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Preface

The three-volume “Encyclopedia of Color, Dyes, Pigments” represents this attempt
to summarize the current expertise in the fields stated in the title of the book. The
main objective is to present the information that is available today encompassed by
these three terms in a scientifically and technically correct, high-level and up-to-
date manner. All aspects from theory to practical application are covered.

As the title suggests, all major classes of dyes and pigments are covered in detail.
Emphasis is given so that the reader obtains an overview of the basic principles, the
synthesis possibilities, the production, the chemical and physical properties as well
as the technical application of these colorants. Separate chapters are provided for the
main areas of application of dyes and pigments, for color fundamentals and color
measurement as well as for historical pigments, dyes and binders. The encyclopedia
is addressed to color specialists in industry and academia as well as to dye and pig-
ment users in the applications areas of coatings, paints, cosmetics, plastics, printing
inks, ceramics, and building materials. In order to make orientation as easy as possi-
ble for the interested reader, the topics covered in the book are arranged in alpha-
betic order.

Color has always played an important role in the lives of humans and animals.
Dyes and pigments were therefore important substances early on in the develop-
ment of mankind for expressing oneself through color, white or black and for shap-
ing life. Colors and their functions have always been fascinating, playing a major
role in the human psyche, and are of great importance in the design of a wide vari-
ety of surfaces. While natural colorants were initially used by people for thousands
of years, the development of modern natural sciences, especially chemistry, led to
the introduction of synthetically produced dyes and pigments in the lives of people.
These play a predominant role among today’s colorants.

The treatment of the individual topics differs in many cases from that in other
reference books. New ways of presentation are chosen for different classes of dyes
and pigments, but also for the application of colorants in various systems. The en-
cyclopedia is thus up to date, especially since the latest findings from the field have
been included. The authors involved are very familiar with the contents of their
chapters, most of them having researched and worked on them for many years.

The objective of the Encyclopedia of Color, Dyes and Pigments is to provide a
comprehensive overview of the state of knowledge about dyes and pigments, while
at the same time identifying the connections to the relevant coloristic and applica-
tion fundamentals. Special attention was paid to developing a clear structure of the
approximately 70 chapters to provide access to the desired information quickly and
without a long search. Figures and tables inserted illustrate fundamental aspects,
dye and pigment structures, manufacturing details as well as application examples.
At the end of each chapter, references to further reading are given. These include a
wide range of journal articles, reference books and patents.

https://doi.org/10.1515/9783110588071-202
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The chapters to follow are written by some of the most knowledgeable authors
in the subject areas covered in the encyclopedia. Most of them were and are involved
in innovative developments and practical applications of colorants. They are authors
of a variety of publications, patents, presentations and lectures in the respective
areas. Their insights will certainly prove to be valuable to the reader and their contri-
butions to the Encyclopedia of Color, Dyes, Pigments are greatly appreciated.

At this point, I would like to take the opportunity to express my sincere thanks
to all the authors involved in this book project. Without their support and coopera-
tion, the completion of the encyclopedia would not have been possible. Finally, a
big thank you goes to Karin Sora from de Gruyter, who has supported and accompa-
nied the project from the early beginning and to Vivien Schubert and Esther Markus
from the same publisher, who have done an extraordinarily good job in the comple-
tion of the encyclopedia.

Berlin, December 2021 Gerhard Pfaff
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Robert Christie and Adrian Abel
1 Anthraquinonoid pigments

Abstract: Colorants based on the anthraquinone structure are categorized as a sub-
class of carbonyl colorants. Anthraquinone textile dyes rank second in importance
to azo dyes, especially within the vat dye application class. Vat dyes became of in-
terest to the pigment industry because of their insolubility. This insolubility and
generally excellent fastness properties inspired investigations into the selection of suit-
able established anthraquinonoid vat dyes for use as pigments after conversion to a
physical form that is appropriate for their applications. Originally this proved difficult,
but was eventually achieved following the development of appropriate conditioning
after treatment processes. The structural chemistry of the various types of anthraquino-
noid pigments in relation to their technical and coloristic performance is discussed.
The chapter concludes with an illustrated description of the main synthetic routes and
finally with a description of the principal applications of the individual commercial
products. Anthraquinonoid pigments are generally regarded as high-performance prod-
ucts, suitable for highly demanding applications, although they tend to be expensive.

Keywords: anthraquinonoid, madder, alizarin, purpurin, quinizarin, vat dyes, vat pig-
ments, aminoanthraquinones, heterocyclic, polycarbocyclic, anthrapyrimidine, indan-
throne, flavanthrone, pyranthrone, anthanthrone, isoviolanthrone

1.1 Fundamentals

Colorants based on the anthraquinone structure, categorized as a sub-class of car-
bonyl colorants, hold a special place in the field of color chemistry. The parent un-
substituted anthraquinone molecule (1a) is illustrated in Figure 1.1, with reference
to Table 1.1. Anthraquinone textile dyes rank second in importance to azo dyes.
Many textile dyes are anthraquinones carrying a range of substituents. However,
the important commercial anthraquinonoid pigments are invariably large polycyclic
molecular structures, a feature that is primarily responsible for their high levels of
technical performance, including fastness to light, weather, solvents, chemicals,
and heat [1-3].

This article has previously been published in the journal Physical Sciences Reviews. Please cite
as: R. Christie, A. Abel, Anthraquinonoid Pigments Physical Sciences Reviews [Online] 2021, 6. DOI:
10.1515/psr-2020-0146

https://doi.org/10.1515/9783110588071-001
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1 Figure 1.1: Structures of anthraquinones (1a-1d).

Table 1.1: Substituent pattern in some simple anthraquinone molecules.

Compound R! R? R?
1a H H H
1b OH OH H
1c OH OH OH
1d OH H OH

1.2 History

Madder, one of the earliest natural dyes, is obtained from the root of Rubia tinctorum,
also known as dyer’s madder. It is an herbaceous perennial plant related to the
Rubiaceae family, which includes coffee. The roots are harvested after two years, and
an inner layer provides the best quality dye. The dye is applied to the cloth with alum
(a hydrated sulfate salt of aluminum), which acts as a mordant that fixes the dye to the
cloth. It is claimed that the dye was being used in the Indian sub-continent as early as
2300 BC, based on the discovery of a piece of cotton colored with madder in Mohenjo-
daro, an archaeological site in the Indus Valley, Pakistan [4]. This dye was later traded
around the world and was of such importance that it was the cause of trade wars be-
tween various European countries and the colonized lands in the Americas. It was one
of Sir Isaac Newton’s “colour spectrum”, that he postulated in 1672. The main active
components of this dye are alizarin (1b) and purpurin (1c), hydroxy derivatives of an-
thraquinone, as illustrated in Figure 1.1 with reference to Table 1.1. The dye could be
converted to an insoluble pigment, madder lake, by precipitating (laking) with alum.
This lake pigment has low lightfastness and is remembered mainly as a component of
mixtures used to paint miniatures, popular in the fifteenth and sixteenth centuries, es-
pecially in the Flemish region of Belgium. German chemists, Graebe and Liebermann
discovered a synthetic route to alizarin in 1868 [5], around the same time as Perkin,
who had discovered Mauveine, devised an alternative process that he patented in the
UK. A year later, Perkin developed a more practical route, which he adopted at his
Greenford manufacturing plant, London and quickly brought it into production. Soon
after these events, the cultivation of madder root virtually ceased. A pigment that was
originally made from natural madder, marketed as CI Pigment Red 83, is still made but
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using synthetic alizarin. This calcium lake, strictly a metal salt pigment, was discov-
ered in 1826 by Robiquet and Colin. Older versions of the Colour Index refer to it as a
metal complex. The main current use of this pigment, still referred to as madder lake,
is in the coloration of soap, cosmetics, and artists’ colors. It has very poor fastness to
solvents and is not fast to light. Confusingly, this product is often referred to as CI
Pigment Red 83:1 (especially in artists’ colors), but there is no such product listed in
the Colour Index. Another metal salt pigment, made from quinizarin (1d), was discov-
ered by Bayer and introduced as Helio Fast Rubine 4BL, either as a bright violet sodium
salt (CI Pigment Violet 5) or, more often, as an aluminum salt (CI Pigment Violet 5:1),
which has a bright reddish violet hue. Despite its poor tinctorial strength, low solvent
resistance and low lightfastness in reductions, the aluminum salt was still being used
for general industrial paints until relatively recently, because it offered an inexpensive
way to obtain violet colors.

In terms of volume, anthraquinones were second only to azo colorants until the
discovery of copper phthalocyanine. Many anthraquinone textile dyes provided the
highest quality dyeings with respect to lightfastness and washfastness. Anthraquinones
have been developed as acid, disperse, mordant, reactive, and vat dyes. Vat dyes were
the application class of most interest to the pigment industry because of their insolubil-
ity. They constitute a group of insoluble colorants that are applied to cellulosic fibers
(e. g., cotton) via a water-soluble (leuco) form that is obtained by reduction with sodium
dithionite in alkaline solution. They are then oxidized to regenerate the pigment as in-
soluble particles trapped within the fibers. Vat dyes set new standards for washfastness
in textiles, to such an extent that the German dye industry allowed vat dyed articles to
carry a special label, the Indanthren label, assuring purchasers of goods that had been
dyed in this way that they would remain fast during washing. Application of the com-
mercial forms of the early vat dyes as pigments was not straightforward, because of
difficulties in wetting out the particle surfaces and in producing fine particle disper-
sions, and consequently they lacked tinctorial strength and brightness. However, the
insolubility and very good fastness properties of vat dyes inspired investigations into
the selection of suitable established products for use as pigments after conversion to a
physical form that is appropriate for their applications. Lessons learned, especially
from experience of the conditioning aftertreatment processes developed for copper
phthalocyanine pigments, were applied to many of these vat dyes, and a few became
important as pigments, generally referred to as vat pigments. These products offered
the technical and coloristic advantages, notably high levels of fastness performance
and bright colors, that were necessary to justify the high price required for com-
mercial viability, which resulted from the expensive synthesis processes together
with additional costs associated with the conditioning. They were aimed at appli-
cations where the high cost could be justified, such as automotive finishes and the
coloration of plastics. However, as demand for high-performance pigments in-
creased as the twentieth century progressed, industry responded with the development
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of pigments based on new chromophores which ultimately undercut the anthra-
quinones in price. Consequently, most original anthraquinonoid pigments have de-
clined in importance, with many withdrawn, and only a few remain as commercial
products. The use of anthraquinonoid vat dyes for textiles has also declined over the
years, mainly because very good fastness to washing can be obtained using alterna-
tive dye application classes, especially reactive dyes, which offer better economics.

1.3 Structures and properties

Quinones, defined as cyclohexadienediones, contain a 6-membered ring with two
ketone carbonyl groups and two double bonds as the essential structural arrange-
ment. Their molecular structures frequently give rise to highly colored species.
Anthraquinones, as illustrated by compounds (1a-1d) (Figure 1.1), contain a linear
arrangement of three fused six-membered rings with two outer aromatic rings and
two carbonyl groups in the middle ring. In the chemistry of textile dyes, the anthra-
quinone chemical class is second in importance to azo dyes. However, it is much less
important in organic pigments. One reason is that the role of anthraquinones in many
textile dye application classes is to provide lightfast blue colors, to complement azo
dyes in yellow, orange and red colors, while this position is occupied by copper
phthalocyanines in organic pigments. As discussed in the previous section, anthraqui-
nonoids dominate the vat dye textile application class. Around twenty of the hun-
dreds of known anthraquinonoid vat dyes have been converted to pigment use, but
only a few have current industrial significance. These pigments essentially cover the
entire shade range and offer high levels of performance suitable for demanding paint
and plastics applications. However, their high cost limits their use. Anthraquinonoid
pigments may be separated into three main categories based on their polycyclic chem-
ical structures: aminoanthraquinone derivatives, heterocyclic derivatives and polycar-
bocyclic derivatives.

1.3.1 Aminoanthraquinone derivatives

In this category, CI Pigment Red 177 (2) is the most important product (Figure 1.2).
Other pigments in this category that have been important in the past, such as CI
Pigments Yellow 123 and 147, no longer have significant commercial use. X-ray struc-
tural analysis has revealed that, in the crystalline solid state, CI Pigment Red 177 (2)
exhibits a twisting of the two anthraquinone units by 75° relative to one another,
which is reported to provide the optimum geometry for intramolecular hydrogen bond
formation [6].
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Figure 1.2: Structure of the aminoanthraquinone Pigment, CI pigment Red 177 (2).

1.3.2 Heterocyclic derivatives

Polycyclic anthraquinonoid pigments containing heterocyclic ring systems, illus-
trated structurally in Figure 1.3, are based on some of the longest-established vat dyes.
CI Pigment Yellow 108 (3) is based on the anthrapyrimidine heterocyclic system.
Indanthrone (4), CI Pigment Blue 60, is a long-established pigment that is highly light-
fast and weatherfast and suitable for use in automotive finishes, especially in combina-
tion with metallic pigments. A dichloroindanthrone, CI Pigment Blue 64, has had some
market impact, but there are no current manufacturers. Indanthrone exists in four
polymorphic forms. The a-form is the most stable and provides greenish blue hues.
The B- and y- forms provide reddish shades. The &- form is not of coloristic interest.
Flavanthrone yellow (5), CI Pigment Yellow 24, has in the past been a highly im-
portant vat pigment although its use has declined significantly. a-Indanthrone

Figure 1.3: Structures of heterocyclic anthraquinonoid pigments.
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and flavanthrone have similar crystal structures with their planar molecules ar-
ranged in stacks in a herringbone arrangement, as is commonly encountered in
organic pigments [7].

1.3.3 Polycarbocyclic derivatives

The prominent examples of polycarbocylic anthraquinonoid pigments are based on
the pyranthrone (6), anthanthrone (7) and isoviolanthrone (8) ring systems, as il-
lustrated in Figure 1.4. The similarity in the molecular structures of flavanthrone (5)
and pyranthrone (6) is notable, with the heterocyclic N-atoms in compound (5) re-
placed by CH in compound (6). The parent pyranthrone (6), CI Pigment Orange 40, has
been discontinued. However, CI Pigment Orange 51, a dichloro derivative, CI Pigment
Red 216, a tribromo derivative, and CI Pigment Red 226, a dichlorodibromo derivative,
find some use in industrial paints. 4,10-Dibromoanthanthrone, CI Pigment Red
168, is the most important derivative of the heterocyclic system (7), while a di-
chloro derivative, CI Pigment Violet 31, is the most prominent example of a commer-
cial pigment based on the isoviolanthrone system (8). The halogenated pigments are
planar molecules and exhibit similar crystal structures, arranged in stacks that are
slightly inclined to the stacking direction, an arrangement that ensures that spaces
are perfectly filled.

Figure 1.4: Structures of Polycarbocyclic Anthraquinonoid Pigments.
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1.4 Synthesis and manufacture

The synthesis of anthraquinone dyes is well documented [1-3, 8, 9]. Although the
chemistry of the syntheses is for the most part long established, some mechanistic
detail of individual reactions remains speculative. The synthetic sequences most
commonly start with an appropriate substituted anthraquinone, with cyclization re-
actions subsequently used to construct the polycyclic systems. In a few cases, the
anthraquinone ring system is generated during the synthesis by cyclization reac-
tions. A common feature of these pigments is the prevalence of halogenated (chloro
and bromo) derivatives. These products may be obtained by halogenation of an in-
termediate in the process followed by cyclization or by direct halogenation of the
parent anthraquinonoid system. In most cases, the pigments are produced initially
in a large particle size form. They are then reduced to pigmentary particle size by
processes such as acid pasting, which involves reprecipitation from solution in con-
centrated sulfuric acid, or conversion by reduction in alkali to the water-soluble
leuco forms followed by re-oxidation to the insoluble pigment, adapted from the
processes used in the vat dyeing of textiles.

The synthetic route to pigment (2) from 1-amino-4-bromoanthraquinone-2-sul-
fonic acid, known as bromamine acid (9), a frequently used textile dye intermediate,
is outlined in Figure 1.5. When treated with copper powder in dilute sulfuric acid (an
Ullmann reaction), compound (9) undergoes dimerization leading to disulfonate in-
termediate (10) as its sodium salt. This intermediate is then treated with 80% sulfuric
acid at around 140°C to remove the sulfonate groups and thus form pigment (2).

Figure 1.5: Synthesis of the aminoanthraquinone pigment, Cl Pigment Red 177 (2).

CI Pigment Yellow 108 (3) is synthesized by condensation of anthrapyrimidine de-
rivative (11) with 1-aminoanthraquinone (12) in the presence of thionyl chloride at
140-160°C in a high boiling aromatic solvent, as illustrated in Figure 1.6.

While indanthrone (4) may be prepared in various ways, the principal industrial
method involves oxidative dimerization of 2-aminoanthraquinone (13) by fusion with
sodium/potassium hydroxide at around 220°C in the presence of an oxidant such as
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Figure 1.6: Synthesis of Cl Pigment Yellow 108 (3).

sodium nitrate (Figure 1.7). Curiously, the same product can be prepared from 1-ami-
noanthraquinone (12) in a similar way, although the 2-isomer is the usual industrial
starting material. The pigmentary form may be produced by conversion to its leuco
form by reduction with an aqueous alkaline solution of sodium dithionite, followed
by oxidation to the insoluble pigment.

Figure 1.7: Synthesis of indanthrone (4).

The industrial manufacture of flavanthrone (5) (Figure 1.8) initially involves a con-
densation reaction of 1-chloro-2-aminoanthraquinone (14) with phthalic anhydride
(PA) to form intermediate (15), which subsequently undergoes an Ullman reaction
with copper powder in trichlorobenzene leading to the dimerized product (16). This
intermediate is then treated with boiling dilute aqueous sodium hydroxide, undergo-
ing cyclization with cleavage of the phthalimide groups to yield the pigment (5). The
pigmentary form may be obtained by reprecipitation from a solution in concentrated
sulfuric acid or via the leuco form as described for the synthesis of indanthrone (4).
Solvent treatment processes may also be used.

In the synthesis of pyranthrone (6) (Figure 1.9), 1-chloro-2-methylanthraquinone
(17) is treated with copper powder, pyridine, and sodium carbonate in an organic sol-
vent at around 180°C to form 2,2’-dimethyl-1,1’-dianthraquinonyl (18), which then
undergoes cyclization by refluxing with an alcoholic solution of sodium hydroxide to
afford the leuco form, which is then oxidized with air to provide pyranthrone (6). The
halogenated derivatives that are used as pigments are prepared either by halogena-
tion of intermediate (18) followed by cyclization, or by halogenation of the parent
compound (6). Conditioning of the pigments involves procedures broadly similar to
those outlined for indanthrone and flavanthrone.
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Figure 1.8: Synthesis of flavanthrone (5).

