al. [56] have been successful in
preparing Mg–Li–Al–La alloys by the electrolysis of the LiCl–KCl–MgCl2–KF
melt containing La2O3. Aluminum and tungsten were used as the anode and cathode,
respectively. They have confirmed the presence of Al2La, La12Mg17, LiMg/Li3Mg7
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phases by X-ray diffraction analysis and homogeneous distribution of Mg, Al, and
La in the alloys by scanning electron microscopy (SEM) and energy dispersive
spectrometry (EDS). Ye et al. [57] have prepared Ti–Fe-based quaternary alloys for
hydrogen storage by the SOM method from oxides dissolved in molten CaCl2.
SOM-assisted electro-deoxidation has been used for extraction of the high-
temperature structural material, Ti5Si3 silicide [58], directly from complex
multicomponent Ti/Si containing metal oxides dissolved in molten salts.
Abbasalizadeh et al. [59] have carried out electrolytic deposition of neodymium
alloy from the neodymium fluoride salt containing neodymium oxide using a
consumable iron anode. The dissolution of iron does not only prevent the evolution
of perfluoro carbon gases (CF4 and C2F6) at the anode but also form iron fluoride that
serves as the fluorinating agent. The constant generation of in situ FeF3 enables the
continuous conversion of neodymium oxide into neodymium fluoride. The presence
of NdF3 as well as FeF3 in the fused electrolyte produces Nd–Fe alloy at the cathode,
which can be used as a master alloy for the production of Nd–Fe–B magnets.

12.2.2 Electrorefining

The principle of electrowinning and electrorefining using aqueous or fused salt
electrolytes is the same. In electrorefining, the crude metal is electrolytically
dissolved at the anode and deposited as pure metal at the cathode according to the
reactions:

M impureð Þ ! Mnþ þ ne at the anodeð Þ
Mnþ þ ne ! M pureð Þ at the cathodeð Þ

The overall reaction is:

M impureð Þ ! M pureð Þ ð12:55Þ

Adoption of this process requires fulfilling the following criteria:

1. Ionic species in the electrolyte should support an anodic reaction.
2. Ionic species in the electrolyte should get reduced at the cathode.
3. The electrolyte should be capable of ionic transport.
4. A metallic conductor is required for transporting the electrons through the

external circuit from the anodic to cathodic site.

In the preceding paragraphs, it has been stated that during electrolysis the impure
metals of the anode having higher negative potentials will dissolve along with the
metal to be refined (anodic dissolution process) whereas the impurities with higher
positive electrode potentials will form a residue (known as the anode slime). In the
cathodic reduction process, the metals with higher positive electrode potential will
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be deposited preferentially leaving the metals having higher negative potential in the
electrolyte solution. Thus, electrorefining is a two-stage purification process where
the metals more noble than the metal to be refined remain insoluble at the anode and
the less noble metals dissolve in the electrolyte but do not deposit at the cathode. As
the solubility of oxide, nitride, and carbide in the fused halides, particularly in a
chloride bath, is very low, the interstitial impurities, namely, oxygen, nitrogen, and
carbon, present in the anode, do not take part in the cell reaction, and hence they
remain in the anode feed.

The cell operates at a very low voltage at the unit activity of the metal at the anode
(to be refined) containing little impurities. Under these circumstances, sufficient
energy is released by the dissolution of metal at the anode for the deposition of the
metal at the cathode. This enables electrorefining a highly efficient process from the
energy viewpoint.

In order to make electrorefining an effective process, standard electrode potential
of the metal to be refined should be more positive (e.g., the refining of copper and
silver) than that of the impure metals present in the crude anode. The process of
refining becomes less effective when the metal to be refined and impurities have
closer electrode potentials. In such cases, the co-deposition of impurities is
prevented by the use of diaphragm cells together with the facility of anolyte
purification before feeding the electrolyte to the cathode compartment. For example,
the co-deposition of iron and cobalt is suppressed in diaphragm cell in the
electrorefining of nickel. Common metals (e.g., Cu, Ag, Au, Ni, Pb, and Sn) as
well as rare metals (e.g., Al, Nb, and Be) have been successfully electrorefined using,
respectively, aqueous solutions and fused salt electrolytes.

12.2.2.1 Electrorefining from Aqueous Electrolytes

Copper is refined to remove arsenic and antimony and for the recovery of silver and
gold, which presents the most important application of electrorefining through
aqueous solution. The fired-refined copper and blister copper mixed with anode
scrap and copper scrap are subjected to melting and casting to obtain suitable anodes.
Pure thin sheets of electrodeposited copper serving as cathodes end up as the final
product. The electrolysis is conducted through the acid solution of copper sulfate
containing 40–45 kg m�3 Cu and 180–200 kg m�3 H2SO4 [22]. In order to obtain
smooth and bright deposits, glue and thiourea are added in small proportions to the
electrolyte under circulation. To achieve an appropriate resistivity of the electrolyte,
the solution is heated by steam to maintain the required working temperature of
50–60 �C. During the process of electrodeposition, gold, silver, and platinum group
metals (more noble than copper) and also sulfur, selenium, and tellurium (impurities
present in the starting anode as copper compounds: Cu2S, Cu2Se, and Cu2Te) remain
undissolved and form the anode slime. Copper may also form compounds with
arsenic and antimony whereas lead forms insoluble PbSO4 with the electrolyte. All
these compounds join the anode slime along with the noble metals.

560 12 Electrometallurgy



The base metals, like bismuth, iron, nickel and cobalt undergo complete dissolu-
tion along with copper but only copper is deposited on the cathode leaving the less
noble metals in the solution. Both the electrolyte and the anode slime get contam-
inated due to the partial dissolution of arsenic and antimony. In order to avoid the
problem of co-deposition of impurities along with copper at their optimum concen-
tration in the electrolyte, part of the electrolyte is withdrawn, purified, and fed back
to the circulating electrolyte.

Although the theoretical potential for copper is zero, about 0.3 V is required to
overcome ohmic resistance in the electrolyte and contacts and possible over-
voltages. At a current density of 200–300 A m�2, the current efficiency is about
95%, consuming on average approximately 0.25 kWh of energy to produce 1 kg of
the refined copper. About 1 kg of steam is required to maintain the desired temper-
ature of the solution during electrolysis.

The anode slime is treated for the recovery of silver and gold. In the first step,
copper and other impurities are dissolved in concentrated sulfuric acid. The residue
containing mainly noble metals is cast into anodes and electrolyzed. Silver is first
deposited on the cathode leaving less noble copper in the solution and gold into the
anode mud. This mud cast into anodes is electrolyzed to deposit gold.