Figure 1.9: Synthesis of pyranthrone (6).

The synthesis of anthanthrone (7) (Figure 1.10) involves the diazotization of 1-
aminonaphthalene-8-carboxylic acid (19) followed by treatment of the diazonium salt
solution with copper powder at the boil to form 1,1-dinaphthyl-8,8’-dicarboxylic acid
(20). Compound (20) undergoes intramolecular Friedel Crafts acylation in concen-
trated sulfuric acid, cyclizing to give anthanthrone (7). 4,8-Dibromoanthranthrone (CI
Pigment Red 168), the most important commercial product of this structural type, is
formed by bromination of the parent compound, with or without its isolation from
the synthetic sequence.

Isoviolanthrone (8) is obtained by boiling 3,3’-dibenzanthronyl sulfide (21) with
alcoholic potassium hydroxide (Figure 1.11). Chlorinated and brominated isoviolan-
thrones are obtained by direct halogenation of parent compound (10).
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Figure 1.10: Synthesis of anthanthrone (7).

Figure 1.11: Synthesis of isoviolanthrone.

1.5 Applications

The use of some important classical anthraquinonoid pigments has declined substan-
tially over the years and many are no longer offered by traditional pigment manufac-
turers, although some may still be available from manufacturers in Asia. Applications
of the few products that remain as important commercial pigments are described.

1.5.1 Cl Pigment Yellow 24 (5)

This product, known as flavanthrone yellow, and also as CI Vat Yellow 1, is offered
as a bright reddish yellow version of the pigment, which is quite opaque, and also
as a transparent, high strength version. The transparent form gained acceptance for
use in automotive metallic finishes. It was discovered as a vat dye in 1901 by Bohn,
and then patented and marketed by BASF. The pigment tends to darken when exposed
to light providing the unusual property of higher rated lightfastness in pale shades
than in strong shades, which is the opposite performance compared with most other
pigments, although the phenomenon is more common with anthraquinononoid pig-
ments. In these cases, the darkening with exposure masks a degree of fading in pale
reductions. In plastics, the pigment is stable up to 230°C in polyolefins. Above
that temperature, it starts to dissolve and gain tinctorial strength, but remains
locked in the polymer without migrating on cooling. Its high color strength and
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excellent lightfastness allowed its use in the spin coloration of fibers for exterior
use. Its use in plastics never matched its use in paint. Its importance has declined
substantially over the years.

1.5.2 Cl Pigment Yellow 108 (3)

This pigment, known as anthrapyrimidine yellow and CI Vat Yellow 20, was intro-
duced to the market by BASF, and offered a much greener shade than flavanthrone
(5). While lacking brightness of color, it was for many years considered the ultimate
yellow pigment for fastness to weathering and was extensively used in automotive
finishes, including metallics. It darkened in full shades, as with flavanthrone, and
so it found some use in pale shades of decorative paints. It is no longer seriously
marketed either as a pigment or as a vat dye.

1.5.3 Cl Pigment Yellow 147

This pigment provided a mid-yellow shade with only limited use in the coloration of
plastics, where it offered good heat stability. It was one of many anthraquinononoid
pigments developed by Ciba in the late 1950s to early 60s, and one of the few that was
successfully introduced to the market [10]. The pigment still has some applications and
Orient Chemicals, who are very active in non-impact printing are now recommending
it as a dispersion for inkjet applications.

1.5.4 Cl Pigment Orange 40 (6)

This pigment, known as pyranthrone and as CI Vat Orange 9, was discovered by
Scholl in 1905 and introduced by BASF into their Indanthren range. As a pigment it
had limited application in the spin coloration of viscose, where it offered very good
lightfastness. It was withdrawn as a powder pigment many years ago.

1.5.5 Cl Pigment Orange 51

This pigment is a dichloropyranthrone, which is redder and brighter than the parent
compound CI Pigment Orange 40 (6). It has been recommended for the coloration of
paints, where its high lightfastness, excellent heat stability, and good solvent fastness
meant that it was considered for automotive finishes, if over-coated with a protective
clear finish, to enhance its fastness to weather.
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1.5.6 Cl Pigment Red 177 (2)

This pigment does not appear to have been used as a vat dye and was introduced
directly into the Ciba Cromophtal pigment range. There are two alternative versions of
the pigment offering either a transparent bluish red or a more opaque yellower shade.
The brilliant bluish red shade product is a useful pigment for paints and plastics. In
paints, it was a favorite choice for blending with molybdate orange to meet the re-
quirements for automotive original finishes. As these applications were replaced with
lead free finishes, the more transparent grade dominated. In spite of its good fastness
to weathering, it does not quite meet the requirements of modern automotive original
finishes but finds use in general industrial and vehicle repair finishes. In plastics it
has some use in polyolefins, in which it is stable to 300°C and does not affect the di-
mensional stability when used in injection moldings. It can be used for spin coloration
of polypropylene. In PVC it offers a bright shade but is limited by its slight solubility
in plasticizers.

1.5.7 Cl Pigment Red 168

This pigment is a dibromoanthanthrone and is also CI Vat Orange 3. The pigment of-
fers a brilliant orange-scarlet shade. It was discovered in 1913 by Kalb of Cassella AG,
Frankfurt, which became part of Hoechst. It is now an important member of the
Clariant pigment range. Its main use is in the coloration of paints, extending also to
coil coatings and specialty printing inks. As with most anthraquinonoid vat pig-
ments, it can be prepared in either transparent or more opaque forms. In paints, it
offers excellent lightfastness in all but very pale shades, and even then, is rated as
very good to excellent. It is widely used for automotive original finishes, with the
transparent form appropriate for metallic and pearlescent finishes, where it can pro-
vide useful bronze shades with an interesting “flop” tone. At the other end of the
scale, it can be used in decorative (architectural) finishes in very pale shades, where
its lack of tinctorial strength (about half that of the perinone pigment, CI Pigment
Orange 43) is of little consequence. It has heat stability up to 180°C, although it
bleeds slightly when overcoated with an alkyd melamine based stoving paint at as
low as 120°C, the bleed increasing at higher temperatures. Its low tinctorial strength
and high price means that it does not find application in printing inks or plastics.

1.5.8 Cl Pigment Violet 31

This pigment is a dichloroisoviolanthrone and is also known as CI Vat Violet 1.
It is currently not widely used as a pigment but is still important as a vat dye. It
is a reddish shade violet and has been used for the spin coloration of viscose, where
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its lightfastness is very good to excellent. There are several sources of the powder pig-
ment in China.

1.5.9 Cl Pigment Blue 60 (6)

This long-established pigment is known as indanthrone and also as CI Vat Blue 4 [11].
The pigment still creates much industrial interest despite its high cost compared with
other blue pigments such as the copper phthalocyanines. Indanthrone was discovered
as a vat dye by Bohn, who also discovered flavanthrone in 1901. In 2009, when BASF
acquired the Ciba pigment range, the Federal Trade Commission approved the deal on
condition that Ciba divested itself of indanthrone (and bismuth vanadate) as both com-
panies had a such a high market share. The manufacturing plant in the Netherlands
was eventually acquired in 2010 by Dominion Colour Corporation (DCC), now Dominion
Colour Lansco (DCL). Indanthrone is much redder than most phthalocyanine pigments
and is somewhat duller. However, it is similar in hue to the &- crystal modification of
copper phthalocyanine but is somewhat duller. Compared with most pigments it might
be considered to have high tinctorial strength, but it is weaker than copper phthalocya-
nine, and is more transparent. With these negative features, it may be surprising that
such a pigment still finds significant use. In paints, interest is due to the excellent fast-
ness to weathering, which surpasses copper phthalocyanine particularly in deep blue
automotive original equipment and in metallic or pearlescent finishes. It is superior to
the a- modification of copper phthalocyanine tinted with a redder pigment such as the
dioxazine, CI Pigment Violet 23. It also matches copper phthalocyanine pigments for
resistance to most solvents used in paints. In plastics, it maintains its excellent lightfast-
ness in both rigid and plasticized PVC, although its superiority to copper phthalocya-
nine does not extend to PVC. It is just short of excellent in terms of bleeding in
plasticizers. In polyolefins, it has very high heat stability, achieving 300°C at all but the
lowest concentrations, when it decreases to 280°C. However, the presence of titanium
dioxide severely reduces its heat stability, limiting its use in reductions. It is used in
polypropylene fibers and can be used in injection moldings where it has little effect on
dimensional stability and hence does not cause warping. It is recommended for both
solvent- and water-based inkjet applications.
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2 Apocyanine dyes

Abstract: Cyanine dyes without a methine group or polymethine chain between
their two terminal unsaturated heterocycles are called apocyanines. Such colorants
which are yellow and red received the labels xantho-apocyanine and erythro-apoc-
yanine dyes, respectively. Nevertheless, from time to time in the literature, the term
“apocyanine dyes” is wrongly applied to various N-bridgehead heterocycles. In ad-
dition, the phenylogous zeromethine hemicyanine dyes are often incorrectly re-
ferred to with the term “apocyanine dyes”. This chapter clarifies the definition of
apocyanine, describes how confusion over the term has come about, and points the
ways in which it is sometimes incorrectly employed.

Keywords: apocyanine dyes, cyanine dyes, erythro-apocyanine, hemicyanine dyes,
xantho-apocyanine

In a patent, filed in 1903, the Farbwerke Hoechst describes the synthesis of two iso-
meric red and yellow dyes by boiling a highly concentrated methanolic solution of
quinoline alkyl halides with caustic soda [1].

Cyanine dyes comprise two terminal nitrogen atoms which form part of sepa-
rate unsaturated heterocyclic rings that are in conjugation with a polymethine
chain. Adolf Kaufmann and Paul Striibin assumed that these new dyes formed in
the same reaction as the cyanines and isocyanines, but due to the lack of a methine
group or polymethine chain between the two rings they called them apocyanines
(amo = lack). They termed the yellow dye erythro-apocyanine and the red xantho-
apocyanine and assigned formula 1 to the erythro-apocyanine and formula 2 to the
xantho-apocyanine [2].
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Without any experimental support Walter Kénig suggested the alternative formu-
lae 3 and 4, respectively [3]. He had this conviction owing to the knowledge that
in cyanine dyes there is always an odd number of methine groups between the
two nitrogen atoms. Therefore, he assumed that the ring was linked via the 3-posi-
tion of the first quinoline ring. In addition, he believed the compound with three
methine groups in the conjugated chain is the yellow dye, the xantho-apocyanine
3, and the one with the longer chain of five methine groups is the red dye, the erythro-
apocyanine 4, vice versa to the original trivial names that Kaufmann and Striibin had
given them [2].

William Hobson Mills and Henry Geoffrey Ordish supported Konig’s view by experi-
mentally demonstrating that erthryo-cyanine’s structure is 4 [4]. Without further ex-
perimental verification, the structure 3 was also assumed to be correct in the
following years, despite the chemical and physical properties of xantho-apocya-
nines differing significantly from those of the erythro-apocyanines.

That was the state-of-the-art up to 1961. This year, Fritz Kr6hnke et al. deter-
mined the chemical structure of xantho-apocyanine and reported that the electronic
absorption spectra in MeOH of both differ considerably with Ap.x = 516 nm (g = 34
700 M™! cm™) for erythro-apocyanine and Apax = 461 nm (g = 19 500 M™! cm™) for
xantho-apocyanine [5]. By means of extensive experimental work, they were able to
show that coupling of —CH,- in the —N(+)-CH,-R group of the first heterocyclic
ring with the second heterocyclic ring happens, giving structure 5 [5].
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This result was later confirmed [6], but without referring to the results of Krohnke
etal. [5].

With this structural elucidation it was clear that “xantho-apocyanine” is a misno-
mer. The “xantho-apocyanines” are not true apocyanines because in addition to the
direct bond between the two quinoline rings they contain a substituted methine
bridge. Nevertheless, from time to time in the literature, the term “apocyanine dyes”
is wrongly applied to various N-bridgehead heterocycles, e. g. indolo[3,2-a]carbazoles
[7] and pyrazolo[5,4-b]pyrido[2,1-c]pyrimidines [8].

The phenylogous zeromethine hemicyanine dyes are often referred to with the
term “apocyanine dyes”. However, they are neither cyanine dyes nor apocyanine
dyes. Instead they are hemicyanine dyes, where one terminal component is a het-
erocyclic ring with a nitrogen atom in conjugation with the polymethine chain, as it
is typically in cyanine dyes, and the second is obtained from a terminal nitrogen
atom which is not part of a heterocyclic ring.
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3 Azo (Hydrazone) pigments: general principles

Abstract: This paper presents an overview of the general chemical principles under-
lying the structures, synthesis and technical performance of azo pigments, the dom-
inant chemical class of industrial organic pigments in the yellow, orange, and red
shade areas, both numerically and in terms of tonnage manufactured. A description
of the most significant historical features in this group of pigments is provided,
starting from the discovery of the chemistry on which azo colorants are based by
Griess in the mid-nineteenth century, through the commercial introduction of the
most important classical azo pigments in the early twentieth century, including
products known as the Hansa Yellows, B-naphthol reds, including metal salt pig-
ments, and the diarylide yellows and oranges, to the development in the 1950s and
1960s of two classes of azo pigments that exhibit high performance, disazo conden-
sation pigments and benzimidazolone-based azo pigments. A feature that compli-
cates the description of the chemical structures of azo pigments is that they exist in
the solid state as the ketohydrazone rather than the hydroxyazo form, in which they
have been traditionally been illustrated. Numerous structural studies conducted over
the years on an extensive range of azo pigments have demonstrated this feature. In
this text, they are referred to throughout as azo (hydrazone) pigments. Since a com-
mon synthetic procedure is used in the manufacture of virtually all azo (hydrazone)
pigments, this is discussed in some detail, including practical aspects. The procedure
brings together two organic components as the fundamental starting materials, a
diazo component and a coupling component. An important reason for the dominance
of azo (hydrazone) pigments is that they are highly cost-effective. The syntheses gen-
erally involve low cost, commodity organic starting materials and are carried out in
water as the reaction solvent, which offers obvious economic and environmental ad-
vantages. The versatility of the approach means that an immense number of products
may be prepared, so that they have been adapted structurally to meet the require-
ments of many applications. On an industrial scale, the processes are straightfor-
ward, making use of simple, multi-purpose chemical plant. Azo pigments may be
produced in virtually quantitative yields and the processes are carried out at or below
ambient temperatures, thus presenting low energy requirements. Finally, provided
that careful control of the reaction conditions is maintained, azo pigments may be
prepared directly by an aqueous precipitation process that can optimise physical
form, with control of particle size distribution, crystalline structure, and surface
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character. The applications of azo pigments are outlined, with more detail reserved
for subsequent papers on individual products.

Keywords: azo, pigment, hydrazone, monoazo, disazo, diazotization, azo coupling,
diazo component, coupling component

3.1 Fundamentals

Azo pigments form the dominant chemical class of commercial organic pigments in
the yellow, orange, and red shade areas, both numerically and in terms of quantities
manufactured. They are complemented commercially in the blue and green shade areas
predominantly by copper phthalocyanine pigments. Azo pigments are mostly contained
within the classical organic pigment category. However, there are also a few groups of
azo pigments that are categorised as high performance. Azo pigments can also be clas-
sified chemically according to the number of azo (hydrazone) groups present, as either
monoazo (monohydrazone) or disazo (bishydrazone) structures [1-4].

3.2 History

A highly significant historical discovery in the development of organic pigments is
attributable to the German chemist Griess, whose work provided the foundation for
the chemistry of azo dyes and pigments. In 1858, he demonstrated that the treatment
of a primary aromatic amine with nitrous acid gave rise to an unstable salt (a diazo-
nium salt) that could be used to prepare highly coloured compounds, which became
known as azo dyes [5, 6]. In 1863, Martius discovered a brown dye which he named
Bismarck Brown after the German Chancellor, Otto von Bismarck. This was the first
azo dye, designated as CI Basic Brown 1. It is still used today in histology for staining
tissues. Martius, with Bartholdy, founded Gesellschaft fiir Anilinefabrikation mbH in
1873, the forerunner of AGFA (Aktiengesellschaft fiir Anilinfabrikation), which was to
become better known for its photographic products. The chemistry was initially applied
industrially to the development of water-soluble azo dyes. Initially, the azo dyes were
obtained by treatment of a primary aromatic amine with a half equivalent of nitrous
acid, so that diazotisation and azo coupling was involved with the amine acting as
both diazo and coupling component. Bismarck Brown was an example of such a prod-
uct. However, the range of azo dyes expanded rapidly after it was discovered that sepa-
rate diazo and coupling components could be used. The development of a group of
yellow, orange and red monoazo pigments took place around the turn of the twentieth
century, including products such as the Hansa Yellows and B-naphthol reds, many of
which still enjoy commercial importance today amongst the classical azo pigments.
Diarylide yellow and orange pigments, which are disazo pigments, reached commercial
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significance around the 1930s, although they had been discovered much earlier. The
subsequent advances in synthetic chemistry were important in developing the current
range of high performance pigments, and led to the introduction of two classes of azo
pigments exhibiting high performance in the 1950s and 1960s, namely disazo conden-
sation pigments and benzimidazolone-based azo pigments.

3.3 Structures and properties

Azo compounds are described structurally as compounds containing one or more
azo groups (-N = N-) linked to two carbon atoms. In the case of azo pigments, the
carbon atoms are often, though not exclusively, part of aromatic ring systems. The
simplest aromatic azo compound is azobenzene (Figure 3.1).

Figure 3.1: The structure of azobenzene.

The feature that complicates accurate description of the structures of those azo com-
pounds which contain a hydroxy group at a position ortho to the azo group, and virtu-
ally all azo pigments fall into this category, is the possibility of tautomerism involving
hydroxyazo (a) and ketohydrazone (b) forms, as illustrated in Figure 3.2. In fact, struc-
tural studies conducted on an extensive range of azo pigments have demonstrated that,
in the solid state, the pigments exist exclusively in the ketohydrazone form [4, 7, 8]. A
factor that contributes to explaining the predominance of the ketohydrazone isomer is
that, in this form, intramolecular hydrogen-bonding is significantly stronger than in the
hydroxyazo form, because of the higher bond polarities in the ketohydrazone system.
Most older texts dealing with organic pigments followed the conventional, if strictly
inaccurate, approach to illustrate the structures of azo pigments as if they existed in
the azo form. Most current texts illustrate the structures as hydrazones although fre-
quently continuing to refer to them as azo pigments. It seems unlikely that the termi-
nology “azo” pigment will be completely replaced by “hydrazone” pigment because of
entrenchment of the former term in common usage. However, a recent edition of the
extremely important reference work, “Industrial Organic Pigments”, describes them as
“Hydrazone Pigments (formerly known as Azo Pigments)” [4].

3.4 Synthesis and manufacture

An important reason for the dominant position of pigments of the azo chemical
class in the range of commercial industrial organic pigments is that they are highly
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Figure 3.2: Hydroxyazo (a)/ketohydrazone (b) tautomerism.

cost-effective. The reasons for their relatively low cost become clear by examining
the nature of the materials and processes used in their manufacture. The classical
azo pigments are manufactured by variations of their common synthetic route [1-4,
9, 10]. The process leading to monoazo (monohydrazone) pigments brings together
two organic components as the fundamental starting materials, a diazo component
and a coupling component, in a two-stage reaction sequence known as diazotization
and azo coupling. For disazo (bishydrazone) pigments, which are generally symmet-
rical, a bisdiazo (tetrazo) component is used. The syntheses generally involve low
cost, readily available, commodity organic starting materials and are carried out in
water, which offers the obvious economic and environmental advantages over other
reaction solvents. The versatility of the chemistry involved in the synthetic sequence
means that an immense number of products may be prepared. This explains why azo
pigments have been adapted structurally to meet the requirements of many applica-
tions. On an industrial scale, the processes are straightforward, making use of simple,
multi-purpose chemical plant. Azo pigments may be produced in virtually quantita-
tive yields and the processes are carried out at or below ambient temperatures, thus
presenting low energy requirements. Finally, provided that careful control of the re-
action conditions is maintained, azo pigments may be prepared directly by an aque-
ous precipitation process that can optimise physical form, with control of particle size
distribution, crystalline form and surface character, often achieved by the inclusion of
additives such as surfactants or resins. It is also important to control the synthesis
conditions carefully in order minimise side reactions that can lead to formation of im-
purities, which can impair product quality, especially colouristics, and present envi-
ronmental and toxicological hazards.

ArNH, + NaNOz +2 HCl — A].'N2+ Cl + H20 (31)

Diazotisation involves the treatment of a primary aromatic amine (ArNH,), the diazo
component, with nitrous acid to form a diazonium salt (ArN,"Cl"), as described by eq.
(3.1). Nitrous acid, HNO,, is an unstable inorganic substance that decomposes rela-
tively easily forming oxides of nitrogen. It is therefore usually generated in situ by
treating sodium nitrite, a stable species, with a strong acid. The mineral acid of choice
for most diazotisations is hydrochloric acid. A reason for this is that the chloride ion
can exert a catalytic effect on the reaction. Most primary aromatic amines undergo
diazotisation with little interference from the presence of other substituent groups, al-
though the nature of substituents may influence the required reaction conditions.
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With careful control of conditions, diazotisation usually proceeds smoothly and essen-
tially quantitatively. Control of the degree of acidity is particularly important in ensur-
ing smooth reaction. As illustrated by the reaction eq. (3.1), reaction stoichiometry
requires the use of two moles of acid per mole of amine. However, for several reasons,
a greater excess of acid is generally used. The first stage in the mechanism of diazoti-
sation usually involves N-nitrosation of the free amine [9]. One reason for the use of
highly acidic conditions is that this favours the generation from nitrous acid of the
reactive nitrosating species that are responsible for the reaction. A second reason
is that acidic conditions suppress the formation of side-products which may be
formed by N-coupling reactions between the diazonium salts and the aromatic
amines from which they are formed. A practical reason for the acidic conditions is
to convert the insoluble free amine (ArNH,) to its water-soluble protonated form
(ArNH;"Cl7). However, too strongly acidic conditions are avoided so that the posi-
tion of the equilibrium is not too far in favour of the protonated amine and allows
a reasonable equilibrium concentration of the free amine, which under most condi-
tions is the reactive species. There is thus an optimum acidity level for the diazotisa-
tion of a particular aromatic amine, which depends on the basicity of the amine in
question. In the case of aniline derivatives, electron-withdrawing groups, such as the
nitro group, reduce the basicity of the amino group. Thus, for example, the diazotisa-
tion of nitroanilines requires much more acidic conditions than aniline itself. Very
weakly basic amines, such as 2,4-dinitroaniline, require extremely acidic conditions.
They are usually diazotised using a solution of sodium nitrite in concentrated sul-
phuric acid, which forms nitrosyl sulphuric acid (NO*HSO, "), a powerful nitrosating
agent. It is critically important to maintain control of the temperature of the reaction
medium in diazotisation reactions. The reactions are commonly carried out in the
temperature range 0-5 °C, necessitating the use of ice cooling. Efficient cooling is
essential, not least because the reactions are exothermic. Another reason for keep-
ing the temperature low is that higher temperatures promote the decomposition of
nitrous acid giving rise to the formation of oxides of nitrogen and potentially undesir-
able by-products. A further consideration is the instability of diazonium salts, which
decompose readily with the evolution of nitrogen.

The diazo components used in monoazo pigment synthesis are usually aniline
derivatives containing an appropriate substituent pattern. Normally, such amines are
diazotised using a direct method which involves the addition of sodium nitrite solu-
tion to an acidic aqueous solution of the amine. Aromatic amines that also contain
sulphonic acid groups are commonly used in the synthesis of metal salt azo pigments
(lakes/toners). Since such amines often dissolve with difficulty in aqueous acid, they
are commonly diazotised using an indirect method, which involves dissolving the
component in aqueous alkali as the water-soluble sodium salt of the sulphonic acid,
adding the appropriate quantity of sodium nitrite and then adding this combined so-
lution with efficient cooling and stirring to the acid.
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NH2803H + HN02 — N2 + HzSO4 + Hzo (32)

The quantity of sodium nitrite used in diazotisation is usually the equimolar amount
required by reaction stoichiometry, or as a very slight excess. A large excess of nitrite
is undesirable because of the instability of nitrous acid and because high concentra-
tions can promote diazonium salt decomposition. With direct diazotisation, sodium
nitrite solution is usually added at a controlled rate such that slight excess is main-
tained throughout the reaction. In practice, this can be monitored easily by the char-
acteristic blue colour given by nitrous acid with starch/potassium iodide paper. When
diazotisation is judged to be complete, any remaining nitrous acid excess is destroyed
prior to azo coupling to avoid side-products, for example due to C-nitrosation of the
coupling component. This can be achieved by addition of sulphamic acid, which is
described by eq. (3.2).

ArN; "+ Ar'-H — Ar-N=N-Ar (3.3

Azo coupling is an example of aromatic electrophilic substitution in which the electro-
phile is the diazonium cation, ArN,". The process is described by eq. (3.3). Electrophilic
substitution reactions, of which nitration, sulphonation and halogenation are among
the best-known examples, are the most frequently encountered group of reactions un-
dergone by aromatic systems. However, the diazonium cation is a relatively weak elec-
trophile and will therefore only react with aromatic systems that are highly activated
to electrophilic attack by the presence of strongly electron-releasing groups. The most
common strongly electron-releasing group is the hydroxy group. This in turn means
that the most common aromatic compounds which undergo azo coupling, referred to
as coupling components, are phenols. There is a further type of coupling component,
commonly a B-ketoacid derivative, in which coupling takes place at a reactive methy-
lene group, a CH, group that is adjacent to two electron with drawing groups, in azo
pigments either C=0 or C=N.

As illustrated in Figure 3.3, the most common range of coupling components used
in the synthesis of azo pigments include reactive methylene compounds, notably the
acetoacetanilides (1), heterocyclic derivatives, notably 3-methyl-1-aryl-5-pyrazolones
(2) and phenols, especially 2-naphthol (3a), naphtharylamides (3b) and 3-hydroxy-2-
naphthoic acid (BONA) (3c).

As with diazotisation, careful control of experimental conditions during azo cou-
pling is essential to ensure that the azo pigments are obtained in high yield and pu-
rity and to minimise the formation of side products. Temperature control, which is so
critical in diazotisation, is generally less important in the case of azo coupling. The
reactions are normally carried out at, or just below, ambient temperatures. There is
usually little advantage in raising the temperature, other than in a few special cases,
since this tends to increase the rate of diazonium salt decomposition more than the
rate of azo coupling. The experimental factor that requires most careful control in azo
coupling is pH. There is usually an optimum pH range for a specific azo coupling
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Figure 3.3: Coupling components commonly used in azo pigment synthesis.

reaction, which is principally dependent on the coupling component used. Phenols,
such as 2-naphthol (3a) and its derivatives, are usually coupled under alkaline condi-
tions, in which case the phenol (ArOH) is converted predominantly to the phenolate
anion (Ar-O"). There are two reasons why this facilitates the reaction. This first is a
practical reason in that the anionic species is more water-soluble than the phenol it-
self. A second reason is that the -0~ group is more powerfully electron-releasing than
the OH group and hence more strongly activates the system towards electrophilic
substitution. Highly alkaline conditions are usually avoided as they promote diazo-
nium salt decomposition. Also, this can cause conversion of the diazonium cation
(ArN,") to the diazotate anion (Ar-N =N-07), a species that is less reactive than the
diazonium cation in azo coupling. Reactive methylene-based coupling components
undergo azo coupling via the enolate anion, the concentration of which increases
with increasing pH. These components are frequently coupled at weakly acidic to
neutral pH values, where a sufficiently high concentration of enolate anion exists for
reaction to proceed and side-reactions due to diazonium salt decomposition are mini-
mised. It is generally desirable to perform the reaction at the lowest pH at which cou-
pling takes place at a reasonable rate. The rate of addition of the diazonium salt
solution to the coupling component is usually controlled carefully to ensure that an
excess of diazonium salt is not allowed to build up in the coupling medium, in order
to minimise side-reactions due to diazonium salt decomposition, especially when
higher pH conditions are required.

A range of disazo pigments encompasses products that are highly important in-
dustrially. Most of these products, invariably symmetrical in structure, are synthes-
ised by tetrazotisation (bis-diazotisation) of the appropriate diamine, most commonly
3,3’-dichlorobenzidine (DCB) and subsequent reaction with two equivalents of the
coupling component. Since the two azo coupling reactions effectively proceed simul-
taneously, the process is essentially the same as in the synthesis of monoazo pig-
ments. A few disazo pigments require a rather different strategy involving coupling of
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two moles of diazotised amine with a bisacetoacetanilide coupling component. Metal
salt azo pigments are prepared by traditional diazotisation/coupling processes to
form the sodium salt of an azo dyestuff which may show some solubility in water.
This is treated with a solution of an appropriate salt of the divalent metal, which dis-
places the sodium to form the insoluble pigment.

There are two groups of high-performance azo pigments. Benzimidazolone-based
azo pigments are prepared by traditional diazotisation of a primary aromatic amine,
followed by azo coupling with a coupling component, either of the acetoacetanilide
or naphtharylamide type, containing the benzimidazolone group that is primarily re-
sponsible for their superior performance [11]. Disazo condensation pigments are pre-
pared by connecting two monoazo compounds using a condensation reaction [11].
Details are given in the relevant individual papers.

3.5 Applications

Azo pigments find extensive use across a wide range of application areas, including
printing inks, paints, and plastics. They generally provide strong bright colours,
mostly yellows, oranges, and reds, and are economical in use. There is an extensive
range of structural types of azo pigment available although they vary significantly in
their technical properties. In applications where moderate levels of fastness proper-
ties are acceptable, classical azo pigments are likely to be the pigments of choice.
More demanding applications may require the use of high-performance pigments,
such as the benzimidazolone azos and disazo condensation pigments, or pigments of
other chemical classes, invariably at higher cost. The applications of the commercial
products belonging to specific azo pigment chemical types are discussed at length in
the individual papers.

Acknowledgement: We thank the Royal Society of Chemistry for permission to reprint
certain passages from the publication given in reference [1].
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4 Bismuth vanadate pigments

Abstract: Bismuth vanadate pigments belong to the most important inorganic yel-
low pigments since their market introduction in the 1970s. They have substituted
the greenish yellow lead chromate and cadmium sulfide pigments in a considerable
number of applications. Bismuth vanadate pigments are based on bismuth vanadate
with monoclinic or tetragonal structure. Their composition ranges from pure BiVO,
up to the mixed pigment 4BiVO,¢3Bi,M00s, where molybdenum is incorporated in
the structure. Bismuth vanadate pigments are characterized by excellent optical and
application characteristics in particular regarding brightness of shade, hiding power,
tinting strength, weather fastness, and chemical resistance.

Keywords: bismuth vanadate pigments, bismuth molybdate

4.1 Fundamentals and properties

Pigments based on bismuth orthovanadate, BiVO,, represent a class of colorants with
interesting greenish yellow characteristics [1-4]. They belong to the yellow inorganic
pigments, such as iron oxide yellow, chrome yellow, cadmium yellow, nickel rutile yel-
low, and chromium rutile yellow. Their coloristic properties allow the substitution of
the greenish yellow lead chromate and cadmium sulfide pigments. Bismuth vanadate
pigments are registered in the Color Index as C.I. Pigment Yellow 184.

The minerals pucherite (orthorhombic), clinobisvanite (monoclinic) and dreyerite
(tetragonal) are natural forms of bismuth vanadate. All these deposits are not suitable
for the production of bismuth vanadate pigments. BiVO, based pigments were devel-
oped and produced for the first time in the 1970s [5, 6]. Their development was driven
by the demand to find suitable non-toxic alternatives to existing yellow pigments, such
as lead chromate or cadmium sulfide. Besides BiVO,, pigments containing other com-
positions, e. g. Bi,XOg (X = Mo or W), have been investigated and developed [7].

The commercially available bismuth vanadate pigments are based on bismuth
vanadate with monoclinic or tetragonal structure. The pigments are characterized by
brilliance in the greenish yellow range of the color space. Their composition ranges
from pure BiVO, up to the mixed pigment 4BiVOe3Bi,M00¢, where molybdenum is
incorporated in the structure. The bismuth vanadate component crystallizes in such

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
G. Pfaff, Bismuth Vanadate Pigments Physical Sciences Reviews [Online] 2021, 6. DOI: 10.1515/psr-
2020-0150
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phases in the tetragonal scheelite structure, whereas bismuth molybdate occurs in
the orthorhombic perovskite crystal lattice [1].

4.2 Production of bismuth vanadate pigments

Bismuth vanadate pigments are industrially synthesized either by solid state proc-
essing using appropriate starting materials, e. g. Bi,O5 and V,0s, or by co-precipita-
tion from aqueous solutions [4-11].

The solid state reaction takes place at temperatures of about 500 °C according to
the equation

Bi203 +V205 — 2 B1V04 (41)

More suitable for the synthesis of bismuth vanadate pigments is the precipitation pro-
cess starting from solutions of bismuth nitrate and sodium vanadate respectively am-
monium vanadate. The Bi(NOs), solution is produced by reaction of bismuth metal with
nitric acid. An amorphous precipitate consisting of oxide and hydroxides is formed by
addition of sodium hydroxide to the strongly acidic nitrate and vanadate containing
solution. The precipitate is washed salt-free after the end of the reaction. The pigment
formation can be summarized by the equation:

Bi(NOs); + NaVO; +2 NaOH — BiVO, +3 NaNOs; + H,0 (4.2)

In the next step, the formed suspension is heated to reflux at a controlled pH-value.
A transformation occurs under these conditions producing a fine crystalline product.
Controlling the co-precipitation conditions allows the selective formation of particu-
lar BiVO, modifications, but only two of the four bismuth vanadate polymorphs are
of interest for pigments, the monoclinic and the tetragonal modifications, which ex-
hibit brilliant yellow colors. The process has therefore to be steered in such a way,
that these BiVO, crystal structures are formed. The precipitation conditions, such as
concentration, temperature and pH-value, have a strong influence on color shade
and brilliance of the pigments formed.

The formation of the pigment composition 4BiVO,®3Bi,M0oOg needs ammonium
molybdate in addition to the starting components described for pure BiVOy,.

10 Bi(NO;), +4 NaVOs +3 (NH,),Mo0, +20 NaOH
— 4B1VO4 . 3Bi2M006 +24 NaNO3 +6 NH4N03 +10 Hzo

(4.3)

The pigment properties for all types of bismuth vanadate pigments can be improved
by an additional annealing step for the washed and dried precipitate at tempera-
tures of about 500 °C.
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Bismuth vanadate pigments can be stabilized with additional layers to improve
their characteristics, e. g. weathering and acid resistance. Surface treatments are often
used for this purpose. They contain in particular calcium, aluminum or zinc phosphate,
but also oxides like aluminum oxide. For the use in plastics, the pigments are specifi-
cally coated with dense layers of silica or other silicon containing components to in-
crease the stability in polymers up to 300 °C [10]. The pigments may also be offered as
fine granulates to avoid dust during handling. The production of such free flowing
granulates proceeds in spray tower dryers combined with an automatic packaging unit.
The last steps in the manufacture of bismuth vanadate pigments in form of powders
are conventional drying using a belt dryer or another drying equipment and grinding.

4.3 Pigment properties and uses

The outstanding properties of bismuth vanadate pigments are excellent brightness
of shade, very good hiding power, high tinting strength, very good weather fastness,
and high chemical resistance. Moreover, they are easy to disperse and environmen-
tally friendly. Bismuth vanadate pigments are regarding the color properties close to
cadmium sulfide and lead chromate. Their exhibit a greenish yellow color shade.
Figure 4.1 illustrates the coloristic situation for different inorganic yellow pigments
by means of the remission curves of bismuth vanadate, cadmium sulfide, nickel rutile
yellow, lead sulfochromate, and iron oxide yellow. The color saturation of bismuth

100
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380 480 580 680
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Figure 4.1: Reflectance spectra of inorganic yellow pigments. (a) BiVO,, (b) CdS, (c) (Ti,Ni,Sb)0,,
(d) Pb(Cr,S)0,, (e) a-FeOOH [2].
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vanadate pigments is significantly higher than for iron oxide yellow and nickel rutile
yellow and close to cadmium sulfide and lead sulfochromate.