Electrorefining of nickel is more troublesome because impurities like cobalt and
iron are close to nickel in the electrochemical series. In order to avoid co-deposition
of these metals with nickel, the anode and cathode compartments are separated by a
diaphragm. In the anode compartment, nickel along with copper, cobalt, and iron
gets dissolved and the more noble platinum group metals join the anode slime. From
time to time, anolyte is pumped from the electrolytic cell and purified. Iron, cobalt,
and copper are, respectively, precipitated as hydroxide by air oxidation, chlorine
oxidation, and cementation on nickel powder. The purified solution containing about
60 kg Ni m�3 of solution is fed to the cathode compartment after adjusting the
chloride concentration to approximately 55 kg m�3, boric acid to approximately
16 kg m�3, and sulfate to approximately 95 kg m�3. Nickel is deposited on a
stainless steel blank cathode. Chloride ions prevent passivation of nickel anodes
and boric acid controls the pH of the solution to about 5. The bath maintained at
60 �C is electrolyzed at an applied voltage of 1.9 V and current density of 200 A m�2

with current efficiency of about 95%. A slightly higher hydrostatic head of the
electrolyte is maintained in the cathode compartment to prevent flow of anolyte
into the cathode compartment. The use of diaphragm increases the applied voltage
resulting in higher energy consumption. The energy requirement of 1.9 kWh is
significantly higher for refining 1 kg of nickel as compared to that of copper
electrorefining (~ 0.25 kWh kg�1 of copper).

Lead is electrorefined to remove bismuth. As lead forms insoluble compound
with H2SO4 and HCl, a fluorosilicic acid bath containing approximately 9% lead as
PbSiF6 and 8% free fluorosilicic acid (H2SiF6) is used as electrolyte. During
electrorefining, lead, zinc, and tin enter into the solution from the impure lead
anode. Impurities nobler than lead sink to the bottom of the electrolytic tank forming
anode slime. Since copper causes anode polarization and hinders normal electrode
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reaction, it must be removed prior to electrolysis. The cell is operated at 35 – 40 �C
with an initial voltage of about 0.5 V. Cathode lead is purer than that produced by the
conventional furnace refining, but it is hardly preferred due to the toxic nature of the
electrolyte.

12.2.2.2 Electrorefining from Fused Salt Electrolytes

The fused salt electrolytic process essentially, carried out at relatively high temper-
atures, is expensive and troublesome, and hence employed only when there are
chances of deriving adequate benefits or in the absence of alternative method of
refining. Under these circumstances, the commercial exploitation of the fused salt
electrorefining technology is limited only to the refining of aluminum although the
processes have been developed for a number of metals [60].

Aluminum produced by the Hall–Heroult process is refined by Hoopes’ three-
layer process using fused salt electrolyte to obtain high-purity aluminum. In the
original process developed in 1901, the electrolyte (specific gravity 2.6) containing
30 – 37% AlF3, 25 – 30% NaF, 30 – 38% BaF2, and 7% Al2O3 was sandwiched
between Al–Cu anode of specific gravity 2.8 (at the bottom) containing 25% Cu with
some silicon to lower the melting point and cathode of high-purity aluminum
(specific gravity 2.3) floating at the top. The electrolysis was carried out in a
graphite-lined steel pot with a coating of alumina for better and adequate insulation.
The liquid aluminum cathode was electrically connected to suspended carbon
electrodes and the anode was fed power via the graphite lining at the bottom. During
electrolysis, metals nobler than aluminum, for example, copper and iron, remained
undissolved whereas the less noble metals dissolved and joined the electrolyte. In the
presence of Al2O3 in fluoride - based electrolyte (AlF3 –NaF), the cathodic reactions
are similar to those reported in the electrowinning of aluminum from cryolite (3NaF–
AlF3) bath, discussed in the previous section. The electrolytic cell was operated at
950–1000 �C at an applied voltage of 5–7 V. Adequate thickness of the electrolyte
layer had to be maintained to prevent contact between anode and cathode layers.
Proper arrangement was made to feed aluminum into the anode layer. The refined
aluminum of 99.98% purity accumulated at the cathode was tapped simultaneously.

Another three-layer process developed by the Pechiney Company of France is
known as the Gadeau process. Though it is similar to the Hoopes’ process, it
employs a relatively low melting chloride–fluoride mixed electrolyte bath containing
23% AlF3, 17% NaF, and 60% BaCl2 (specific gravity 2.7), which can be operated at
about 750 �C. Heavier electrolyte demands heavier Al – Cu alloy anode of specific
gravity 3.0. This can be obtained by increasing the copper content in the alloy up to
30%. The mixed electrolyte is less stable as compared to the fluoride electrolyte, and
hence needs periodic addition of constituents to maintain the desired composition.
As it is less corrosive, the electrolytic cell can be operated safely with magnesite
lining on the walls. The process produces aluminum of 99.99% purity at a current
efficiency of approximately 100% at an operating voltage of 7 V.
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A low-melting, highly stable electrolyte containing 48% AlF3, 18% NaF, 18%
BaF2, and 16% CaF2 was developed in Switzerland. The electrolytic cell can be
operated at 740 �C, but the electrolyte has lower conductivity compared to that of the
above two electrolytes.

In the past, electrorefining of aluminum was practiced at a number of places.
However, the process has not been in much use in recent years due to significant
improvement in the purity of aluminum (of the order of 99.9%) produced by the
Hall–Heroult process. This purity is sufficient for most purposes. In order to meet the
increasing demand of high-purity aluminum for superconductors, semiconductors,
and other electronic industries, fractional solidification is preferred over
electrorefining. The former technique can lower down copper, iron, and silicon
below 10 ppm with energy saving of almost 50% as compared to the latter.

Magnesium can be electrorefined in a similar manner employing MgCl2 electro-
lyte and anodes of either Mg – Cu, Mg – Zn, or Mg – Zn – Al alloy. However, this
technique does not provide any benefit over other refining techniques.

Titanium, zirconium, and molybdenum have been electrorefined on laboratory
scale using molten halides dissolved in alkali metal chlorides. In the case of titanium
refining, titanium carbide formed by carbothermic reduction of titanium dioxide may
be used as anode. During electrolysis, carbon will drop into the anode slime.
Economically, this technique may compete with the commonly employed process
of metallothermic reduction of titanium tetrachloride.

12.3 Problems [18, 61]

Problem 12.1
At 900 K, sodium is deposited by electrolysis of the fused salt electrolyte containing
35 mol% NaCl and 65 mol% CaCl2. Assuming that the fused salt mixture behaves
ideally, calculate the reversible cell potential of the electrolytic cell producing
sodium and chlorine gas at 1 atm pressure. The standard free energy of formation
of pure liquid NaCl at 900 K is�346 kJ mol�1. Neglect the effect of heat of fusion of
NaCl (melting point 800 �C).

Solution
During the electrolysis of the NaCl–CaCl2 fused salt mixture, sodium and chlorine
are generated according to the reaction:

NaCl lð Þ ¼ Na lð Þ þ 1
2
Cl2 gð Þ,ΔGo ¼ 346000 J
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K ¼ aNa:p
1
2
Cl2

aNaCl
¼ 1

aNaCl
, aNa ¼ 1 and pCl2 ¼ 1 atm
� �

ΔGo ¼ �n FEo, Eo ¼ � 346000
1� 96500

¼ �3:59 V

Ecell ¼ Eo þ RT
nF

ln aNaClð Þ

Since NaCl–CaCl2 melt behaves ideally, xNaCl ¼ aNaCl ¼ 0.35

Ecell ¼ �3:59þ 8:314� 900
1� 96500

ln 0:35ð Þ
¼ �3:59� 0:08 ¼ �3:67 V Ans

Problem 12.2
The usual decomposition potential of alumina by the reaction:

Al2O3 sð Þ þ C sð Þ ¼ 2 Al lð Þ þ CO2 gð Þ

is�1.15 V in the Hall–Heroult cell at 920 �C. In actual practice, the applied potential
to the industrial cell is between 4.5 and 6.0 V. It is known that the reduction reactions
involve CO as well as CO2, and the electrolyte may not be saturated with Al2O3(s).
Calculate what the reversible potential would be for a cell where the gas released
from the anode consists of a pCO=pCO2

ratio of 1/1 and the electrolyte contains 3%

Al2O3 rather than being saturated with solid Al2O3, the value of the latter condition
being 8% Al2O3. Account for the difference in the voltage.

Given that C(s) + O2(g) ¼ CO2(g), ΔGo
1 ¼ �94200� 0:2 T cal

C sð Þ þ ½ O2 gð Þ ¼ CO gð Þ,ΔGo
2 ¼ �26700� 20:95 T cal

2 Al lð Þ þ 3=2 O2 gð Þ ¼ Al2O3 sð Þ,ΔGo
3 ¼ �405760 � 3:75 T log T þ 92:22 T cal

Solution
Hall Cell : pCO=pCO2 ¼ 1, T ¼ 1193 K, aAl2O3 ¼ 0:03

0:08 ¼ 0:375, aAl ¼ 1

For the desired reaction: Al2O3(s) + 3 CO(g) ¼ 2 Al(l) + 3CO2(g)

ΔGo ¼ 3ΔGo
1 � 3ΔGo

2 � ΔGo
3 ¼ 203260þ 3:75 T log T � 29:97 T cal

At 920 �C: ΔGo
1193 ¼ 181270 cal

Cathodic reaction: 2Al3+ + 6e ¼ 2Al (l)
Anodic reaction: 3CO + 3O2� ¼ 3CO2

ΔGo ¼ �nFEo, n ¼ 6
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∴Eo ¼ � 181270
6� 23066

¼ �1:31 V

E ¼ Eo � RT
nF

ln
pCO2

pCO

� �3 a2Al
aAl2O3

� 	" #
aAl ¼ 1, aAl2O3 ¼ 0:375ð Þ

¼ �1:31� 1:987� 1193
6� 23066

ln
13 � 12

0:375

� 	
¼ �1:31� 0:0168 ¼ �1:33 V

From the above calculations, the theoretical decomposition voltage of alumina in
the Hall–Heroult cell is �1.33 V whereas in practice it is much larger (4.5–6.0 V).
The reason for a large increase is accounted as (i) IR drop of the electrolyte/
electrode, (ii) concentration polarization, (iii) charge transfer, and (iv) bubble
nucleation.

Problem 12.3
From the following data, explain why is it essential to keep the cast anodes in canvas
bags and use diaphragm cells in electrorefining of nickel from Ni3S2?

Given that

Ni3S2 ¼ 3Niþ 2S,ΔGo ¼ 48500 cal mol�1, T ¼ 298 K

Fe2þ þ 2e ¼ Fe, Eo
Fe ¼ �0:44 V

S2� ¼ Sþ 2e,Eo
S ¼ 0:48 V

Solution
In the electrorefining of nickel from Ni3S2,

Ni3S2 ¼ 3Niþ 2S, ΔGo ¼ 48500 cal mol�1 ¼ �nFEo, n ¼ 6

Eo
cell ¼ � 48500

6� 23066
¼ �0:35 V

Fe2þ þ 2e ¼ Fe, n ¼ 2 and at the anode,Eo
Fe ¼ �0:44 V,

Eo
cell ¼ Eo

Fe þ
RT
nF

ln
aFe2þ
aFe

� �

∴ ln
aFe2þ
aFe

� �
¼ Eo

cell � Eo
Fe

� �� nF
RT

¼ �0:35� �0:44ð Þf g � 2� 23066
1:987� 298

¼ 7:01

aFe2þ
aFe

� �
¼ 1:1� 103

At the cathode Eo
Fe ¼ þ0:44 V, n ¼ 2
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∴ ln
aFe2þ
aFe

� �
¼ Eo

cell � Eo
Fe

� �� nF
RT

¼ �0:35� 0:44ð Þf g � 2� 23066
1:987� 298

¼ �61:5

aFe2þ
aFe

� �
¼ 1:8� 10�27

Since at the anode, aFe2þ
aFe

h i
¼ 1:1� 103, that is, aFe2þ � aFe, iron will get

dissolved at the anode. On the other hand, at the cathode, aFe2þ
aFe

h i
¼ 1:8� 10�27 ,

that is, aFe � aFe2þ , Fe
2+ ions will discharge at the cathode. In order to prevent

discharge of Fe2+ ions at the cathode, diaphragm cells together with the provision of
anolyte purification is employed in the electrorefining of nickel.

Sulfur problem: S2� ¼ Sþ 2e, Eo
S ¼ 0:48 V, n ¼ 2, T ¼ 298 K

Eo
cell ¼ Eo

S þ
RT
nF

ln
aS2�
aS

� �
¼ Eo

S �
RT
nF

ln
aS
aS2�

� �

ln
aS
aS2�

� �
¼ Eo

S � Eo
cell

� �� nF
RT

¼ 0:48� �0:35ð Þf g � 2� 23066
1:987� 298

¼ 64:66

∴
aS
aS2�

� �
¼ 1:2� 1028

The extremely high activity ratio of aS
aS2�

h i
at the anode means sulfur does not

dissolve; hence there is no need to consider discharge of sulfur at the cathode. In
order to facilitate collection of sulfur, Ni3S2 anodes are kept in canvas bags.

Problem 12.4
In the electrolytic refining of copper at 50 �C, the voltage drop from anode to cathode
is 0.035 V. If electrolyte contains 0.7 kg Cu2+ ions per m3 of the solution electrolyte,
calculate the minimum silver ion concentration in the electrolyte for silver
deposition.

Given that Agþ þ e ¼ Ag,Eo
Ag ¼ 0:799 V

Cu2þ þ 2e ¼ Cu,Eo
Cu ¼ 0:344 V

Solution
For oxidation of copper at the anode, the half-cell potential can be calculated from
Nernst’s equation:
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E ¼ Eo
Cu þ

RT
nF

ln
aCu2þ
aCu

� �
0:7 kg m�3 ¼ 0:7 gl�1, hence aCu2þ ¼ 0:7
� �

¼ 0:344þ 8:314� 323
2� 96500

ln 0:7ð Þ aCu ¼ 1ð Þ
¼ 0:344� 0:005 ¼ 0:339 V ¼ Eanode

For silver reduction at the cathode:

E ¼ Eo
Ag þ

RT
nF

ln
aAgþ

aAg

� �

¼ 0:799þ 8:314� 323
1� 96500

ln aAgþ
� �

aAg ¼ 1
� �

¼ 0:799þ 0:0278 ln aAgþ
� � ¼ Ecathode

Ecell ¼ Eanode � Ecathode

∴0:035 ¼ 0:399� 0:799þ 0:0278 ln aAgþ
� �
 �

0:0278 ln aAgþ
� � ¼ 0:399� 0:799� 0:035 ¼ �0:435

ln aAgþ
� � ¼ � 0:435

0:0278
¼ �15:6316

aAgþ ¼ 1:6� 10�7

Activity ¼ concentration.