Unstabilized bismuth vanadate pigments show photochromism. They exhibit
reversible color changes when irradiated intensely with light. This behavior can
be reduced or nearly prevented by using a suitable surface treatment of the pig-
ment for stabilization. Bismuth vanadate pigments have a density of 5.6 g/cm>, a
refractive index of 2.45 and a specific surface area (BET) of up to 10 m?/g. In com-
bination with titanium dioxide, BiVO, pigments have a very good weather resis-
tance in full shade.

The application of bismuth vanadate pigments includes the manufacture of cad-
mium-free and lead-free, weather resistant, brilliant yellow colors for automotive OEM
and re-finishes, industrial and decorative paints, partly for powder coatings and coil-
coating systems. The combination with additional colorants allows the generation of a
broad series of yellow, orange, red and green color tones.

BiVO, pigments can be produced with a heat stability of up to 300 °C. Their very
good fastness to light and weathering allows the application in plastics also under
outdoor conditions. The thermostable types can be readily incorporated into polyole-
fins and ABS at 260-280 °C, and even in polyamide at 280-320 °C [3].

Bismuth vanadate pigments do not exhibit acute toxicity (LDsq value rat oral:
>5000 mg/kg). They are not irritating to skin or mucous membranes. Animal stud-
ies gave some indication of inhalation toxicity, which may have been due to the
vanadium content in the pigments [1, 3, 4]. Toxic effects are observable for rats only
when the concentration in the lungs reaches levels that do not occur under the usual
conditions of industrial hygiene. For risk reduction, some producers supply bismuth
vanadate pigments in a free flowing, low-dusting form. Such preparations make the
pigments inaccessible to the lungs. Therefore, the dust-free pigments can be handled
under usual hygienic working conditions.
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5 Black pigments

Abstract: Black pigments are inorganic or organic pigments, whose optical action is
predominantly based on non-selective light absorption in the range of visible light.
Most of the black pigments are inorganic pigments. The main representatives of black
pigments are carbon black pigments followed by iron oxide black and spinel blacks.

Keywords: black pigments, carbon black pigments, iron oxide black, mixed metal
oxide pigments, aniline black

Black pigments are pigments, whose optical action is mainly based on non-selective
light absorption. The large majority of the black pigments are of inorganic nature.
The most important inorganic black pigments are carbon black, iron oxide black
and spinel blacks, such as manganese black or spinel black. Carbon black pigments
are of greatest importance by far among these inorganic blacks. Aniline black is the
oldest synthetic organic pigment. Compared with carbon black, aniline black has
only little importance.

Main application fields of black pigments are coatings, plastics, and printing
inks. They are also used in building materials, cosmetics, and artist’s colors [1, 2].

Table 5.1 contains a summary of inorganic black pigments. Carbon black as the
most important black pigment is described in an own chapter. Iron oxide black
(magnetite) is described in the chapter “Iron Oxide Pigments”. Black spinel type
pigments are discussed in the chapter “Mixed Metal Oxide Pigments”.

Table 5.1: Summary of inorganic black pigments [1].

Name/Color Index Chemical composition Structure
Carbon Black c Amorphous
(C.1. Pigment Black 6 and 7)

Magnetite Fes0, Spinel

(C.1. Pigment Black 11)

Pigment Black 30 Ni(11), Fe(IL 1), Cr(1l1) oxide Spinel
Pigment Black 26 Mn(ll), Fe(ll, 1) oxide Spinel
Pigment Black 22/ Cu(l), Cr(l11) oxide Spinel
Pigment Black 28 Mn(l1), Cu(ll), Cr(I1l) oxide Spinel
Pigment Black 27 Co(I1), Cr(l1), Fe(ll) oxide Spinel

https://doi.org/10.1515/9783110588071-005
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6 Cadmium sulfide / selenide pigments

Abstract: Cadmium sulfide and selenide pigments (cadmium pigments) belong to the
inorganic yellow, orange and red pigments. Cadmium sulfide pigments are based on
the wurtzite lattice, where cadmium can be partially substituted by zinc or mercury
and sulfide by selenide. Cadmium pigments are characterized by excellent optical and
application characteristics in particular regarding brightness of shade, hiding power,
tinting strength, and weather fastness. The declining use of cadmium-containing ma-
terials in the last decades is a result of the environmental discussion and the develop-
ment of less problematic substitute products, especially of bismuth vanadate and
high-value organic, temperature-stable yellow and red pigments.

Keywords: cadmium sulfide pigments, cadmium selenide pigments

6.1 Fundamentals and properties

Cadmium sulfide and selenide pigments belong to the yellow, orange and red inor-
ganic pigments. They are also referred to as cadmium pigments and consist of cad-
mium sulfides and sulfoselenides as well as zinc containing sulfides of cadmium.
Cadmium pigments are characterized by brilliant colors. The yellow pigments vary
from pale primrose to deep golden yellow, the red pigments from light orange via
deep orange, light red, crimson to maroon [1-5].

Cadmium sulfide, which crystallizes in the hexagonal wurtzite structure, occurs
in nature in form of cadmium blende or greenockite. Natural sources of cadmium
sulfide have, however, no importance for the production of cadmium pigments.
Parameters used for the color adjustment of the pigments are the composition and
the size of the primary particles.

The wurtzite lattice represents the basic structure of all cadmium pigments.
Cadmium ions fill half of the tetrahedral vacancies in a hexagonal close packed
arrangement of sulfide ions. The cations as well as the anions of this lattice can
be replaced within certain limits by chemically related elements. Zinc and mer-
cury as cations and selenide as anion have gained importance as exchangeable
ions. Development work for the substitution of selenide by telluride was not suc-
cessful because the so-obtained pigments have inferior coloristic properties [1].
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Zinc incorporation leads to greenish-yellow pigments, mercury and selenide change
the color shade to orange and red.

Four cadmium pigments have gained technical importance:

(Cd,Zn)S (cadmium zinc sulfide): pigment cadmium yellow C.I. Pigment Yellow
35, greenish-yellow.

CdS (cadmium sulfide): pigment cadmium yellow C.I. Pigment Yellow 37, red-
dish-yellow.

Cd(S,Se) (cadmium sulfoselenide): pigment cadmium orange C.I. Pigment Orange
20, orange.

Cd(S,Se) (cadmium sulfoselenide): pigment cadmium red C.I. Pigment Red 108, red.

Cadmium zinc sulfide pigments contain 59-77 wt % Cd, 13—0.2wt % Zn and in addi-
tion 1-2wt % Al,O5 for lattice stabilization. Cadmium orange and cadmium red
have 76-66 wt % Cd and 1-14 wt % Se in the composition.

Cadmium sulfides and selenides belong to the semiconductors. Their color is ex-
plained using the band model by the distance between the valence and conduction
bands in the crystal lattice. Distinct wavelengths in the range of the visible light are
sufficient to lift electrons from the valence to the conduction band. Pigments based
on this color formation principle often exhibit an extremely high color purity.

The first production of cadmium sulfide and cadmium sulfoselenide pigments
in industrial scale took place around 1900. Early applications of the pigments were
in paints, artists’ colors and ceramics. The use in other application fields was lim-
ited because of relatively high costs for raw materials and production, which led to
high pigment prices. The stronger demand for colored plastics since the 1920s was the
reason for an increased use of cadmium pigments. Cadmium pigments exhibit excel-
lent properties in polymers and offer a broad range of bright, intermixable, dispersible
and light fast shades. They have almost no problems with the processing tempera-
tures necessary for the engineering of polymers.

The public discussion concerning cadmium-containing materials and the devel-
opment of less problematic substitute products, especially of bismuth vanadate and
high-value organic, temperature-stable yellow and red pigments, have led to a sig-
nificant reduction of the cadmium pigment quantities.

6.2 Production of cadmium sulfide / selenide pigments

Cadmium pigments need for their production pure grades of chemicals, because the
final pigment powders must be free of transition metal compounds, which form
deeply colored sulfides (e. g. copper, iron, nickel, cobalt, lead) [3, 6]. First step of the
manufacturing process is the dissolution of high-purity cadmium metal (99.99%) in
sulfuric, hydrochloric or nitric acid. It is also possible to use mixtures of these acids.
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Alternatively, the cadmium metal is first oxidized to cadmium oxide, which is diluted
in a next step in mineral acids. Cadmium oxide is formed by melting the cadmium
metal, vaporization of the molten cadmium at about 800 °C and oxidation of the vapor
with air [6]. Zinc or zinc oxide may be added depending on the desired color tone of
the final pigments. After dissolution of the cadmium metal respectively the cadmium
oxide, cadmium sulfide is precipitated by adding sodium sulfide solution. Very fine-
crystalline cadmium or cadmium zinc sulfide precipitates are obtained, which have a
cubic crystal form. They have not yet pigment properties. Main parameters having an
influence on particle size and shape of the precipitate are concentration, temperature,
pH value and mixing conditions. eq. (6.1) demonstrates the CdS precipitation using a
CdSO, solution as cadmium source:

CdSO4 + Nazs — CdS + N32504 (61)

A filter press or a belt filter is used to separate the precipitated particles from the sus-
pension. Sodium sulfate and unreacted cadmium salts are washed out in a next step
of the procedure. Remaining salts would have an adverse effect on the pigment prop-
erties. Soluble cadmium must be removed also to fulfill the regulatory requirements.
This removal is mostly achieved by filtration and washing or by acidification with di-
luted mineral acids followed by decantation and washing.

The obtained filter cake is dried in an oven, crushed into small lumps and then
calcined in a rotary, tunnel or static kiln. The calcination step is done at about 600 °C.
The cubic crystal lattice of the precipitated and dried sulfide is transformed into the
hexagonal structure during calcination. The particles grow to a size, which is the basis
for suitable color properties of the final pigment. Depending on the chosen composi-
tion, sulfur dioxide and/or selenium and selenium dioxide are emitted. Careful fume
removal through a scrubber or similar equipment is necessary.

A second manufacturing process for cadmium pigments is the so-called powder
process. Finely divided cadmium carbonate or cadmium oxide is subjected in this
process to intensive mechanical mixing with sulfur and mineralizers and then cal-
cined in the absence of oxygen. Zinc or selenide addition produces the same color
effects as in the case of the precipitation process. The products obtained after calci-
nation are washed, dried and calcined at about 600 °C.

The production of selenium-containing cadmium red and cadmium orange pig-
ments is carried out with sodium sulfide solutions containing the amount of selenium
required for the final pigment. Selenium is added in powder form to the sodium sul-
fide solution, where it is dissolved. The sulfide ions react with the cadmium ions first
to form cadmium sulfide [6]. Cadmium sulfoselenide is only formed during the calci-
nation step. An example for the formation of a sulfoselenide pigment is shown in the
eq. (6.2):

CdSO4 +0.8 NaZS +0.2 NazSe — Cd(So_gSEo'z) + N82804 (62)
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The now following processing stages are similar to that described for the pure cad-
mium sulfide pigments.

6.3 Pigment properties and uses

Cadmium sulfide and sulfoselenide pigments belong to the most intensely colored
inorganic pigments. They are lightfast, stable at high temperatures, migration-resis-
tant. and practically insoluble in water, alkaline solutions and organic solvents.
Disadvantages are the limited weather fastness of cadmium pigments and the insta-
bility against acids. It is to be noted here that cadmium sulfide is oxidized slowly by
atmospheric oxygen and under the influence of light, especially sunlight, to form
cadmium sulfate.

The density of cadmium pigments is between 4.2 and 5.6 g/cm>. The average
particle size of the powders lies typically in the range from 0.2 to 0.5 um. Their hid-
ing power in most application systems is very good. The high color purity of the pig-
ments is due to the steep reflectance spectra, which is typical for a semiconductor-
related pigment (Figure 6.1).

Figure 6.1: Reflectance spectra of the pigments CdS (a), Cd(S¢.535€0.47) (b),
and (Cdg.g2Zng 18)S () [5].
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Cadmium pigments are used in form of pure powders but also as pigment prepa-
rations. The color strength in such preparations is adjusted by addition of barium sul-
fate. The pigments are placed on the market also in a dust-free and dispersed form as
highly concentrated plastic granulates (masterbatch pellets), as pasty concentrates
and as liquid colorants.

The most important application media for cadmium pigments are plastics with
90% and ceramics with 5%. The use in coating is of minor importance. The applica-
tion of the pigments in polymers is broad and almost universal. Polyethylene, poly-
styrene, polypropylene and ABS are typical polymers for the application of cadmium
sulfides and sulfoselenides.

Typical applications for the pigments in ceramics are glazes and enamels. The
high temperatures used in both cases for the burning process do not cause larger prob-
lems. Organic pigments and several inorganic colored pigments cannot be used here
for stability reasons.

Users of cadmium pigments have to take into account the sensitivity to friction.
Especially red cadmium sulfoselenides have problems with excessive shear forces,
which can cause a color change of the pigments.

Cadmium sulfide and sulfoselenide pigments do not exhibit acute toxicity (LDsq
value rat oral: >5000 mg/kg). They are not irritating to skin or mucous membranes.
The pigments are compounds with low solubility, but small amounts of cadmium are
however solved in diluted hydrochloric acid comparable with gastric acid of similar
concentration. Animal feeding studies over three months with dogs and rats show a
cadmium intake and accumulation in the internal organs, especially in the kidneys [7].
There was no indication concerning carcinogenic effects after a long-term animal feed-
ing study [1]. The use of cadmium pigments is not seen any longer as optimal due to
the principal possibility to solve at least small amounts of the pigments uncontrolled
and the potential danger that cadmium compounds can get unintended into the cycle
of nature. Recycling of cadmium pigment containing materials demands special care
and advanced processing technologies.

The legal requirements for the use of cadmium sulfide and sulfoselenide pigments
must be adhered to in all applications. Waste materials containing cadmium pigments
should never be incinerated in by the fireside, in the oven or on the open fire. They
have to be treated as special refuse, which is disposed by a certified waste manage-
ment company. Sophisticated incineration plants for domestic waste are equipped
with effective filter systems. These are able to withhold cadmium particles originating
from the waste material completely.
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Gerhard Pfaff
7 Carbon black pigments

Abstract: Carbon black pigments are manufactured today mainly by modern chemical
processes in industrial scale production. They are the most important representatives
of black pigments. Carbon black pigments have a number of advantages compared
with other inorganic black pigments and with black organic colorants. Hiding power,
color stability, solvent resistance, acid and alkali resistance as well as thermal stability
are excellent good properties that are not achieved from other blacks. Carbon black
pigments are applied in most of the pigment relevant systems, such as printing inks,
paints and coatings, plastics, and cosmetics. They are produced by several industrial
processes. Furnace blacks, channel blacks and gas blacks have the highest importance
among the various carbon blacks. Particle size, particle size distribution, surface qual-
ity and structure determine the coloristic and application technical properties of the
individual pigments. Oxidative aftertreatment is used in many cases to modify the sur-
face of the pigments concerning the stability and the compatibility with the appli-
cation system. Particle management, aftertreatment and the provision of pigment
preparations are suitable ways for the improvement of the pigments and the opti-
mization of the dosage form.

Keywords: carbon black pigments, channel black process, furnace black process,
gas black process, oxidative aftertreatment

7.1 Fundamentals and properties

Inorganic black pigments include carbon black, iron oxide black and spinel blacks.
Carbon black pigments are by far most important among the blacks. The term “car-
bon black” stands for a number of well-defined industrially manufactured products,
which are manufactured under exactly controlled conditions.

Carbon black consists of highly dispersed carbon particles with almost spheri-
cal shape. These particles are produced by incomplete combustion or thermal de-
composition of gaseous or liquid hydrocarbons [1,2,3,4,5]. Carbon blacks do not
consist of pure carbon. They still contain considerable amounts of chemically bound
hydrogen, oxygen, nitrogen, and sulfur depending on the manufacturing conditions
and the quality of the raw materials. Carbon black is not only applied as a pigment,
but also as active filler material in rubber, particularly in car tires. Nearly 80 carbon

This article has previously been published in the journal Physical Sciences Reviews. Please cite
as: G. Pfaff, Carbon Black Pigments Physical Sciences Reviews [Online] 2021, 6. DOI: 10.1515/psr-
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black types are used today as pigments in a broad variety of applications. More than
35 types are applied as fillers in rubber. The majority of the carbon black produced
worldwide (90%) is used in the rubber industry [4].

Carbon black pigments consist of extremely small primary particles with the
tendency to form aggregates among each other, which in turn consist of chains and
clusters. The degree of aggregation, the so-called “structure” of carbon black, is at-
tributed to the high attraction of the aggregates among each other. The diameters of
the primary particles range from 5 to 500 nm. These particles are mainly amorphous
but contain also microcrystalline subregions. Diffraction patterns show that the
spherical primary particles consist of relatively disordered nuclei surrounded by
concentrically deposited carbon layers [6]. The degree of order increases from the
center of the particles to their peripheral areas. The particle size distribution as well
as the degree of aggregation can be adjusted within relatively wide ranges by the
parameters chosen for the production process of carbon black.

Structural units of carbon black particles are very similar to those of graphite,
which is crystallizing in a layer structure of hexagonally bound carbon atoms. The
layers of the graphite structure are connected among each other only by loose van
der Waals forces. The arrangement of the carbon atoms within the layers of carbon
black is similar to that of graphite. The orientation of the carbon layers to each
other is nearly parallel. On the other hand, the relative position of these layers in
carbon black is arbitrary in contrast to graphite. A consequence of this is that there
is no order in the structural c direction for carbon black. Crystalline regions in car-
bon black are therefore only small. They are typically in the range of 1.5-2nm in
length and 1.2-1.5nm in height, corresponding to 4-5 carbon layers [6]. Figure 7.1
shows the simplified structures of carbon black and graphite [5]. Graphite and car-
bon black are electrically conductive, in contrast to diamond. This physical behav-
ior can be understood by the explained structural relationships.
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Figure 7.1: Simplified layer structure of carbon black (left) and graphite (right) [5].
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Carbon black is provided in form of powders, pellets, or dispersions. Six indus-
trial processes are used today for the production of carbon black. The products ob-
tained are called furnace black, channel black, gas black, lampblack, thermal black,
acetylene black, corresponding to the eponymous processes. The chemical and physi-
cal properties of carbon black powders can differ considerably depending on the
manufacturing method.