∴ concentration of silver ions in the electrolyte for deposition

¼ 1:6� 10�7g l�1 ¼ 1:6� 10�7 kg m�3 Ans:

Problem 12.5
In the electrorefining of copper at 25 �C, explain the following with the aid of the
given data:

1. Iron gets dissolved at the anode but not discharged at the cathode.
2. Silver and gold do not dissolve at the anode but join the anode slime.

Fe2þ þ 2e ¼ Fe,Eo
Fe ¼ �0:44 V

Agþ þ e ¼ Ag,Eo
Ag ¼ 0:799 V

Auþ þ e ¼ Au,Eo
Au ¼ 1:551 V

Ea � Ec ¼ 0:28 V
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Solution
The half-cell potential at the anode: Ecell ¼ 0.28 V

According to Nernst’s equation:

Eo
cell ¼ Eo

Fe þ RT
nF ln aFe2þ

aFe

h i
n ¼ 2 and at the anode, Eo

Fe ¼ �0:44 V

∴ ln
aFe2þ
aFe

� �
¼ Eo

cell � Eo
Fe

� �� nF
RT

¼ 0:28� �0:44ð Þf g � 2� 96500
8:314� 298

¼ 56:087

aFe2þ
aFe

� �
¼ 2:3� 1024

The extremely large value of aFe2þ
aFe

h i
at the anode indicates that aFe2þ � aFe, hence

dissolution of iron is highly favorable at the anode.
The half-cell potential at the cathode: Ecell ¼ 0:28 V,Eo

Fe ¼ 0:44 V, n ¼ 2
From Nernst’s equation, we can write:

ln
aFe2þ
aFe

� �
¼ Eo

cell � Eo
Fe

� �� nF
RT

¼ 0:28� 0:44ð Þf g � 2� 96500
8:314� 298

¼ �12:464

∴
aFe2þ
aFe

� �
¼ 3:8� 10�6

The low value of aFe2þ
aFe

h i
, that is, aFe2þ � aFe, at the cathode indicates that iron is

not discharged at the cathode.
Similarly, Agþ þ e ¼ Ag, Eo

Ag ¼ 0:799 V and Auþ þ e ¼ Au,Eo
Au ¼

1:551 V, n ¼ 1, Ecell ¼ 0.28 V, T ¼ 298 K
Following the above procedure at the anode, we can write:

ln
aAgþ

aAg

� �
¼

Eo
cell � Eo

Ag

� 
� n� F

RT

¼ 0:28� 0:799ð Þ � 1� 96500
8:314� 298

¼ �20:215

∴
aAgþ

aAg

� �
¼ 2� 10�9

and
aAuþ
aAu

� �
¼ 3:2� 10�22
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Since
aAgþ
aAg

h i
and aAuþ

aAu

h i
are very low at the anode, silver and gold will not dissolve

but join the anode slime.

Problem 12.6
During electrolysis, cobalt easily dissolves at the anode and also deposits at the
cathode. Explain this with the aid of the following data and suitable calculations at
25 �C. Given that

(i) Co2þ þ 2e ¼ Co,Eo
Co ¼ �0:28 V

(ii) Ecell ¼ 1.2 V and �0.45 V, depending upon the anode and cathode reactions,
respectively.

Solution
For oxidation of cobalt at the anode, the half-cell potential:

Eo
cell ¼ Eo

Co þ RT
nF ln

aCo2þ
aCo

h i
n ¼ 2

and at the anode:

Eo
cell ¼ 1:2 V,Eo

Co ¼ �0:28 V

∴ ln
aCo2þ
aCo

� �
¼ Eo

cell � Eo
Co

� �� n� F
RT

¼ 1:2� �0:28ð Þf g � 2� 96500
8:314� 298

¼ 115:29

aCo2þ
aCo

� �
¼ 1:2� 1050

The extremely large value of
aCo2þ
aCo

h i
at the anode means aCo2þ � aCo , hence

dissolution of cobalt is highly favorable at the anode.
Similarly, for discharge of cobalt at the cathode: Eo

cell ¼ �0:45 V, Eo
Co ¼ 0:28 V

∴ ln
aCo2þ
aCo

� �
¼ Eo

cell � Eo
Co

� �� n� F
RT

¼ �0:45� 0:28ð Þf g � 2� 96500
8:314� 298

¼ �56:87

hence
aCo2þ
aCo

� �
¼ 2� 10�25

The extremely low value of
aCo2þ
aCo

h i
at the cathode indicates that aCo � aCo2þ ,

hence cobalt will deposit at the cathode.
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Problem 12.7
If 0.5 g of chromium is deposited in 1 h on passing 10 A current through a chromium
electrolytic plating bath containing Cr6+ ions, what is the current efficiency of the
cell? Atomic weight of chromium is 52.

Solution
According to Faraday’s law of electrolysis, the theoretical mass deposited can be
calculated as:

m ¼ zct ¼ 52
6� 96500

� 10� 60� 60ð Þ ¼ 3:23 g

current efficiency ¼ actual weight deposited
theoretical weight to be deposited

¼ 0:5
3:23

� 100 ¼ 15:5% Ans:

Problem 12.8
An electrolytic tank for refining copper has 41 anodes and 40 cathodes, each of 1 m2

cross-sectional area. If they are arranged in parallel and the cells are operated at a
current density of 200 A m�2 with a current efficiency of 90%, calculate the amount
of refined copper deposited in 24 h. Atomic weight of copper is 63.54.

Solution
The amount of copper deposited in 24 h on the surface of 1 m2

¼ current efficiency� z:c:t

¼ 90
100

� 63:54
2� 96500

� 	
200� 1ð Þ 24� 60� 60ð Þ

¼ 5120 g m�2

Total cathode area ¼ 40� 2� 1 ¼ 80 m2

∴Total amount of copper deposited ¼ 5120� 80
1000

¼ 409:6 kg Ans:

Problem 12.9
Copper is electrowon from CuSO4 solution at 40 �C with a current efficiency of 86%
at an applied voltage of 2.0 V. Calculate the energy efficiency and the energy
consumption of the electrolytic cell that produces copper.

Given that Cu2+ + H2O ¼ Cu + 2H+ + ½ O2, ΔGo
313 ¼ 170 kJ

Solution

Eo ¼ �ΔGo
313

RT
¼ � 170000

2� 96500
¼ �0:88 V
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The positive value of the free energy (hence the negative value of emf) suggests
that the electrodeposition of copper (Cu2+ + 2e ¼ Cu) will not take place spontane-
ously. The negative value of �0.88 V is a measure of the emf, which has to be
applied to allow the given reaction (Cu2+ + H2O ¼ Cu + 2H+ + ½ O2) to occur.
Hence, from Eq. 12.29,

Energy efficiency %ð Þ ¼ current efficiency %ð Þ � theoretical voltage
applied voltage

¼ 86� 0:88
2:0

¼ 37:8% Ans:

From Eq. 12.30,

Energy consumption kWh kg�1
� � ¼ E:F

M=zð Þ � 3600� 0:01 CEð Þ
¼ 2� 96500

64
2

� 	
� 3600� 0:01� 86

¼ 1:95 Ans:

Problem 12.10
Assuming complete dissociation of CuSO4 and H2SO4 in the electrolyte containing
0.6 m CuSO4 and 1.5 m H2SO4 in Problem 12.9, calculate the percent error involved
in setting activity ¼ molality.

Solution
On complete dissociation of CuSO4 and H2SO4 in the electrolyte,

aCu2þ ¼ mCu2þ and aHþ ¼ mHþ

and mCu2þ ¼ mCuSO4 ,mHþ ¼ 2mH2SO4

For the reaction Cu2+ + H2O¼ Cu + 2H+ +½O2 (refer the relevant equation on page
537)

E ¼ Eo
Cu þ

RT
nF

ln
aCu2þ :a

2
Hþ :p

1=2
O2

aCu:aH2O

" #
,

aH2O ¼ 1 ¼ aCu, pO2
¼ 1 atm,Eo

Cu ¼ 0:88 (from the Problem 12.9), aHþ ¼ mHþ ¼
2� 1:5, aCu2þ ¼ mCu2þ ¼ 0:6.

∴E ¼ 0:88þ 8:314� 313
2� 96500

ln 0:6 2� 1:5ð Þ2
h i

¼ 0:903 V
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According to Faraday’s law, (64/2 ¼ 32) g Cu will be deposited on the cathode,
hence the current required for the deposition of 1 kg Cu ¼ 96500

60�60 � 1
32 ¼ 0:838 A

The theoretical energy consumption ¼ 0.838 � 0.903 ¼ 0.756 kWh kg�1.
Since the cell operates at 2.0 V with a current efficiency of 86%,
The energy consumption would be ¼ 0.756 � 100

86 � 2 ¼ 1:759 kWh kg�1.

The energy efficiency ¼ 0:756
1:759

� 100 ¼ 43%

%error ¼ 43� 37:8
43

� 100 ¼ 12:1% Ans:
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Appendixes

In this section flow sheets for extraction of copper, lead, nickel, zinc, tungsten,
beryllium, uranium, thorium, titanium, zirconium, aluminum and magnesium are
respectively, presented in Appendixes A.1–A.12.

Appendix B Recommended physical constants
Appendix C Conversion factors.
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A.1: Flow Sheet for Extraction of Copper from Chalcopyrite

Chalcopyrite ore
(1–2% Cu)

Comminution

Tailings

Concentrate (25–35% Cu)

Matte (35–60%)

Slag
(0.3–0.8% Cu)

Matte (35–60%) Slag for

Cu recovery

Slag
Blister copper (98% Cu)

(99% Cu)

Anode slime (Ag, Au, Pt, Pd, Se,
Te, As, Sb, Bi, Pb)

Bleed electrolyte (Ni)

Cathode copper (99.99% Cu)

Froth flotation

Hearth/fluidized bed
roasting, 550°C

Drying

Reverberatory/electric furnace
smelting, 1250°C

Converting

Flash smelting
1250°C

Electrorefining

Converting
1200°C

Fire refining

578 Appendixes



A.2: Flow Sheet for Extraction of Lead from Galena

Galena ore

Oxide

Sphalerite concentrate

Galena concentrate (70% Pb)

SO2

Coke + flux
Slag

Lead bullion (>95% Pb)

Air Slag (As, Sb, Sn, Se, Te)

Sulfur Copper sulfide

Zinc Crust
(Ag, Au, Pd, Pt, Zn, Cu, Ni, Pb)

Chlorine ZnCl2

Lead (99.5% Pb)

Comminution

Bulk froth flotation

Differential flotation

Blast roasting-sintering 800°C

Drossing, 350°C

Cu removal, 500–550°C

Desilverizing, 450°C

Dezincing, 390°C

Blast furnace smelting, 1250°C
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A.3a: Flow Sheet for Extraction of Nickel from Pentlandite Via
Pyrometallurgical Route

Nickel concentrate
(10% Ni, 2% Cu, impurities: S, Cu, Fe, Co, As, Ag, Pt)

Cu slag Slag discard (reduction in S, all
Ni and Cu retained as sulfides,
preferential oxidation of
some impurity sulfides)Matte (50% Ni, 25% Cu)

Slag 2FeS + 3O2 = 2FeO + 2SO2 + 932 kJ
Impurity oxides collected in acid slag

Cu slag
(70% Cu, 5% Ni)

Precious metal recovery

Slow cooling from 1150 to 400°C
in 3 days ensures separation of
Cu2S, Cu–Ni alloy and large
grain Ni3S2Low Cu (0.8%)

Nickel sulfide
High Cu (3–4%)

Nickel sulfide

Nickel oxide
(low copper)

Nickel oxide
(high copper)

H2 H2 Electronickel
(99.95%)

CO

Metallic nickel

Nickel pellets
(99.95%)

Fluidized bed
roasting

Carbonyl process, 40–90°C

Reduction

Anode casting

Electrolysis

Slow cooling, grinding, magnetic
separation, flotation

Flash smelting, 1100°C

Converting, 1150°C

Fluidized bed
roasting

Reduction
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A.3b: Flow Sheet for Extraction of Nickel from Pentlandite Via
Hydrometallurgical Route

1. Formation of nickel ammonium
    sulfate and ammonium thiosulfate:
    2NiS + 8FeS +14O2 + 20NH3 + 8H2O = 
    4Fe2O3·H2O + 2Ni(NH3)6SO4 +
    4(NH4)2S2O3
2. Ammonium thiosulfate forms
    ammonium sulfate and trithionate:
    2(NH4)2S2O3 + 2O2 = (NH4)2S3O6
    + (NH4)2SO4

3. Trithionate is further oxidized by
    dissolved oxygen to produce amine
    and ammonium sulfate:
    (NH4)2S3O6 + 2O2 + 4NH3 + H2O =
    NH4SO3NH2 + 2(NH4)2SO4

Nickel is precipitated from the
solution by hydrogen:
Ni(NH3)2SO4 + H2 = Ni +
(NH4)2SO4

Nickel concentrate

10–14% Ni, 1–2% Cu, 0.3–0.4% Co

Ammoniacal
solution

Residue Liquor (Ni, Cu, Co)

Ammonia Copper
sulfide

Air

Hydrogen

Nickel powder

H2S

Co + residue

Nickel salt Cobalt salt

Leaching

Separation

I Pressure leaching,
105°C, 10 atm

II Pressure
leaching,

105°C, 10 atm

Precipitation

Reduction in autoclave:
170°C, 30 atm

Filtration

Filtration

Filtration

Boiling

Filtration

Filtration

Oxy hydrolysis

Air
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A.4a: Flow Sheet for Extraction of Zinc from Sphalerite Via
Pyrometallurgical Route

Zinc–lead ore

Lead–zinc concentrate

SO2, Pb, Cd

Lead–zinc calcine (1–4% S)

SO2, Pb, Cd

Lead–zinc sinter

Coke Molten lead

CO + zinc vapor

Lead

Lead

Zinc metal

Comminution

Differential flotation

Partial roasting, 800°C

Imperial smelting, 1200–1300°C

Condenser, 450°C

Liquation, 400°C

Updraft sintering, 1200–1300°C
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A.4b: Flow Sheet for Extraction of Zinc from Sphalerite Via
Hydrometallurgical Route