7.2 Production of carbon black pigments

The most important processes for the manufacture of carbon black are listed in
Table 7.1. The processes are basically classified in those with partial combustion
of the raw materials (thermal-oxidative decomposition) and those, which are
based on pure pyrolysis (thermal decomposition). The main difference of the two
processes is the procedure for the thermal decomposition step. The thermal-oxidative
decomposition uses air for the combustion of a part of the starting materials. This
reaction provides also the high temperatures necessary for the pyrolysis. The pure
thermal decomposition is using external power supply to achieve the energy for the
carbon black synthesis.

Table 7.1: Production methods for carbon black pigments [5].

Chemical process Manufacturing methods Main raw materials
Thermal-oxidative Furnace black process Aromatic oils on coal tar basis or mineral oil,
decomposition natural gas

Gas black and channel Coal tar distillates

black process

Lamp black process Aromatic oils on coal tar basis or mineral oil
Thermal decomposition Thermal black process Natural gas or mineral oils

Acetylene black process Acetylene

Heavy oils are used as raw materials for most of the carbon black production pro-
cesses. These oils consist mainly of aromatic hydrocarbons, which deliver the highest
carbon to hydrogen ratio and maximize the available carbon for the carbon black
synthesis. The use of such oils is the most efficient way to achieve high yields of car-
bon black.

Oily distillates from coal tar and residual oils that are created by catalytic crack-
ing of mineral oil fractions are other sources of raw materials for carbon black.
Hydrocarbons produced by thermal cracking of naphtha or petrochemical oil are fur-
ther sources of feedstock. The chemical and physical properties of the raw materials
(density, distillate residue, viscosity, carbon/hydrogen ratio, asphaltene content,
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specified impurities, etc.) play an important role for the process management and
for the final product quality.

7.2.1 Furnace black process

The furnace black process is used for the manufacture of carbon black rubber grades
as well as for carbon black pigments. This process can be used for nearly all types of
carbon black required today in various industries. Carbon blacks produced by the fur-
nace black process meet also the high demands concerning economy and ecology.
Most of the semi-reinforcing rubber blacks with specific surface areas of 20-60 m?/g
and of the active reinforcing blacks with specific surface areas of 65-150 m?/g are
manufactured by the furnace black process. A large amount of carbon black pigments
with much greater specific surface areas and smaller particle sizes is also produced
using this process [4]. The most important product properties such as specific surface
area, particle size distribution, structure, and absorption can be controlled by adjust-
ing the reaction parameters of the process. Application-relevant properties of carbon
black such as abrasion resistance, tear strength, jetness and tinting strength can also
be affected by adjusting the operating parameters.

The furnace black process is carried out continuously in closed reactors. The cen-
tral unit of the production plant is the special furnace in which the carbon black is
generated. The starting components are injected as an atomized spray into the high-
temperature zone of the furnace. The necessary high temperatures are achieved by
burning a fuel (natural gas or oil) in the presence of air. An excess of oxygen is used
in regard to the fuel. The feedstock is pyrolyzed to form carbon black at temperatures
of 1200-1900 °C. The resulting products are quenched with water and cooled further
in heat exchangers. Suitable filter systems are used to collect the formed carbon
black. Rotary pumps transport the heavy oil (petrochemical or carbochemical oils
are preferably used) to the reactor via heated pipes and a heat exchanger. The oils
are heated to 150-250 °C. They get a viscosity, which is appropriate for atomiza-
tion. Specific spraying devices are used to introduce the oils and the fuel into the
reaction zone.

Alkali metal compounds, such as potassium hydroxide or potassium chloride,
are often added to the oil in the oil injector with the aim to affect the carbon black
structure [7]. In another configuration, the additives are sprayed separately into the
combustion chamber. Alkaline-earth metal compounds may also be added in this
way to increase the specific surface area of the formed carbon black powders.

The necessary high pyrolysis temperatures are obtained in most cases with natu-
ral gas as the fuel source. Gases like coke oven gases or vaporized liquid gas and vari-
ous oils are also possible for the use as fuel. Special burners adapted to the gas or the
oil type are used to achieve a complete combustion (Figure 7.2) [4]. The air required
for the combustion is compressed in the beginning by rotating piston compressors or
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turbo blowers. Moreover, the air is preheated using hot gases in heat exchangers to
500-700 °C. This pretreatment of the air is advantageous with respect to the energy
utilization and the carbon black yield.
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Figure 7.2: Scheme of furnace black production process (source: MagentaGreen, Wikimedia
Commons).

Carbon black plants vary significantly in flow characteristics, internal geometry and
the way in which feedstock and fuel are introduced. The basic steps, on the other
hand, are similar for all process variations, in particular the provision of hot combus-
tion gases in a combustion chamber, the injection of the feedstock and its rapid mix-
ing with the combustion gases, vaporizing of the oil, pyrolyzing it in the reaction
zone, and rapid cooling of the reaction mixture in the quenching zone to temper-
atures of 500-800 °C.

The pyrolysis reaction can be summarized in a simplified manner with the fol-
lowing equation:

CnHy +energy — nC+m/2 H, (7.1)

The morphology of carbon black primary particles formed during the pyrolysis reac-
tion allows the conclusion that the first carbon nuclei condense from the gas phase.
Further carbon layers are adsorbed now onto the surface of the growing particles.
Precursor components can also be adsorbed in the growing layers, but typically only
to a small extent. The layers formed in the following are orientated parallel to the
surface of the nuclei. Aggregates are generated by further carbon deposits on initially
formed loose agglomerates. A conversion of the carbon layers to a graphitic arrange-
ment takes place at temperatures above 1200 °C.

The reactors used for the furnace black process are typically horizontally ar-
ranged and have a length of up to 18 m and an outer diameter of up to 2m. For the
manufacture of certain semi-reinforcing blacks, also vertical reactors are in use [8].

The ratio of feedstock, fuel and air is very important for the characteristics of the
resulting carbon black. Increasing amounts of excess air in relation to the amount
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needed for the complete combustion of the fuel, for example, lead often to smaller
particle sizes of the formed carbon black. The nucleation velocity and the number
of particles formed can be higher in this case [4].

Other technical parameters with a significant influence on the quality of the
carbon black formed are the way in which the oil is injected, atomized, and mixed
with the combustion gases, the type and the quantity of additives, the preheating
temperature of the air, and the quench position. Various reactions with the hot sur-
rounding gases are possible at the surface of the freshly formed carbon black par-
ticles. The Boudouard reaction and the water gas reaction play a relevant role in
this context. Consequently, the chemical composition of the carbon black surface is
modified with increasing residence time. These reactions are abruptly stopped by
quenching the reaction products to temperatures below 900 °C. A certain state of
surface activity for the carbon black is fixed at this point.

The mixture of carbon black and gas leaving the furnace reactor is cooled down in
heat exchangers to temperatures of 250-350 °C and conducted into a collection system
(typically one high-performance bag filter with several chambers). This system is peri-
odically purged by counter-flowing filtered gas or by pulsejets. The carbon black is
pneumatically transferred at this point from the filter into a first storage tank.

Freshly synthesized carbon black has a bulk density of only 20-60 g/1. Compaction
of the powdered material is beneficial to facilitate handling and further processing. A
possibility for the compaction is the weak densification of the powder using a process
by which the carbon black is conducted over porous, evacuated drums [9]. Most of
the carbon black types used in paints, inks and plastics are compacted in this man-
ner, which ensures a good dispersibility of the pigment in the application system.

The carbon black contains ca. 50 wt-% water at this point of the process. The
material is dried in the following step in dryer drums, indirectly heated by burning
tail gas. The dried carbon black powder is transported via conveyor belts and eleva-
tors to storage tanks or packing stations.

7.2.2 Channel black and gas black process

The channel black process is the oldest industrially used method for producing small-
particle-size carbon blacks. Low profitability and environmental regulations were the
reasons of the closure of the last production plant in the United States in 1976. Natural
gas was used as the feedstock for the process [4].

The gas black process shows similarities to the channel black process, but also
differences. One of these is the use of coal tar oils instead of natural gas. Much
higher yields and production rates are achievable by using of oil-based raw materi-
als. Various carbon black qualities for a broad variety of applications are produced
today using the gas black process.
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A characteristic of the gas black process is that the raw materials are partially
vaporized in the first area of the reactor (Figure 7.3). The residual coal tar oil is con-
tinuously removed. The oil vapor is transported to the production vessel by combusti-
ble carrier gases, such as hydrogen, coke oven gas, or methane. The addition of air to
the oil-gas mixture leads to the formation of very small carbon black particles.
Although the gas black process is technically not as flexible as the furnace black pro-
cess, it is possible to produce a large number of different gas black types by the varia-
tion of the relative amounts of carrier gas, oil, and air.
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Figure 7.3: Scheme of gas black production process (source: MagentaGreen, Wikimedia Commons).

The second part of the manufacturing facility for the gas black process is the burner
pipe. It is approximately 5m long and is equipped with 30 to 50 diffusion burners.
The flames are in contact with a water-cooled rotating cylinder. About half of the
carbon black formed during the process is deposited at this cylinder. The deposited
carbon black is scraped off from the cylinder and transported by a screw to a pneu-
matic conveying system. The exhaust gas is sucked by fans at the top of the appara-
tus into particle filters, which collect the carbon black suspended in the gas.

The air amount used in the gas black process is regulated by valves in the ex-
haust pipes. A combination of several gas-black units is possible to install a larger
production plant. It is possible in this case that one oil vaporizer feeds the whole
plant. The yield for a typical carbon black production plant is 60%, the production
rate is 7-9 kg/h [4].

The use of air in the process leads to the contact of oxygen with the freshly
formed carbon black particles at high temperatures. Acidic oxides are formed on the
surface of the particles under these conditions. As a result, gas blacks react acidic
when suspended in water, unlike furnace blacks.
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7.2.3 Lamp black process

The lamp black process is the oldest commercially used production method for car-
bon black. The main part of the equipment for this process is a cast-iron pan on
which the liquid feedstock is applied. The pan is surrounded by a fire-proof flue
hood equipped with refractory bricks. The pyrolysis conditions are regulated mainly
by the stream of the incoming air, the gap between the pan and the hood, and a vac-
uum present in the system. The control of these conditions allows the fine tuning of
the properties of the resulting carbon blacks. The vaporization of the raw materials is
achieved using radiant heat from the hood. This heat contributes also partially to the
pyrolysis and thereby to the formation of the carbon black. The carbon black contain-
ing exhaust gases are cooled down and reach finally a system of filters. The carbon
black is collected by this means. It is processed further in a similar way as described
for the furnace black process.

Carbon black powders manufactured using the lamp black process are mostly
used in special applications. They show typically a broad primary particle size dis-
tribution ranging from 60 to over 200 nm [4].

7.2.4 Thermal black process

The thermal black process is in contrast to the other carbon black production meth-
ods a noncontinuous or cyclic process. This process works without the inflow of air
and does therefore not belong to the thermal-oxidative processes. The most com-
mon feedstock for the thermal black process is natural gas. Higher hydrocarbon oils
are used to a lesser extent. Tandem plants are typical for the production of thermal
black in order to improve the efficiency. These plants consist of two reactors operat-
ing alternately in cycles of 5 to 8 minutes. One of the reactors is heated up with nat-
ural gas or an oil-air mixture whereas the other one is fed at the same time with pure
feedstock, which undergoes thermal decomposition. The carbon black formation oc-
curs in the absence of oxygen and at decreasing temperatures. The properties of the
carbon black powders formed by the thermal black process differ considerably from
those produced using thermal-oxidative processes. The formation of thermal blacks
happens usually relatively slow and coarse particles in the diameter range from 300
to 500 nm are obtained. A possibility to produce thermal blacks with smaller particle
sizes is the use of natural gas as feedstock diluted with inert gases.

Thermal blacks are mainly used in mechanical rubber goods with high filler con-
tent. It should be noted, however, that the importance of thermal blacks for this ap-
plication is decreasing for a long time. Clays, milled coals, and cokes are used more
and more as cheaper substitutes for thermal blacks. This development has led to a
declining significance of thermal blacks and to lower production volumes in general.
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7.2.5 Acetylene black process

The acetylene black process is based on the pyrolysis of mixtures of acetylene with
light hydrocarbons. This pyrolysis is an exothermic process, in contrast to the ther-
mal decomposition of other hydrocarbons. This means that energy for the carbon
black formation process is provided by the pyrolysis reaction.

Acetylene black is formed in a continuous production process. Acetylene or acet-
ylene-containing gases are fed into a preheated, cylindrical reactor with a ceramic
inner liner. The pyrolysis of the acetylene and the light hydrocarbons starts after an
ignition and is maintained by the decomposition heat, which is released by the exo-
thermic reaction. The formed carbon black is collected in settling chambers and cy-
clones. Yields of more 95% can be achieved with the acetylene black process.

The primary particles of acetylene black are different compared with other car-
bon blacks in relation to the shape. An increased order in the c-direction of the crys-
talline regions can be detected. Main structural units of acetylene black are folded
sheets of carbon layers. Carbon blacks produced with the acetylene black process
have found only limited applications, e. g., in dry cells [4].

7.2.6 Other production processes

Vaporized hydrocarbons can be converted almost quantitatively into high-purity
carbon and hydrogen in a plasma arc at temperatures of about 1600 °C by means of
electricity [4, 10]. This process could in principle be used to produce carbon blacks
with small particle sizes, but it is not yet economically efficient.

The carbon black industry is highly dependent on raw materials from the petro-
chemical industry. In order to reduce this dependency, several approaches have
been made to replace existing raw materials with other ones. Methods were investi-
gated in this context to obtain carbon black directly from coal or to isolate it from
old tires [4, 11]. These and other approaches have not been successful with regard
to commercial importance up to now. On the other hand, the use of clay, milled coal
and coke has found limited interest as substitute for very coarse carbon blacks [4].

7.2.7 Oxidative aftertreatment

Functional groups on the surface have a strong influence on the application proper-
ties of carbon blacks. Oxygen-containing functional groups are of special interest
here. High amounts of surface oxides are responsible for the decrease of the vulca-
nization rate, the improvement of the flow characteristics of inks, and the gloss in-
crease of coatings. The color tone of carbon black changes under the influence of
such functional groups from brownish to bluish.
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The color properties of carbon black are typically adjusted by oxidative aftertreat-
ment. Different types and amounts of oxygen-containing groups are formed on the
surface of the particles depending on the oxidizing agent and the reaction conditions
(e. g., carbonyl, ether, ketone, peroxide, phenol, lactone, hemiacetal, and anhydride
groups).

The oxidation of carbon black surfaces is possible with air in a temperature
range from 350 to 700 °C. Higher amounts of surface oxides can be better achieved
by using nitric acid, mixtures of nitrogen dioxide and air, ozone, or sodium hypo-
chlorite solutions as oxidizing agents [12-14]. Elevated temperatures are typically
used for the oxidation reactions.

The oxygen content of oxidative treated carbon black powders reaches values of
up to 15wt%. The surfaces are strongly hydrophobic. This is the reason why some of
the powders form spontaneously colloidal solutions in water. The surface oxidation
contributes to a better wettability and dispersion behavior of carbon black pigments
in coatings and polar printing inks.

The oxidative aftertreatment of carbon black powders with nitrogen dioxide
and air can industrially be carried out in a fluidized-bed reactor [15]. The carbon
black is fluidized at the beginning in a preheating vessel. It is further heated in the
reaction vessel to carry out the surface oxidation. The adsorbed nitric oxide is fi-
nally removed in a desorption vessel. The oxidative reaction occurs at temperatures
of 200 to 300 °C. Oxygen from the air acts as the oxidizing agent, the nitrogen diox-
ide works primarily as a catalyst [4].

The surface oxidation is technically also possible with carbon black pellets.
Nitric acid is used as pelletizing agent in this case. The oxidation takes place in this
case while the wet pellets are dried at elevated temperatures [16].

7.3 Pigment properties and uses

Industrially manufactured carbon blacks have specific surface areas in a broad
range from 8 m?/g for coarse thermal blacks up to 1000 m?/g for the finest pigment
grades. Carbon black types with specific surface areas of more than 150 m?/g are
normally porous with pore diameters of less than 1nm. Carbon black powders with
a very large surface area have often an inner pore surfaces area of the particles,
which exceeds the outer (geometrical) one. The large specific surface area is the rea-
son for the high adsorption capacity of carbon blacks for water, organic solvents
and binders. Chemical and physical adsorption of these substances at the particle
surfaces is possible. The nature of the adsorption is important for the wettability
and the dispersibility of the carbon black particles in the different application sys-
tems. It has a great significance for the decision on the use of a carbon black type
as a pigment or as a filler in rubber. An interesting fact is that carbon black qualities
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with a large specific surface area adsorb up to 20 wt% of water when stored in an
atmosphere of humid air [4].

Corresponding with the high specific surface areas, the particle sizes of carbon
black powders are often very small. There are carbon black grades that consist
mainly of nanoparticles with sizes smaller than 100 nm. Typical particle size distri-
butions for channel and gas blacks are in the range from 10 to 30 nm, for furnace
blacks from 10 to 110 nm, for lamp blacks from 60 to 200 nm, for thermal blacks
from 100 to 500 nm, and for acetylene blacks from 30 to 50 nm.

Visible light is absorbed by carbon black up to a rate of 99.8%. The broad use
of carbon blacks as black pigments is based on this property. Many carbon black
pigments are pure black, others show a bluish or brownish color tone. The specific
color variation depends on the structure of the carbon black, the light conditions,
and the application system in which the carbon black particles are incorporated.
Carbon black absorbs not only visible light, but also light from the infrared and ul-
traviolet range of the electromagnetic spectrum. Some special carbon black grades
can be used therefore as UV stabilizers in polymers.

Carbon black is characterized by a high electroconductivity. However, the con-
ductivity of carbon black is inferior compared with graphite and depends on the
structure, the exact composition and the specific surface area. The electrical conduc-
tivity in a paint, a printed surface or a plastic material depends strongly on the dis-
tance between conductive neighboring particles in the system. Only if the distance of
a large number of particles is very close and the concentration of particles in the ap-
plication medium is high enough to establish a conduction path, a high electrical
conductivity can be achieved. Special carbon black types with suitable conductiv-
ity are produced to equip application systems with antistatic or electrically conduc-
tive characteristics. A better conductivity of carbon black pigments is the result of a
higher structure. High-structured pigment blacks are used for the production of elec-
trically conductive printing inks.