Zinc concentrate

SO2

MnO2

Under flow

Over flow

Zinc cathode

H2SO4

Under flow
Pb/Ag residue

Over flow 

NH4OH + ZnO calcine

NaOH

3Fe2(SO4)3 + 10H2O + 2NH4OH =
(NH4)2Fe6(SO4)4(OH)12 + 5H2SO4

Over flow Under flow

Jarosite residue to dump

Fluidized bed 
roasting, 800°C

Neutral leaching

Thickener

Purification

Electrolysis

Acid leaching, 90–95°C

Thickener

Jarosite precipitation

Thickener
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A.5: Flow Sheet for Extraction of Tungsten from Scheelite/
Wulframite

Scheelite/low Mn wolframite concentrate (–150 to + 325 mesh)

18% Na2CO3

Solution
CaWO4 + Na2CO3 = Na2WO4 + CaCO3

Al2(SO4)3 + MgSO4

Silica + gangue

Leach    liquor

Mg3(AsO4)2 + Mg3 (PO4)2

Na2S + NaHS MoS3

Na2WO4 solution

7% alamine 336 + 7 %

Decanol in kerosene

Loaded organic solvent

Ammonia solution  Organic solvent recycle

Na2WO4 +2NH4OH →
(NH4)2WO4 + 2NaOH

Ammonium tungstate solution

Ammonia

12 (NH4)2WO4 + 18H2O → 14NH4OH +

Ammonium paratungstate

ammonia 5 (NH4)2O·12WO3·11H2O → 12WO3 +

5 (NH4)2O·12WO3·11H2O

10NH3 +16H2O
Yellow tungstic oxide (WO3)

Hydrogen Hydrogen + steam

Tungsten metal powder

Pressure leaching autoclave:
15 atm, 250°C

Stirring, pH 9

Filtration

(As + P) removal

Mo removal  

Crystallization

Solvent 
extraction

Stripping

Decomposition, 250°C

Reduction, 800°C
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A.6: Flow Sheet for Extraction of Beryllium from Beryl

3BeO·Al2O3·6SiO2 + 2Na2SiF6 +
Na2CO3 → 3Na2BeF4 +
8SiO2 + Al2O3 + CO2

Na2BeF4 + 2NaOH → 4NaF + Be(OH)2

F– recovery at RT, pH = 4.5
6NaF + FeCl3 → Na3FeF6 + 3NaCl

Beryl 3BeO·Al2O3·6SiO2 (200 mesh) 

Beryl : Na2SiF6 : Na2CO3 : water

Na2SiF6
(by weight) 10  :       8      :      3       :     1

Na2CO3

Iron
cryolite
(Na3FeF6)

Water Red mud (waste)

20% NaOH
(27% excess)

NaF

FeCl3 Be(OH)2cake

Mixing

Sintering, 750°C, 2 hours

Crushing/grinding

Filtration

Briquetting

Precipitation, 90–95°C,
pH = 11.5

Precipitation
and filtration

Leaching

Halide intermediate:
Be(OH)2 + 2(NH4)HF2 →
(NH4)2BeF4 + 2H2O
pH = 8.5 by chalk addition for
Fe and Al removal 

(NH4)2BeF4 → BeF2 + 2NH4F

Chalk

40% (NH4)HF2
Residue

(waste)

HF  (NH4)2BeF4

NH4F

Water

Cake dissolution

Filtration

Crystallization, 900°C

Decomposition, 900°CScrubbing

Evaporation

(Continued)
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BeF2 Scrubbing: NH4F + HF → NH4HF2

FeBgM 2 + Mg → Be + MgF2

Be pebbles

Very high-purity beryllium

Reduction,1000–1200°C

Vacuum melting

Comminution

Vacuum hot pressing  
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A.7: Flow Sheet for Extraction of Uranium from Pitchblende

Uranium ore
75–100 mm

Uraninite and pitchblende in association
with quartzite: U3O8 – 0.07%, SiO2 – 67.2%,

Jaw and cone crushers

Water

Two-stage wet grinding: 55%−200 and 3%−48 mesh

Water

H2SO4
Dilute acid (98% H2SO4 + 63% solid)
leaching in the presence of oxygen
(pyrolucite: 65% MnO), 90% in 12 hours
2U3O8 + (O2) + 6H2SO4 → 6UO2SO4 + 6H2O

+ MnO

Tailings to dump

Uranyl sulfate solution (0.4 g l−1g with Al, V, Fe, Cl− large amounts of SO4
2− and PO4

3−)

Resin IRA-400 or De Acidite FF530, 99% efficiency

4RCl + [UO2(SO4)3]4− = R4UO2(SO4)3 + 4Cl−

N NaCl

Resin regeneration+H2SO4

Uranyl sulfate solution (5 gl−1with V, Al, Fe, Cl− and PO4
3−)

Lime

Grinding, 55% −200 mesh

Thickening, 63% solid

Crushing, 12–20 mm

Leaching,
pH = 9.8, 40°C

Filtration

U adsorption in
ion exchange column

Elution

Fe precipitation
2 hours, pH = 3.5

2UO2SO4 + 2 H2O + MgO = MgU2O7 + 2H2SO4

Product: U3O8-73.8, SiO2-36, Cl− 0.09, SO4
2−-0.39%

(Ca + Mg) –4.55% on MgO basis 

MgO U precipitation
6 hours, pH = 5–6.8

Filtration,washing 

(Continued)
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Raffinate recycle

UO2
2+ + 2NO3

–(aq) + 2TBP = 
UO2(NO3)2·2TBP

2UO2(NO3)2 + 6NH4OH = (NH4)2U2O7 + 3H2O +
4NH4NO3     ammonium diuranate

Magnesium diuranate (>70% U3O8)

HNO3

Uranyl nitrate feed solution

TBP(kerosene)

1M HNO3 Scrub solution recycle

Water

Solvent recycle

Purified uranyl nitrate solution (120–150 gU/liter)

30%

NH3

(NH4)2U2O7 = 2UO3 + 2NH3 + H2O

Solvent extraction  

Stripping

Precipitation
50°C, pH = 9.5

Filtration

Calcination, 450°C

Digestion

Scrubbing

Uranium trioxide (UO3)

Hydrogen                     Steam
+ cracked
ammonia

UO3 + H2 = UO2 + H2O

Uranium dioxide (UO2)

HF UO2 + 4HF = UF4 + 2H2OHydrofluorination, 450°C

Reduction,
550–600°C

Uranium tetrafluoride (UF4)

Ammonia + steam

(Continued)
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Ca UF4 + 2Ca = U(l) + 2CaF2

Reactor grade uranium ingot

Uranium ingot

Reduction,1000°C

Induction melting, 1350°C
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A.8: Flow Sheet for Extraction of Thorium from Monazite

Beach sand

Monazite concentrate (5% Th)

50% NaOH Alkali/sand ratio = 3:1

Th3(PO4)4 + 12 NaOH →
3Th(OH)4 + 4Na3PO4

Dilute NaOH solution
Water

Sodium phosphate crystals

Hydrated thorium oxide cake

HNO3

NaOH Solution for recovery of

rare earth oxides

Hydroxides of Th, U and RE (3%)

HNO3

Ammonia

Th(OH)2

Grinding, 98%-325,
100%-200 mesh 

Digestion, 145°C, 4 hours

Filtration

Selective precipitation 
pH 5–8 

Dissolution

Precipitation

Dissolution

Concentration

Dilution, 30%, 100°C

Solution (rare earths)Dissolution
HNO3

Thorium nitrate solution

(Continued)
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O2 (ceric into cerous ions)H2O2

0.02N HNO3

Solvent recycle

1N HNO3

Th, U, RE feed solution

Conditioning

U extraction

Scrubbing

U stripping

Th extraction

Scrubbing

Th stripping

Oxalate precipitation,
60°C

Purified thorium nitrate solution

Solution

for U recovery

Th, REs nitrate feed

Aqueous raffinate (rare earths)

5% TBP

(xylene)

40% TBP

(xylene)

2N NaNO3

+ 0.1N HNO3

0.02N HNO3

TBP recycle

Th(NO3)4·4H2O + 2H2C2O4→
Th(C2O4)2·2H2O + 4HNO3 + 2H2OOxalic acid

Aqueous raffinate

Filtration

Calcination, 650°C

Thorium dioxide (ThO2)

Mother

liquor

Gaseous

product
Th(C2O4)2·2H2O →
ThO2 + 4CO2 +2H2O

(Continued)
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Hydrofluorination, 560°C

Grinding and
carbonization

Chlorination, 900°C

Thorium metal powder

Electrolysis, 700–800°C

ThCl4

HF

Calcium

Starch

NaCl + KCl

Cl2 CO2 + Cl2

CO2 + H2O

Cl2

Alternatively

Reduction, 660°C

Thorium metal powder

ThO2 + 4HF = ThF4 + 2H2O

ThF4 + 2Ca = Th(s) + 2CaF2

592 Appendixes



A.9: Flow Sheet for Extraction of Titanium from Rutile

Rutile (natural or synthetic 90–99% TiO2)

Mixing

Briquetting

Drying, crushing 
and briquetting

Chlorination,

800–850°C

Dedusting of TiCl4

Condensation, 200°C

Scrubbing with TiCl4

Reduction VOCl3

Fractional distillation

Kroll reduction, 825°CMg MgCl2
TiCl4(g) + 2Mg(l) → Ti(s) + 2MgCl2(l)

Pure TiCl4

Ti sponge

Liquid TiCl4

H2S

Crude TiCl4

FeCl3

FeCl3 + AlCl3

SiCl4, VCl3, S

VCl3

Cl2

Drying at 800°C

removes volatile matter

TiO2 + 2C + 2Cl2 → TiCl4(g) + 2CO

CO + Cl2

Rutile + coke + dust

Coke

Water

(Continued)
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MgCl2 + Mg (excess)

Raw sponge

Crushing

Arc melting, briquetting/electrode
formation

Titanium sponge 99.8% pure

Pyrovacuum distillation, 920°C
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A.10: Flow Sheet for Extraction of Zirconium from Zircon Sand

Zircon sand [Zr(Hf)SiO4]

Fusion, 600°C

Leaching

Cake dissolution

Filtration

Nitrate feed solution (7N)

Solvent extraction

Organic solvent loaded with Zr

Stripping

Pure Zr solution

Precipitation
Ammonia

H2SO4

TBP (kerosene) Raffinate for

Hf recovery

Waste

HNO3, 55–60%

Water

Caustic soda ZrSiO4 + 4NaOH →
Na2ZrO3 + Na2SiO3 + 2H2O

Solvent recycle

Filtration

Zirconium hydroxide

Calcination, 900°C

Zirconium oxide (Hf < 200 ppm)

Briquetting
Carbon, starch, water

(Continued)
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Chlorination, 750–900°C
Cl2

ZrCl4 boiling pt 331°C

Pure ZrCl4

Mg/Mg-Na
Reduction, 825°C

Vacuum distillation

Nuclear grade zirconium sponge

Vacuum degassing
150–200°C

ZrO2 + 2C + 2Cl2 → ZrCl4(g) + 2CO

ZrCl4(g) + 2Mg(l) → Zr(s) + 2MgCl2(l)

Volatiles: BCl5, CO, CO2, Cl2, COCl2

MgCl2 + excess Mg
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A.11: Flow Sheet for Extraction of Aluminum from Bauxite

Bauxite
(40–50% Al2O3, <5% SiO2, 9.30% TiO2, 4.30% Fe2O3)

Crushing, −2.0 cm

Grinding, −200 mesh

Dilution, 175 g/l

Filter press, 90°C

Precipitation, 50–90°C

Thickening

Seed

Red mud

Over flow

Water

Caustic
soda

Caustic soda

Al2O3 + 2 NaOH = 2NaAlO2 + H2O

Calcination, 1200°C

Fused salt electrolysis, 960°C

Aluminum (99.8%)

Alumina (>99% Al2O3)

CO + CO2
Cryolite

Na3AlF6

Thickening

Pressure leaching autoclave:
25 atm, 200°C
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A.12: Flow Sheet for Extraction of Magnesium from Sea Water

Sea water (0.13% Mg)

Screening/mixing
Lime

10–20% HCl

+ some H2SO4

Gypsum cake

MgCl2 + Ca(OH)2 = CaCl2 + Mg(OH)2
MgSO4 + Ca(OH)2 = Mg(OH)2 + CaSO4

Over flow to sea (CaCl2)Thickening

Filtration

Acid digestion

Filtration

Evaporation

Shaft dryer

Rotary kiln dryer

Fused salt electrolysis, 700°C

Magnesium (99.8%)

NaCl +
CaCl2 +
KCl

Cl2

15% MgCl2 solution

35% MgCl2

85% MgCl2

MgCl2 (1% MgO, 0.5% H2O)

Mg(OH)2 cake (+ CaCl2)
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Appendix: B – Recommended Values of Physical Constants

Physical constant Symbol Value

Acceleration due to gravity g 9.81 m s�2

Avogadro number N 6.02252�1023 molecules mol�1

Boltzmann constant k 1.38054�10�23 J K�1

Faraday constant F 96495 Coulombs mol�1

¼ 23066 cal V�1 mol�1

Gas constant R 1.987 cal K�1 mol�1

¼ 8.3143 J K�1 mol�1

¼ 0.08206 liter atm K�1 mol�1

Planck constant h 6.6256�10�34 J s

Appendix: C – SI Units and Conversion Factors

Physical SI unit cgs unit conversion factor

Quantity (a) (b) (from b to a)

Length m cm 10�2

Mass kg g 10�3

Time s s 1

Volume m3 cm3 10�6

Density kg m�3 g cm�3 103

Force N ¼ kg m s�1 ¼ J m�1 dyne 10�5

Pressure N m�2 ¼ kg m�1s�2 ¼ J m�3 dyne cm�2 10�1

(1 atm ¼ 760 mm Hg
¼ 760 Torr ¼ 1.013
bar
= 1.033�104 kg. m�2

= 1.013�105 N. m�1

= 1.013�105 Pascal

Surface tension N m�1 ¼ J m�2 dyne cm�1 10�3

Energy, work J ¼ kg m2s�2 cal
erg

4.184
10�7

(1 J ¼ 0.102 kg m)

Molar free energy,
enthalpy

J mol�1 cal mol�1 4.184

Molar entropy, heat
capacity

J K�1mol�1 cal K�1mol�1 4.184

Concentration mol m�3 mol l�1 103

mol dm�3 mol l�1 1

Molality mol kg�1 mol kg�1 1

Ionic strength mol kg�1

mol m�3

mol dm�3

mol kg�1

mol l�1

mol l�1

1
103

1
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Index

Note: Page numbers in normal refer to subject contents; those in italics to Figures;
those in bold to Tables.