The chemical analysis of carbon blacks varies significantly: 95.0-99.5 wt% car-
bon, 0.2-1.3 wt% hydrogen, 0.2-3.5 wt% oxygen, 0—0.7 wt% nitrogen, 0.1-1.0 wt%
sulfur, <1.0 wt% residual ash. Production process, raw materials, and aftertreat-
ment are important factors for the specific composition of a carbon black type. The
residual ash is due to some salts and to the raw materials. Salts, particularly potas-
sium salts, are added during the manufacturing process for the control of the car-
bon black structure. A part of the salts in the residual ash comes from the process
water, from where it is not completely washed out.

The oxygen content is of special importance for the application properties of car-
bon black powders. Bonding of oxygen at the surface can occur in form of acidic or
basic functional groups. There is a significant influence of the manufacturing process
and of the aftertreatment on the amount of surface oxides and their chemical
functionality. Furnace and thermal blacks contain only 0.2-2 wt% oxygen, which
is bound here preferably in form of almost pure, basic surface oxides. Gas and channel
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blacks have mainly surface oxides and only small amounts of basic oxides. They con-
tain up to 3.5 wt% oxygen.

Hydrogen is bound on the surface of the carbon black particles in two different
ways. A part of the hydrogen forms together with the oxygen surface bound func-
tional groups, another part is directly fused to the carbon. Identified oxygen- and
hydrogen-containing groups at the surface of carbon black particles are carbonyl,
carboxyl, pyrone, phenol, quinone, lactone and ether groups [4].

Nitrogen in carbon black is usually incorporated in the graphite-like lattice.
Sulfur appears in a variety of forms: as a bound molecule, in an oxidized state and
in its elementary form.

Carbon black is comparatively stable and does not spontaneously ignite at temper-
atures below 600 °C. It glows slowly when ignited in air. As a consequence, ignition
sources must be excluded during processing and storage of carbon black powders and
pellets.

Carbon blacks are divided with regard to their structure in types with a “high
structure” and with a “low structure.” Basis for this classification is the three-di-
mensional arrangement of primary particles in aggregates. Extensive interlinking or
branching is characteristic for a “high structure.” Less pronounced interlinking or
branching, on the other hand, is typical for a “low structure.” It is nearly impossible
to determine the structure of carbon black directly. A method for the structural
characterization, which is widely used and accepted among experts is the absorp-
tion of dibutyl phthalate (DBP). This measurement gives the desired information on
the degree of aggregation of individual carbon blacks. The relationship between the
absorption and the structure can be explained as follows: the greater the DBP ab-
sorption, the higher the carbon black structure [4].

High-resolution electron microscopy provides a true picture of the primary par-
ticles and of the aggregates of a specific carbon black quality. The inclusion of X-ray
analytical techniques leads to the recognition that the primary particles consist of
concentrically arranged, graphite-like crystallites. The results show that the graphitic
layers are often twisted into each other with the result of a nonordered state. Up to
1500 of the graphite-like crystallites form one single primary particle. Electron micro-
scopic studies using a scanning tunnel microscope have led to the additional in-
formation that the primary particles consist of superimposed, scale-like layers of
graphite [4].

Table 7.2 gives an overview of the most important carbon black applications.
Main consumer of carbon black is with about 90% the rubber industry. Carbon black
is mainly used in this field for reinforcing fillers in tires, tubes, conveyor belts, cables,
rubber profiles, and other mechanical rubber goods. Carbon blacks are classified in
active, semi-active and inactive blacks relating to their reinforcing capacity. Active
blacks are very fine powders with particle sizes in the range of 15 to 30 nm, which are
characterized by a high reinforcing capability. They are mainly used in tire treads.
Semi-active blacks with a lower reinforcing capability consist of particles in the size
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range from 40 to 60 nm. They find application in the tire carcass and in technical rub-
ber components. Inactive blacks have only a limited reinforcing capability. They are
characterized by particle sizes of more than 60 nm and need high filling levels for the
use as reinforcing materials.

Table 7.2: Applications for carbon black [4].

Area Application

Rubber Reinforcing filler in tires and mechanical rubber
components

Printing inks Pigmentation, rheology

Coatings Full black and tinting application

Plastics Black and gray pigmentation, tinting, UV
protection, conductivity, conductor coatings

Fibers Pigmentation

Paper Black and gray pigmentation, conductivity,
decorative and photo-protective papers

Construction Cement and concrete pigmentation, conductivity

Power Carbon brushes, electrodes, battery cells

Metal reduction, compounds Metal smelting, friction compound

Metal carbide Reduction compound, carbon source

Fire protection Reduction of mineral porosity

Insulation Graphite furnace, polystyrene and PU foam

Pigment blacks are high sophisticated powdered materials. They are used in many ap-
plications, particularly in printing inks, paints, coatings, plastics, fibers, and paper.
Depending on the application, they are referred to as printing blacks, coating blacks,
or plastic blacks.

The main advantages of carbon black pigments compared with other black pig-
ments (inorganic and organic) and black dyes are the strong hiding power, the high
color stability, the excellent solvent, acid and alkali resistance as well as the suffi-
cient thermal stability.

A widely accepted international classification system for carbon black pigments
was established, in which four groups of products are differentiated: high color
(HC), medium color (MC), regular color (RC), and low color (LC). The manufacturing
process of a specific carbon black type is expressed by a third character: (F) for fur-
nace black and (C) for channel or gas black. Oxidative aftertreatment is indicated
by the suffix (o) for “oxidized” (Table 7.3) [4].

Jetness and tinting strength are of highest importance for the use of carbon
black pigments. Jetness is the achievable intensity of blackness. Tinting strength
stands for the coloring ability of a carbon black pigment and is measured against a
white pigment, typically titanium dioxide or zinc oxide.
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Table 7.3: Pigment black classification [4].

Designation Particle size range (nm)

Gas blacks Furnace blacks

HCC HCF 10-15

MccC MCF 16-24

RCC RCF 25-35
LCF >36

Gas blacks oxidized

HCC (o) 10-17

MCC (o) 18-24

RCC (o) >25

Carbon black pigments are used in printing inks, paints and other applications
in three respects: achievement of pure black color shades (use of carbon black
alone) and darkening of any color (mixtures of colored pigments with carbon black)
or generation of grey effects (mixtures of white pigments with carbon black).

Printing blacks have to fulfill special requirements in the printing ink itself and
in the printed product. Good wettability and dispersibility of the pigments are very
important for the use in printing inks. Suitable compatibility with the pigment, opti-
mum viscosity, good flow characteristics, and storage stability are requirements for
the pigmented printing ink. A blue hue of the black, achieved by the use of carbon
black with finer particle sizes, is desired for most of the printed products. Carbon
black pigments in printing inks act as color giving (inking) components and/or as
rheological additives. Inking includes properties such as jetness, undertone and
gloss, rheology represents viscosity, flow properties and tack. The inking character-
istics depend strongly on the particle size of the carbon black pigment used. The
rheological properties, on the other hand, dependent on the particle size, the sur-
face area, the structure and the surface chemistry of the carbon black particles.
Very fine pigment blacks with a high surface area generate strong thickening ef-
fects. Increasing particle sizes of the pigments exhibit reduced thickening effects
and lower viscosity.

Carbon black pigments find only limited application in UV curing printing be-
cause the black particles strongly absorb not only visible light but also the incident
light from the ultraviolet spectral range. The consequence is that blacker printing
inks exhibit a greater delay in curing. Special carbon black qualities are however
able to fulfill the requirements of UV curing printing.

Most of the carbon black containing inks are specifically produced for one of the
industrially used printing processes. They are referred to as offset inks, letterpress
inks, newspaper printing inks, gravure printing inks for magazines and decoration,
and packaging printing inks. Each of these inks has to fulfill special requirements to
work in the printing process in an optimal and cost-efficient way.
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Carbon black pigments are by far the mostly used black colorants in the paint
and coatings industry. They are applied in nearly all industrial and automotive
coatings systems. The pigments appear to have the best overall performance with
respect to requirements of black properties (normal black, deep black, black with
blue or brown shade), color characteristics (tinting strength, hiding power, jetness),
stability (alkali and acid resistance, usability in water-based systems), and weather-
ing behavior. Black characteristics and color properties are the most important fac-
tors for the decision to use a specific pigment in a paint or coating system. Both
factors depend strongly on the average particle size of the carbon black pigment.
The jetness of a coating is related to the average size of the primary particles. A
deeper jetness is achieved with a carbon black pigment of smaller particle size. The
extremely small particle sizes of many carbon black powders, together with their
large surface areas are the reason, why these pigments are more difficult to disperse
in paint and coating formulations than most of the other pigments. Basically, car-
bon blacks are dispersed with all common grinding units for powders, such as sand
mills, pearl mills, ball mills, and triple roll mills.

Carbon blacks are also in the plastics industry the most important black pig-
ments. Their application in plastics allows the generation of various coloristic ef-
fects and modifies in addition the electrical and mechanical properties of the polymers
(filler function). The pigments provide also heat and UV resistance to the plastic mate-
rial. The requirements to achieve a black or gray tinting for polymers (polyethylene,
polypropylene, polyvinyl chloride, polystyrene, ABS polymers, polyurethane) are best
fulfilled with carbon black pigments. The pigments are typically incorporated in plas-
tics in two steps to achieve a good distribution of the particles. The first step consists
in the preparation of a carbon black plastic concentrate (master batch) in a kneader or
another suitable device. Master batches with carbon blacks have a pigment content of
20 to 50 wt%. Dispersion of the pigment in the plastic material happens already during
the preparation of the concentrate. In the second step, the concentrate is diluted with
the appropriate polymer amount to obtain the required final carbon black content.
The final master batches are normally offered in form of chips or pellets.

Many polymers have severe problems with degradation by UV radiation. The
use of carbon black pigments can provide long-term stability to such polymers. The
pigments absorb a part of the incident UV radiation and act as free-radical accept-
ors. They contribute to the deactivation of active intermediate species formed dur-
ing the degradation process. The use of pigments with larger particle sizes and
higher carbon black concentrations in the polymer enhance the stabilizing effect.

Carbon black is also used as conductive filler in plastics in order to achieve
antistatic and conductive properties. Antistatic (resistivity 10°~10° Q) or conductive
(<10° Q) characteristics of the pigmented polymer material can be generated by the
use of sufficient amounts of carbon black. Carbon black fillers with small particle
sizes and high degree of aggregation together with a sufficient high carbon black con-
centration lead to high conductivities of plastic materials. The pigment particles
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should be uniformly distributed in the polymer and many of them must have close
contact to each other in order to achieve good electrical conductivity. Bridges of con-
ductivity between the particles are formed under these conditions and the flow of
electrons is promoted. Important for the conductivity is also the composition and the
quality of the polymer. High-structure furnace blacks with relatively fine particles
and low content of volatile components are mostly used to generate electrical con-
ductivity and antistatic behavior of plastics. Conductive polymers contain 10 to 40 wt
% carbon black. The concentration of carbon black in antistatic plastics used for
floor covering and cable sheathing is in the range from 4 to 15wt % [4, 5].

Decades of experience in the industrial production and processing of carbon
black allow the conclusion, that there are under conditions of normal use no signif-
icant harmful effects on humans have to be expected. This assessment has also
been confirmed by numerous epidemiological studies [2].

Carbon black pigments do not exhibit acute toxicity (LD50 value rat oral:
>10,000 mg/kg). They are not irritating to skin or mucous membranes. Long-term
inhalation studies and investigations on animals, particularly on rats, have shown
that under so-called “lung overload” conditions chronic inflammation, pulmonary fi-
brosis and formation of tumors are possible. The influence of the animal species
as well as the mechanism of the tumor formation is still not sufficiently under-
stood. There is also uncertainty concerning the role of dust in this context. The
International Agency for Research and Cancer (IARC) stated with respect to the
carcinogenicity that carbon black is possibly carcinogenic to humans [17].

Carbon blacks are not explosive under the common conditions used during
handling of the pigments. An explosion of carbon black/air mixtures can only hap-
pen when these are close to a sufficient ignition source. Normal precaution is neces-
sary in closed silos or poorly ventilated locations because carbon monoxide from
the carbon black manufacturing process can still be present in small quantities. It is
recommended that ignition sources are strictly kept away and suitable respiratory
protective devices are installed. It is recommended to store carbon black in clean,
dry, uncontaminated areas away from exposure to high temperatures, open flame
sources and strong oxidizers.
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Robert Christie and Adrian Abel
8 Carbonyl pigments: general principles

Abstract: This chapter describes the general features of the chemical class of pig-
ments designated as carbonyl pigments. These pigments are characterized by the
presence of carbonyl groups linked to one another via an extended conjugated sys-
tem, often forming polycyclic aromatic structures. Carbonyl pigments have experienced
distinct phases in their histories. Certain carbonyl colorants, notably anthraquinonoids,
were discovered in the early twentieth century and subsequently used as vat dyes for
textiles, but their potential as high-performance pigments was not realized until
the mid-twentieth century when demand began to emerge for pigments of the qual-
ity that they could provide. After conversion to a suitable physical form, several vat
dyes were then introduced as vat pigments. Several other carbonyl pigment types did
not originate as vat dyes but were developed specifically for pigment use. Carbonyl
pigments provide a wider diversity of structural arrangements. The broad carbonyl
chemical class may be categorized into several sub-types, each with its own charac-
teristic structural features. These categories, which are discussed in separate chapters,
include anthraquinonoids, quinacridones, diketopyrrolopyrroles, perylenes, perinones,
indigoids, isoindolines, isoindolinones, and quinophthalones. These products gener-
ally owe their high levels of technical performance to their large molecular size and
high molecular planarity, which lead to highly compact crystal structures and, in
many cases, to the ability of the carbonyl group to participate in strong intra- and
intermolecular hydrogen bonding.

Keywords: Carbonyl pigments, polycyclic, vat dyes, vat pigments, conjugated system,
high-performance pigments, anthraquinonoids, quinacridones, diketopyrrolopyrroles,
perylenes, perinones, indigoids, isoindolines, isoindolinones, quinophthalones, au-
tomotive paints, plastics

8.1 Fundamentals

Carbonyl pigments constitute a chemical class of pigments that are characterized by
the presence of the carbonyl (C=0) group. Most carbonyl pigments contain two or
more carbonyl groups which, as illustrated in Figure 8.1, are linked to one another
via an extended conjugated system, usually constructed with multiple aromatic ring
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Figure 8.1: The general structural arrangement in most carbonyl pigments.

systems [1-4]. The carbonyl groups are contained within the essential chromophoric
unit. In many application classes of dyes for textiles, carbonyl dyes, especially
anthraquinones, are second in industrial importance to azo dyes. There is also a
wide range of industrially important carbonyl pigments, most of which can be classi-
fied as high-performance products. An alternative way that is often used in the broad
classification of organic pigments according to chemical structure is to use the term
“polycyclic” because the structures mostly contain multiple aromatic ring systems,
either carbocyclic or heterocyclic [5]. However, the products encompassed by this
term can include not only carbonyl pigments but also phthalocyanine and dioxazine
pigments, both of which are addressed in separate chapters.

A particular textile dye application class where carbonyl dyes play an essential
role, is the vat dye class, dominated by anthraquinonoid structures. This group of
dyes are highly insoluble products, in contrast to most other textile dye classes
which have at least some solubility in water, the medium from which they are gen-
erally applied to textile substrates. In the vat dyeing of cellulosic fibers, notably cot-
ton, the insoluble dyes are subjected to reduction, usually by an alkaline solution
of sodium dithionite, to a provide a water-soluble (leuco) form, which can be taken
up by the fibers. Subsequently, it is re-oxidized either by air or an oxidizing agent
such as hydrogen peroxide. This process regenerates the original insoluble struc-
ture, the particles formed becoming trapped mechanically within the textile mate-
rial. A final stage in the sequence involves heating to the boil in the presence of a
surface-active agent, in a process described as “soaping”, which develops the crystal-
line particle structure of the colorant thus maximizing the coloristic and technical
performance. In certain ways, this stage serves a similar function to the conditioning
after-treatment processes used in the manufacture of pigments. The chemical pro-
cesses involved in vat dyeing are illustrated in outline in Figure 8.2, demonstrating
that the carbonyl groups linked through the conjugated system are an essential fea-
ture for the process. The insolubility of vat dyes and their generally very good fast-
ness properties stimulated considerable effort into the selection of suitable vat dyes
for use as pigments, following conversion to a physical form that is appropriate for
paint, printing ink and plastics applications. Of the vast numbers of known vat dyes,
about 25 have been fully converted to pigment use, although fewer are of real com-
mercial significance. These products are commonly referred to as vat pigments. In ad-
dition to the anthraquinonoids, certain perylene and perinone pigments originated
as vat dyes. There are, however, several other types of carbonyl pigment that have
been developed specifically for pigment use, mostly as high-performance pigments.
Individual chapters in this series are devoted to anthraquinonoid, quinacridone
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and diketopyrrolopyrrole pigments. Perylenes and perinones are described in a
single chapter because of their structural commonality, and a further chapter en-
compasses indigoids, isoindolines, isoindolinones, and quinophthalones, to com-
plete the coverage.

Figure 8.2: The chemistry of vat dyeing.

8.2 History

This section provides an overview of the historical developments over more than a
century that have led to the introduction of the diverse types of industrial carbonyl
pigments that are currently in commercial use. Further details are discussed in separate
chapters on the individual pigment types. In contrast to the azo dye class, carbonyl
dyes are found in nature. Madder, the principal component of which is alizarin (1,2-di-
hydroxyanthraquinone) [6], and indigo [7], were amongst the most important natural
dyes that were used for centuries to dye textiles. In the period after Mauveine was dis-
covered by Perkin in 1856 and introduced as the first synthetic dye manufactured on an
industrial scale, and at a time when organic chemistry was coming of age as a science,
a range of synthetic dyes were developed quite quickly to replace the natural products,
with synthetic pigments emerging soon after. The first commercial process for the syn-
thesis of indigo was developed in 1897, followed by thioindigo in 1905. Vat dyes, as
described in the previous section, were the application class of most interest as pig-
ments because of their insolubility. Indigo, which is still extensively used as a vat dye,
has never achieved real significance as a pigment, and thioindigoid pigments, while
important for a time, are now of little significance commercially. Several types of car-
bonyl pigment have experienced two distinct phases in their histories, whereby they
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were discovered in the early twentieth century, but their potential as high-performance
pigments was not realized until the mid-twentieth century. Before then, there was little
demand for pigments of the quality that they could provide. Several anthraquinonoid
vat dyes were eventually developed for use as pigments after conversion to a physical
form appropriate for pigment applications, including indanthrone which was discov-
ered in 1901. Many of these products, including indanthrone, became important high-
performance pigments. In more recent years, however, many original anthraquinonoid
pigments have declined in importance, and relatively few remain as current commer-
cial products. The linear trans quinacridones were first described in 1915 [8], their first
documented synthesis reported in 1935 [9], and they were introduced as commercial
pigments in the late 1950s. The histories of perylene and perinone pigments followed a
similar pattern. Isoindoline pigments were introduced in the 1950s as a group of high-
performance yellow pigments. In recent years, some early isoindoline pigments have
declined significantly in importance, although CI Pigment Yellow 139 has grown in stat-
ure. The structurally related isoindolinones were introduced to the market in the mid-
1960s. The first two pigments of this type, CI Pigments Yellow 109 and 110, set new
standards for levels of technical performance and remain important today. The chemis-
try of the quinophthalone system has seen intense research activity since its original
discovery in the late nineteenth century. However, CI Pigment Yellow 138 is currently
the only commercial pigment in this group. The most recently introduced group of car-
bonyl pigments are the diketopyrrolopyrroles. The formation of a diketopyrrolopyrrole
(DPP) derivative was first reported in 1974. In the 1980s, researchers from Ciba-Geigy
(now BASF) reinvestigated the product and recognized its potential as a pigment and,
following the development of an efficient synthetic route, products were launched on
to the market, eventually to become one of the most important groups of high-perfor-
mance organic pigments, especially in the red shade area.