A
Acid breakdown, 438–439
Activated carbon, 475–476
Activated complex, 457, 466
Activation energy (EA), 48–50, 96, 119, 119,

179, 262, 263, 265, 266, 458, 460, 465,
469, 472, 505, 513

Activity
coefficient, 17, 18, 27, 29, 30, 32–34, 101,

247, 248, 251, 256, 257, 259, 260, 295,
296, 319, 321, 322, 324, 342, 422, 423,
441, 499, 523

Additive product, 488
Agitation leaching, 433
Alkali breakdown, 439–440
Alternative standard states, 27, 29, 32
Aluminum, 2, 4, 69, 112, 150–152, 155, 192,

206, 210, 221, 222, 242, 276, 282, 283,
295, 298, 302, 303, 305, 309–313, 315,
316, 322, 331, 332, 334, 362, 374, 375,
378–383, 389, 391, 401, 429, 434, 435,
439, 441, 454, 494, 531–533, 538, 539,
542, 545, 548–552, 554, 555, 558, 562,
563, 597

AOD process, see Argon oxygen
decarburization (AOD)

Aqueous electrolyte, 391, 496, 539, 542,
542–548, 560–562

Argon oxygen decarburization (AOD), 246,
303, 310

Armstrong process, 371

Ausmelt technology, 77, 78, 91
Avanti process, 555

B
Bacterial leaching, 436–438
Basicity of slag, 115–117, 176, 267, 271,

282, 283
Basic oxygen converter, 122, 216, 218,

240–242, 244, 251, 270–274
Bath agitated process (BAP), 245–246,

277–279
Bath smelting, 4, 40, 74–78, 97, 122, 217
Beryllium, 2, 4, 149, 150, 206, 253, 254, 298,

367, 373–375, 431, 438, 439, 490, 496,
539, 549, 554, 585

Bessemer process, 4, 121, 126, 212, 215, 216,
238–239, 244, 283–284

Betterton process, 398, 419
Boron, 298, 302, 322, 416, 494, 495
Bottom blown oxygen

converter, 243–245, 275–277
Brounshtein model, 167–169

C
Carbon reactions, 246, 259–261
Carbonyl process, 93, 151, 400, 405–406,

423, 580
Carboxylic acid, 477, 487, 491, 497
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Cell potential, 502, 503, 507, 508, 523,
536–538, 563, 566, 568

Cementation, 4, 238, 429, 431, 442, 463, 498,
502–505, 506, 507–509, 523, 533, 542

Cesium, 495
Chalcopyrite, 1, 4, 39, 46, 50, 51, 66, 69–78,

82, 86–89, 93, 96, 128, 437, 438, 451,
457, 470–472, 543, 578

Characteristics of solvents, 490–491
Charged complex formation, 486
Chelating compounds, 491
Chemical potential, 21, 22, 48, 262, 390
Chemical precipitation, 389, 473–475, 499
Chemical reaction, 6, 8, 9, 25, 47, 48, 69, 76,

97, 117, 133, 165, 166, 172–175, 180,
200, 215, 262, 263, 269–281, 304,
325–327, 404, 434, 455, 457–461, 466,
505, 507, 514, 517, 533, 536, 538

Chemistry of refining, 269–284
Chemistry of roasting, 42–43
Chinuka process, 556
Chloridizing roast, 41
Chlorination

of MgO, 359
of rutile, 359, 360, 376
of ZrO2, 360

Choice of deoxidizers, 297–298
Circulation degassing, 328–330, 344, 345
Classification of oxides, 110–112
Clausius-Clapeyron equation, 13, 401
Cobalt, 39, 69, 70, 92, 206, 298, 319, 322, 405,

406, 438, 483, 497, 502, 504, 508,
511–513, 532, 539, 542, 544, 546–548,
560, 561, 569, 581

Combined-blown converter, 278
Complex deoxidizers, 298–303, 313
Complex fluoride process, 356–365, 373
Component, 12, 13, 15, 17–18, 19, 20–26,

32, 33, 43, 44, 70, 73, 129, 130, 163,
195, 211, 315, 377, 401–403, 440,
472, 482, 546

Concentrated acid breakdown, 438
Concentrated alkali breakdown, 439–440
Constitution of slag, 70
Continuous converting

Kennecott-Outotec flash converting
process, 83–84, 128, 207

Mitsubishi continuous converting process,
84–85

Mitsubishi process, 87–89, 124
Noranda continuous converting process, 83
Noranda process, 83
Outotec process, 86–87

Conversion factors, 226, 599, 600
Converting

copper, matte, 83
nickel sulfide matte, 93

Converting of copper matte, 78–82
Ausmelt-Isasmelt-top submerged

lancing, 75
Pierce-Smith converting, 73, 77–80, 81, 82

Copper, 2, 39, 69, 122, 150, 207, 237, 298,
389, 429, 531

Critical nucleus size, 207
Cruds, 492
Crystallization from aqueous solutions,

362–364
Current efficiency, 540–542, 544, 545, 547,

548, 551–554, 556, 558, 561, 570–572
Cyclone smelting, 72, 74

D
Degassing

AOD process, 310
circulation, 328, 344–346
DH process, 328, 330, 330
ladle, 327, 344, 345
stream, 327–328
vacuum, 211, 232, 266, 294, 316–330, 404

Degree of freedom, 12, 43, 45, 163
Dehydration of bischofite, 363–364
Dehydration of carnallite, 362–364
Deoxidation

constant, 297, 300, 331, 405
practice, 303–304
product, 206, 221, 222, 297, 300–306,

312, 313, 353
vacuum, 303

Deoxidizers, 202, 222, 283, 295, 297–305,
312, 313, 315, 405

Dephosphorization index (DP), 253–255
Desulfurization index (DS), 240, 247,

314–316, 331
Diffusivity, 107, 123, 166, 167, 264, 481
Dilute solutions, 27, 29, 32, 102, 297, 322,

324, 338, 348, 410, 430, 432, 440,
446, 473, 479, 480, 482, 484, 485,
495, 499, 523, 539

Direct conversion of nickel sulfide, 94
Direct copper extraction

Mitsubishi process, 87–89, 124
Outotec process, 74, 86–87

Direct reduction, 150, 167, 172, 176–180,
371, 557

Direct smelting reduction, 178–180
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Direct stainless steel making, 311
Discharge potential, 507, 535, 539–540,

542, 549
Disproportionate process, 374–375, 381–383,

400, 407
Distillation, 354, 365–367, 369–371, 373, 389,

390, 400–404, 415, 490, 594
Distribution coefficient, 404, 407, 481, 485,

487, 491, 495, 518
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