8.3 Structures and properties

Carbonyl pigments adopt a much wider diversity of structural arrangements than is
the case with azo and phthalocyanine pigments. The broad carbonyl chemical class,
with the essential feature of carbonyl groups connected through a conjugated system,
may be separated into several sub-types each with its own characteristic structural fea-
tures. Figure 8.3 illustrates the molecular structures (1-8) of important industrial pig-
ments from each of the subclasses, with reference to their identification in Table 8.1.
As demonstrated by the Colour Index designations in Table 8.1, carbonyl pigments can
provide colors throughout the entire spectrum. A major reason underlying the indus-
trial importance of carbonyl textile dyes is their dominance of the vat dye application
class, for which azo dyes are not appropriate. Also, in other dye application classes
they can provide bright violet, blue and green colors, while azo dyes available in these
colors tend to be duller in shade. While carbonyl pigments can provide these colors,
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Figure 8.3: The structures of important representative examples of carbonyl pigment sub-classes.

the most important violet organic pigments are of the dioxazine class, and blue and
green pigments are provided by the phthalocyanines. As a general class, carbonyl pig-
ments provide technical performance that is superior to classical azo pigments, most
being described as high-performance pigments and often offering properties similar to
copper phthalocyanine. These products owe their high fastness to light, heat, and sol-
vents to the large molecular size of the polycyclic systems and high molecular planar-
ity, which provides solid state crystalline structures with highly compact, stacked
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Table 8.1: Carbonyl pigments, as illustrated in Figure 8.3.

Compound Carbonyl sub-class Cl Pigment
1 anthraquinononoid Blue 60
(indanthrone)

2 perylene Red 179

3 perinone Orange 43

4 quinacridone Violet 19

5 isoindoline Yellow 139

6 isoindolinone Yellow 110

7 diketopyrrolopyrrole Red 255

8 quinophthalone Yellow 138

arrangements and, in many cases, to the ability of the carbonyl group to participate
in intra- and intermolecular hydrogen bonding with other functionality in the mole-
cules. Further details can be found in the chapters devoted to individual sub-classes.

8.4 Synthesis and manufacture

The chemical sequences involved in the manufacture of the range of carbonyl pig-
ments are generally more elaborate and much less versatile than is the case with
azo pigments. Often the synthetic sequence involves multiple stages and the use of
specialist intermediates. Consequently, the number of commercial products is more
restricted, and they tend to be significantly more expensive than classical azo and
phthalocyanine pigments. The structures of the pigments are so diverse, as illustrated
by the structures selected for inclusion in Figure 8.3, that it is difficult to detect com-
monality, except that in many cases the conditioning processes used to convert
the crude products obtained from the synthesis into physical forms appropriate
for pigment applications are similar. In view of these features, in the chapters on
the individual sub-classes, the characteristic structural features of the most im-
portant carbonyl pigments are discussed in relation to performance, and the more
important synthetic routes are presented.

8.5 Applications

Carbonyl pigments frequently offer technical and coloristic advantages over other or-
ganic pigment types, notably their high levels of fastness performance and bright
colors. These features are essential to justify the high price required for commer-
cial viability. Thus, they are often aimed at applications where the high cost may be
justified, such as in automotive paint finishes and the coloration of plastics. Detailed
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description of the applications for which the different sub-classes are suited, and of
the individual pigments within each sub-class, are provided in the relevant chapters.
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9 Carbonyl pigments: miscellaneous types

Abstract: Carbonyl pigments are characterized by the presence of one or more car-
bonyl (C = O) groups in their structures, generally as a component of the chromophoric
grouping and as part of an extended conjugated m-electron system. Structurally, they
constitute a diverse group of pigments that offer a wide range of colors throughout the
spectrum, and most of them provide high levels of technical performance. This paper
provides a description of the historical development of thioindigoid, isoindoline, isoin-
dolinone, and quinophthalone pigment types, and discusses their molecular and crys-
tal structures in relation to their properties, the synthetic procedures used in their
manufacture and their principal applications. They provide some of the most important
high-performance yellow organic pigments for demanding applications in paints, inks,
and plastics. Separate individual chapters in this series are devoted the anthraquino-
noid, quinacridone, diketopyrrolopyrrole, perylene, and perinone carbonyl pigment
subclasses.

Keywords: carbonyl pigments, indigoid pigments, indigo, thioindigoid pigments,
thioindigo, quinophthalone pigments, quinophthalones, isoindolinone pigments,
isoindolinones, isoindoline pigments, isoindolines, tetrachloroisoindolinones, high-
performance pigments, intermolecular hydrogen bonding, CI Pigment Red 88, CI
Pigment Red 181, CI Pigment Yellow 138, CI Pigment Yellow 139, CI Pigment Yellow
109, CI Pigment Yellow 110, CI Pigment Yellow 173, CI Pigment Yellow 185, CI
Pigment Orange 6

9.1 Fundamentals

The principal chemical subclasses of industrial carbonyl pigments, namely the an-
thraquinonoids, quinacridones, diketopyrrolopyrroles, perylenes and perinone pig-
ments, are dealt with in separate individual chapters in this series. However, there
are other types of carbonyl pigments not included in these chapters. These miscella-
neous types are collected here for convenience and to complete the broad coverage
of the range of carbonyl pigments, but also because they exhibit some similarities
in their chemical structures, performance, and applications. The types of pig-
ments included here are indigoid (mainly thioindigo derivatives), isoindoline, iso-
indolinone, and quinophthalone pigments. Indigo itself is of interest historically
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and remains today an important vat dye. However, while highly insoluble, it has
been of little interest as a commercial pigment. A few thioindigo derivatives played
an important role in the range of pigments during the twentieth century but are now
no longer used to any significant extent in the major organic pigment applications.
The isoindolines, isoindolinones, and quinophthalones provide high-performance
yellow pigments, with a few oranges. While the products currently manufactured are
relatively few in number, these pigment types contain some of the most important
yellow pigments for highly demanding paint, ink, and plastics applications.

9.2 History

Indigo has a long history as a natural dye [1]. Its use in Peru is reported to date
back 6 millennia but it also extended much further worldwide. The name of the col-
orant is based on a plant species from which it is derived (Indigofera tinctoria),
well-known in India. It was traded in Egypt and, especially, in the Roman empire
where it was rather unromantically described by Pliny the elder as “being a slime
that adheres to the scum upon reeds. When it is sifted out it is black, but in dilution
it yields a marvelous mixture of purple and blue” [2]. Nobel laureate, Adolf von
Baeyer, began his work on the synthesis of indigo in 1865. His original synthesis
(from isatin) was described in 1878 but proved impractical, and so he developed a
second synthetic route in 1880 from 2-nitrobenzaldehyde. Based on his studies, he
ultimately reported the chemical structure in 1883 [3]. The first commercial process
for the synthesis of indigo was developed by BASF in 1897, followed shortly after by
MLB (Hoechst). In 1905, Friedldander, an assistant of von Baeyer, discovered thioin-
digo, the sulfur analogue of indigo. Although the parent compound has not experi-
enced significant industrial exploitation, substituted derivatives were developed
and introduced commercially as pigments in the 1950s to mid-1960s [4]. Isoindoline
pigments were developed in the 1950s by BASF and Ciba (now part of BASF), with
Bayer and Dainippon also playing a part in their development, and several products
were introduced commercially. In recent years, a number of isoindoline pigments
have declined significantly in importance. In contrast, one isoindoline, CI Pigment
Yellow 139, has grown in stature and is now offered as a high-performance pigment
by several manufacturers. The structurally related isoindolinones were first patented
by ICI in 1946, although the original patent does not mention their use as pigments
[5]. However, the market for high-performance organic yellow pigments barely ex-
isted when the discovery was made, as lead chromate yellow satisfied most industrial
needs and at a fraction of the price at which the isoindolinone pigments could be
manufactured. The first commercial pigments were patented in 1956 by Pugin and
associates at Geigy (prior to its merger with Ciba) and were introduced to the market
under the Irgazin designation in the mid-1960s. When the two earliest pigments CI
Pigments Yellow 109 (Irgazin Yellow 2GLT) and 110 (Irgazin Yellow 3RLT), were
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introduced, they set new standards for lightfastness matching or even surpassing
other more expensive carbonyl-based vat pigments. The quinophthalones are a
group of colorants the origin of which may be traced back to 1882 when Jacobsen
obtained the parent compound by reacting quinaldine with phthalic anhydride.
Initially, quinophthalones were used as textile dyes. Quinoline yellow is a water-
soluble acid dye, a food dye in Europe (E104) and a cosmetic colorant in the US
(D&C Yellow 10). Non-ionic disperse dyes and solvent dyes based on the qui-
nophthalone structure were also developed. The first pigments were described in
the 1960s by BASF, Sandoz and Ciba. However, the first commercial product, CI
Pigment Yellow 138, was launched by BASF in 1973. This pigment is similar in col-
oristics and fastness properties to CI Pigment Yellow 109. Although quinophth-
alone chemistry has been an active area of research over the years, with several
products proposed, CI Pigment Yellow 138 is currently the only commercial pig-
ment in this group.

9.3 Structures and properties
(a) Indigoid pigments

Indigo (1) is one of the oldest known natural dyes and was the first vat dye [1].
Natural indigo dyeing starts with extracts from the leaves of certain plants of the
Indigofera and Isatis species, subjected to a fermentation process, and the process is
completed by air oxidation. The structure of indigo is given in Figure 9.1. Although
natural dyeing of textiles with indigo is still practiced to an extent in certain commu-
nities and settings, for more than a century it has been manufactured synthetically
on a large scale. Synthetic indigo remains a highly important blue vat dye, by far its
most important use being to dye denim. Indigo is an intriguing compound in that it
absorbs at such long wavelengths for such a small molecule. Although quite insolu-
ble due to strong association by intermolecular hydrogen bonding and m-rt stacking
in its crystal structure, demonstrated by X-ray crystal structure analysis, indigo has
never assumed real commercial significance as a pigment [6, 7]. Thioindigo (2a), the
sulfur analogue illustrated in Figure 9.1 with reference to Table 9.1, is itself not
regarded as important but a series of substituted derivatives were introduced in-
dustrially, initially as vat dyes. At least seven of these products were later to be com-
mercialized as pigments. The chlorinated derivatives (2b) and (2c), CI Pigments Red
88 and 181, as illustrated in Figure 9.1 with the substituent pattern identified in Table
9.1, exhibit fastness to light and solvents that meet the requirements of high-perfor-
mance applications and have been of some importance for application in paints and
plastics although the former is now discontinued, and the latter finds only specialty
applications.
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Figure 9.1: The molecular structure of indigo (1), and thioindigo derivatives (2).

Table 9.1: The substituent pattern in thioindigoid colorants.

Compound Cl Pigment Red R! R? R3
2a - H H H
2b 88 Cl H Cl
2 181 CHs cl H

(b) Isoindoline pigments

The molecular structures of isoindolines are derived from a central isoindole unit
connected by two methine (-C=) links to other units [8,9,10]. Isoindoline pigments of
a variety of related structural types (3) — (7) (Figure 9.2), have been introduced com-
mercially. These pigments provide high levels of technical performance in yellow
through orange to yellowish-red shades. The most important product in the series is
the reddish yellow CI Pigment Yellow 139 (3). This pigment is particularly noteworthy
in that it can produce high opacity, almost matching that of inorganic pigments,
when prepared in an optimum particle size form. Other isoindoline pigments that
have been introduced commercially include CI Pigment Yellow 185 (4), CI Pigments
Orange 66 (5a) and 69 (6), and CI Pigment Red 260 (7). The low solubility of these
pigments is attributed to their highly ordered crystalline assemblies, the main driving
force being strong intermolecular hydrogen bonding. As an example of the intermo-
lecular association in isoindoline structures, X-ray crystallography has demonstrated
that compound (5b) adopts an intermolecular hydrogen bonding arrangement be-
tween cyano and amide substituents, as illustrated in Figure 9.3 [11].

Isoindolinone pigments are related structurally to the isoindolines, with a carbon
atom attached to the isoindole unit replaced by nitrogen [9, 12]. Structures of products
that have been commercialized are illustrated in Figure 9.4. They constitute a range of
yellow and orange pigments that show outstanding properties, providing excellent
lightfastness and resistance to solvents and chemicals, suited to the most demanding
paint, ink, and plastics applications. There are certain similarities in the structures of
the isoindolinones compared with disazo condensation pigments, since they are mostly
symmetrical structures derived from two isoindole units linked using a condensation
reaction with an aromatic diamine. The most important industrial examples of this
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Figure 9.2: The structures of isoindoline pigments.

group of pigments are the greenish-yellow CI Pigment Yellow 109 (8) and the reddish-
yellow CI Pigment Yellow 110 (9). CI Pigment Orange 61 (10), which contains an azo
group in its molecular structure, is produced commercially for plastics applications. A
red product, CI Pigment Red 180, is no longer of commercial importance. These pigments
have traditionally been referred to as tetrachloroisoindolinones based on the four chlor-
ines in each isoindole benzene ring (so that the molecules contain eight chlorines in
total). Sandoz (now Clariant) introduced the greenish-yellow CI Pigment Yellow 173 (11),
which does not contain chlorine in the isoindole benzene rings but has two chloro sub-
stituents in the central bridging ring. The pigment is a dull greenish yellow with slightly
lower levels of fastness properties compared with the much more highly chlorinated
products. It has recently been withdrawn by Clariant. Evidently, the complete chlorina-
tion of the isoindole benzene rings plays an essential part in determining the shade and
high levels of fastness properties of this group of pigments and, in contrast to many
other chlorine-rich products, they exhibit reasonably high tinctorial strength.



74 —— 9 Carbonyl pigments: miscellaneous types

Figure 9.3: Intermolecular hydrogen bonding in isoindoline (5b).

(c) Quinophthalones

Quinophthalone pigments have been extensively investigated over the years but ap-
pear to have been less extensively commercialized. The only significant commercial
pigment is CI Pigment Yellow 138 (12), a high-performance greenish-yellow pig-
ment, as illustrated in Figure 9.5 [13]. The crystal structure of CI Pigment Yellow
138 has been determined from X-ray powder diffraction data with Rietveld re-
finement. The tautomeric form was established by solid-state multinuclear NMR
studies as the NH-tautomer, the NH hydrogen atom attached to the quinoline
unit forming an intramolecular resonance-assisted hydrogen bond with the
neighboring indandione unit. The indandione unit is almost coplanar with the
quinoline unit, whereas the phthalimide group forms an angle of 57° with this
unit, caused by intramolecular steric hindrance [14].

9.4 Synthesis and manufacture

The most important synthesis route to thioindigo pigments (Figure 9.6) involves the
treatment of the appropriately substituted thiophenol (13) with chloroacetic acid to
give the arylthioacetic acid (14). Cyclization of this intermediate using chlorosulfonic
acid gives thioindoxyl (15), which is then oxidatively dimerized either with air or a
variety of inorganic oxidizing agents to the thioindigo (2). Conditioning of the crude
product can be achieved by milling with salt or reprecipitation from sulfuric acid, fol-
lowed by solvent treatment.

Isoindolines may be prepared from condensation reactions of 1-amino-3-iminoi-
soindoline (17) (1 mol), an intermediate proposed in the formation of copper phthalocy-
anine, with compounds containing reactive methylene groups (2mol), barbituric acid
(18) in the case of CI Pigment Yellow 139 (3) and a cyanoacetanilide (19) in the case of
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Figure 9.4: The structures of isoindolinone pigments.

compounds (5a) and (5b), as illustrated in Figure 9.7. As an example, in a synthetic
sequence leading to pigment (3), compound (16), formed by treatment of phthalonitrile
(15) with ammonia gas in a water miscible organic solvent, is added without isolation
to an aqueous solution of barbituric acid (18), formic acid and a surfactant. After a pro-
longed period at the boil, the pigment is filtered, washed, and dried. It is important
that the two condensation reactions may be carried out in separate stages to allow the
efficient preparation of unsymmetrical isoindolines, such as compounds (4), (6) and (7).

The tetrachloroisoindolinones, CI Pigments Yellows 109 (8) and 110 (9), and CI
Pigment Orange 61 (10) may be synthesized by the condensation of a suitable chlori-
nated precursor, for example either of compounds (20a), (20b) or (21) (2mol), with
the appropriate aromatic diamine (1mol) in a high boiling organic solvent at around
160-180°C, as illustrated in Figure 9.8. When reaction is complete, the pigment is fil-
tered hot, washed, dried, and milled. CI Pigment Yellow 173 may be prepared from a
similar precursor that is unchlorinated in the benzene ring.

The quinophthalone pigment, CI Pigment Yellow 138 (12), may be prepared by
the acid catalysed condensation of 8-amino-2-methylquinoline (22) (1 mol) with tet-
rachlorophthalic anhydride (23) (2mol), as illustrated in Figure 9.9. The process is
conducted for prolonged times at around 180°C leading after filtration to the crude
product. Conditioning can involve organic solvent or alkali treatments or milling
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Figure 9.5: The structure of quinophthalone pigment (12).

Figure 9.6: Synthesis of thioindigo pigments.

with surfactants. To produce a finer particle size grade which is greener and more
transparent, the crude product is conditioned at a lower temperature. A coarser ver-
sion is obtained by conditioning at higher temperatures leading to a slightly redder
shade but with much higher opacity.

9.5 Applications
Thioindigoid pigments

Cl Pigment Red 88 (2b)

For many years this was an important product, mainly for the paint industry, where
it was used in high-performance paints, including automotive original finishes. It
was often preferred to the quinacridone reddish violet, CI Pigment Violet 19 (B-form),
for its deeper more intense bordeaux shade. It provided very good to excellent fast-
ness to light and weathering. It was stable to 200°C, and fastness to overspraying
was excellent in paints stoved at 120°C, but a little less fast at 160°C. Its resistance to
solvents is less than perfect, especially ketones, in this respect being significantly in-
ferior to the quinacridone pigment. The lack of brightness of the product when used
in white reduction limited its use in such applications, in which quinacridone pig-
ments are preferred. The pigment used to have a serious defect in that it could gener-
ate hydrogen sulfide in acidic conditions, resulting in the paint having a “rotten egg”
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Figure 9.7: The synthesis of isoindoline pigments.

Figure 9.8: Synthesis of isoindolinone pigments.

smell. Just before the pigment was generally withdrawn, a new grade was introduced
that did not show this defect. In plastics, it could be used in PVC, but lacked excellent
fastness to migration in plasticized PVC, although as purer grades were introduced,
migration fastness improved. In polyolefins heat stability could vary. While the best
grades were stable to 300°C, others were stable only to 260°C. The pigment produced
quite severe dimensional instability problems, leading to warpage in injection mold-
ings. It was frequently used for spin dyeing of polypropylene. However, all of this is
history. Environmental concerns involved in the manufacturing process have led to
the major manufacturers ceasing the marketing of this pigment and there are no lon-
ger any products registered in the Colour Index.

Cl Pigment Red 181 (2¢)

This pigment is still marketed in modest quantities despite its high price. It has two
main specialty applications. When incorporated into polystyrene and other styrenic co-
polymers it dissolves to produce a very bright pink shade, which becomes trapped in
the polymer matrix on cooling, thus providing excellent fastness properties. The other
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Figure 9.9: Synthesis of quinophthalone pigment, Cl Pigment Yellow 138 (12).

application is as a cosmetic colorant (D&C Red 30 in the USA, CICN 73360 in the EU). It
provides the red stripe frequently seen in toothpaste.

Isoindoline Pigments

Cl Pigment Yellow 139 (3)

This pigment is available as a high color strength, transparent product and also as
a highly opaque reddish yellow product. It has found markets mainly in paint and
plastics on account of its reddish-yellow shade and generally excellent fastness
properties, especially the highly opaque, redder grade which is ideally suited to re-
place lead chromate yellows, either alone or in combination with alternative inor-
ganic pigments. It has excellent fastness to light and weather especially in deep
shades, although it darkens when used alone in full and near full shades. It pro-
vides very good flow behavior in applications which allows it to be used at high
concentrations, up to 1:4 parts pigment to solid binder). Its weakness is inferior re-
sistance to alkali, which may limit its use in some water-based systems such as
emulsion (latex) paints. The opaque form is considered good enough for original
equipment automotive paints. The more transparent version fades at nearly twice
the rate. It is highly insoluble and does not dissolve in any of the solvents normally
used in the paint industry. It is stable to 200°C. It is widely used in the plastics in-
dustry for the coloration of PVC and polyolefins but is not recommended for styr-
enic co-polymers or engineering polymers. In PVC it is resistant to bleeding. In full
shade it has excellent lightfastness, but this decreases rapidly in reductions. In pol-
yolefins it does not migrate and has generally good lightfastness, although it dark-
ens quite severely in full shade. It is stable up to 250°C, but above that temperature
it starts to decompose becoming much darker. It has a low warpage effect in injec-
tion moldings and can be used in polypropylene fibers. In inks, it can replace disa-
zoacetoacetanilide (diarylide) yellows and chrome yellows, when high-quality
prints are demanded such as in metal decorating and laminate printing. It is also
highly recommended for security printing. The pigment is highly recommended for
use in colored toners for photocopying and laser printing and can be used in sol-
vent-based inkjet inks. Recent rationalizations have seen the range of isoindoline
pigments severely pruned but, in contrast, CI Pigment Yellow 139 has grown in
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stature and is now offered in both high color strength and opaque reddish yellow
versions by several leading manufacturers.

Cl Pigment Yellow 185 (4)

This pigment is a green shade yellow isoindoline pigment used mainly in the ink in-
dustry, especially for packaging and digital printing inks. Its lightfastness is inferior
to CI Pigment Yellow 139 (3) but is considerably superior to most disazoacetoacetani-
lide (diarylide) yellow pigments, which it can replace coloristically, if good alkali sta-
bility is not required.

Other isoindoline pigments that are no longer actively marketed include CI
Pigment Orange 66 (5a), a yellowish orange product that was mainly used in paints,
CI Pigment Orange 69 (6), also a yellowish orange that was supplied as a high opac-
ity pigment with excellent fastness properties, and CI Pigment Red 260 (7).

Isoindolinone pigments

Cl Pigment Yellow 109 (8)

This is a clean, greenish-yellow shade pigment, which is suitable for use across
most pigment applications, but its use is limited to areas where cost is less impor-
tant than a high level of fastness properties. It is very insoluble in most organic sol-
vents, and highly heat stable, providing the pigment does not dissolve in the
polymer in which case the color becomes unstable. Its main applications are in the
paint and plastics industry. In paints, it can be used for most automotive and indus-
trial finishes, in full and strong shades, often in combination with copper phthalo-
cyanines and inorganic pigments. Its lightfastness decreases quite rapidly in paler
shades and it darkens features that limit its application. The classical grade is rated
as opaque, so that it is unsuitable for metallic finishes. Its dominance in the green-
ish yellow shade area for paint applications has been reduced by competition from
benzimidazolone azo pigments CI Pigments Yellow 151 and 154. The latter is about
20% stronger, while the former lacks the excellent alkali stability of the isoindoli-
nones, and thus is less suitable for aqueous paints. Neither of these two benzimida-
zolone azo pigments matches the outstanding heat stability of the isoindolinones.
In plastics, CI Pigment Yellow 109 is mainly used in polyolefins, where its heat sta-
bility is its main advantage, stable up to 300°C in full shade, although decreasing
somewhat as the proportion of titanium dioxide increases. Its tinctorial strength is
quite good. It has an adverse effect on dimensional stability leading to warpage in
many injection moldings. In PVC, it is fast to migration at temperatures rising from
a limit of 160°C for pale reductions up to 200°C in full shade. Its lightfastness is
good to very good, but that is not considered quite sufficient for most coil coating
applications. While CI Pigment Yellow 109 competes with the benzimidazolone azo
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pigments in paints, in plastics it competes more with the greener shade disazo con-
densation yellow pigments, where its lightfastness is usually slightly inferior. In
inks, it has good heat stability, making it suitable for demanding applications such
as metal decorative finishes and laminate paper printing.

Cl Pigment Yellow 110 (9)

Because CI Pigment Yellow 110 has a much redder shade, it rarely competes with CI
Pigment Yellow 109 (8), although it is generally found to have superior fastness prop-
erties. In paints, its very high lightfastness and weatherfastness meet the require-
ments for automotive original equipment, usually considered as one of the most
demanding paint applications. It has excellent fastness to most solvents and meets
most requirements for heat stability. There are numerous grades available, differing
mainly in particle size distribution, the finest of which (Irgazin Yellow L2040) is
transparent and can be used for metallic and pearlescent finishes, whereas the coars-
est grade (Irgazin Yellow L2060) is opaque and is suitable for opaque, full shades
with high color saturation. In plastics, it is widely used in polymers, especially poly-
olefins, PVC, and styrene-based polymers. In polyolefins it is stable up to 300°C, de-
creasing only slightly in reductions. It has excellent lightfastness in all but the palest
of reductions, but it causes dimensional instability in crystalline polymers leading to
warpage in injected molded articles, especially those produced at lower tempera-
tures. In PVC it is fast to migration and has excellent lightfastness, even for demand-
ing applications like window profiles and coil coatings. It can be used in polystyrene
copolymers, including ABS. The pigment can be used for high value inks, where its
excellent properties, especially heat stability, make it an ideal choice. These applica-
tions include laminate printing inks and metal decorative inks.

Cl Pigment Orange 61 (10)

This pigment provides a yellowish shade of orange and was used widely in paints,
plastics, and inks. However, it has only moderate solvent fastness, a feature that
limits its application in high-performance paints and it does not offer lightfastness
comparable with the yellow isoindolinone pigments. It is now only offered in the
BASF plastics range under the Irgazin designation. In plastics, it is suitable for poly-
olefins, where it has very good heat stability up to 300°C but provides low tinctorial
strength. Its lightfastness is rated as excellent and it has slightly better weatherfast-
ness than the DPP pigment (CI Pigment Orange 71), which has a similar color and
tinctorial strength. It has a high tendency to cause warping of injection moldings.
The pigment is widely used in PVC, where it provides excellent fastness to migra-
tion and lightfastness.
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Cl Pigment Yellow 173 (11)

The dull, greenish-yellow shade of this pigment has limited its applications and it
is no longer offered by Clariant, the only company to register it in the Colour Index.
Its main use was in coatings, being essentially insoluble in hydrocarbons, but hav-
ing some solubility in polar solvents. Its high transparency made it useful for metallic
effects in combination with other transparent pigments. It was tinctorially stronger
than other isoindolinone pigments and its heat stability was high enough for most ap-
plications, 160°C or even higher in strong shades. Its lightfastness was rated as very
good to excellent, even in pale reductions. Although it was not recommended for plas-
tics, it had good heat stability up to 300°C, but tended to dissolve as it approached this
maximum, leading to solvent dye behavior. When it dissolved it became stronger and
cleaner in shade but returned to its pigmentary form on cooling, while retaining its col-
oristic performance.

Quinophthalone Pigments

While quinophthalones have been extensively investigated, with several potential
products proposed, CI Pigment Yellow 138 remains the only commercial pigment
with a quinophthalone structure.

Cl Pigment Yellow 138 (12)

The pigment is greenish yellow in color and has found an extended range of appli-
cations. It is available in high color strength and high opacity grades depending on
the processes used in conditioning the crude pigment. The coarser grade has a
slightly redder shade but with much higher opacity. This grade has excellent fast-
ness properties and is used mainly in paints and plastics but with some limited ap-
plications in inks. The stronger, less opaque version is greener, and has good to very
good lightfastness. In paints it has heat stability up to 220°C. The opaque grade has
very good to excellent lightfastness and weatherfastness in full shade, but these prop-
erties decrease even at quite strongly colored reductions, while the higher strength ver-
sions exhibit lower levels of fastness performance. It is slightly superior in performance
to the much redder CI Pigment Yellow 139 (3) but does not reach the weatherfastness
levels of CI Pigment Yellow 110 (9). Its resistance to solvents is excellent. It has been
widely used to replace lemon chrome pigments for demanding applications, including
automotive finishes. It can be used in decorative paint tinting systems, but its stability
to alkali in decorative paints can be problematic. The pigment finds wide application
in plastics, including styrenic polymers and while not recommended for engineering
polymers, it is sometimes used. In PVC it is fast to migration and gives excellent light-
fastness in stronger shades. Its heat stability in polyolefins is up to 270°C with very
good to excellent fastness to light and weather. It does have quite a strong tendency to
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affect the dimensional stability of injection moldings, especially when molded at lower
temperatures. Economics limit its use in inks, but it is recommended for metal decora-
tive inks and can be used for inkjet inks and toners.
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Robert Christie and Adrian Abel
10 Cationic (Basic) dye complex pigments

Abstract: Cationic (or basic) dye complex pigments are classical organic pigments
obtained from water-soluble cationic dyes for textiles, mainly of triarylmethine (ar-
ylcarbonium ion) types, which are precipitated using large inorganic counterions, es-
pecially those derived from heteropolyacids such as phosphotungstomolybdic acid
or, to a certain extent, using the counteranion derived from copper ferrocyanide. This
range of pigments includes red, violet, blue and green products, offering brilliant
shades, high color strength and good transparency. They are well suited to printing
ink applications, although they provide only moderate levels of fastness properties.
The pigments are synthesized by treating aqueous solutions of the dyes under highly
controlled conditions with solutions of the heteropolyacids, prepared in situ. The cop-
per ferrocyanide salts are obtained by treatment of potassium ferrocyanide with so-
dium sulfite in water, and subsequently with solutions of the cationic dye and copper
(I1) sulfate. The pigments are primarily used in inks for packaging and advertising ma-
terials. However, they have little use outside printing inks. Reflex or alkali blue pig-
ments are structurally related cationic dye derivatives which are inner salts of the dye
structures and are also used in printing inks.

Keywords: cationic dye complex, basic dye complex, triarylmethine, arylcarbonium
ion, heteropolyacids, phosphotungstomolybdate, phosphomolybdate, phosphotung-
state, reflex blue, copper ferrocyanide, alkali blue

10.1 Fundamentals

This long-established group of pigments is variously described as cationic dye com-
plex pigments, basic dye complex pigments, arylcarbonium ion pigments, or triaryl-
methine pigments [1, 2]. The traditional terminology, triarylmethane, is also still
often used to an extent in the chemical classification, although this term is strictly
not correct. The pigments are obtained from water-soluble cationic (basic) dyes, which
are well-known as dyes for textile applications, by converting them to insoluble salts
using large counterions anions derived from certain inorganic acids, especially those
known as heteropolyacids [3]. Alternatively, counteranions derived from copper ferro-
cyanide may be used. The pigments offer a range of bright and very strong colors, well
suited to printing ink applications, although with only moderate levels of fastness
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properties. Reflex or alkali blue pigments are structurally related cationic dye deriva-
tives that are inner salts of the dye structures and are also used in certain printing ink
applications.

10.2 History

Historically, cationic (basic) dyes based on triarylmethine (arylcarbonium ion) chemi-
cal structures were the earliest synthetic textile dyes, introduced in the nineteenth
century for the dyeing of cotton, wool, and, especially, silk. Mauveine, a purple dye
discovered by Perkin in 1856 and the first synthetic dye to be manufactured on an
industrial scale, belonged to this group [4]. Nowadays, cationic dyes are used princi-
pally to dye acrylic fibers, in which they provide intense, bright colors covering virtu-
ally the complete shade range. Among the earliest synthetic organic pigments were
lakes derived from the known water-soluble cationic dyes precipitated using counter-
anions derived from certain organic acids in the presence of colorless insoluble inor-
ganic substrates such as alumina hydrate. In these products, the dyes not only formed
salts, but also were absorbed into the substrates. One of the best-known colors of this
type is nigrosine, a black dye precipitated with oleic acid. The applications of these
products were limited, although they were used to an extent in early flexographic
inks. The early products retained the brilliance and intensity of color that is character-
istic of the cationic dyes but were fugitive [5]. It was subsequently found that products
with better lightfastness could be obtained by precipitation of the cationic dyes with
large polymeric counteranions. The earliest pigments were developed by BASF in 1913
and commercialised under the designation Fanal. In 1917, Immerheiser and Beyer pat-
ented the use of inorganic acids containing tungsten or molybdenum to insolubilise
the cationic dyes. The products were not immediately viable on cost grounds, as mo-
lybdenum and tungsten were in short supply due to the demand for these metals espe-
cially for munitions manufacture in World War I. Indeed, through subsequent history,
the cost of these metals has fluctuated due to supply and demand issues, for example
during the Great Depression of the 1930s. In 1921, Lendle patented the use of phospho-
molybdate and phosphotungstate ions derived from the so-called heteropoly acids
with various cationic dyes, and in 1927 Hartman introduced mixed products. These
pigments proved to have superior lightfastness compared with earlier products and
several have stood the test of time and remain as commercially viable products. It was
also found that the copper ferrocyanide anion may be used as the counteranion.

The history of the structurally related reflex (or alkali) blues dates back to the
earliest days of synthetic dye chemistry and cuts across international boundaries.
Two years after Perkin had discovered Mauveine, Verguin, a French chemist patented
Fuchsine in 1859, a brilliant scarlet dye, named after the plant genus “fuchsia” which
in turn was named after the German botanist Fuchs [2].
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In 1861, Girard and deLaire found that when Fuchsine was heated with aniline, a
blue compound, known as Lyon Blue, was formed. In the UK in 1862, Nicholson inves-
tigated the sulfonation of Lyon Blue aiming to make the compound water soluble by
incorporating sulfonic acid groups. The monosulfonated compound, now known as re-
flex blue, unexpectedly turned out to be insoluble, as it had formed an insoluble inner
salt. It was found that it could be converted into a soluble dye by forming the sodium
salt, hence alkali blue.

10.3 Structures and Properties

The most important cationic dyes used to prepare the pigments are represented by
structures (1), (2) and (3), as illustrated in Figure 10.1, together with the counteranions
and substituent patterns identified in Tables 10.1-10.3. In terms of chemical class,
the dyes are referred to as triarylmethine or arylcarbonium ion dyes. The essential
structural feature of the dyes is a central carbon atom attached to three aromatic
rings [6, 7]. With dyes (3), there is bridging across the ortho-ortho’ positions of two of
the aromatic rings thus forming a heterocyclic ring. These dyes are of the xanthene
chemical class, and the most important compounds are referred to as rhodamines.
Formally, dyes (1) — (3) contain a carbonium ion (carbocation) center, the central car-
bon atom, hence the reference to arylcarbonium ion colorants, although the mole-
cules are resonance-stabilized by delocalization of the positive charge on to p-amino
nitrogen atoms. Cationic dyes used for the coloration of textiles have unparalleled
color strength and can offer very bright, indeed sometimes fluorescent, colors. The
range of commercial pigments prepared from these dyes provides reds, violets, blues,
and greens that show high brilliance and intensity of color, together with high trans-
parency. Thus, they are well-suited to printing ink applications, especially when
good fastness to light and heat, and stability to alkali are not essential.

The counteranions primarily responsible for the insolubility of the pigments are
large polymeric oxoanions of acids of a metal, either molybdenum or tungsten and a
non-metallic element, either phosphorus or silicon [3]. These metals and non-metals
are bonded to multiple oxygen atoms, some of those attached to acidic hydrogens.
The central non-metal (P or Si) forms a tetrahedral arrangement with oxygens and the
metal (Mo or W) forms octahedral arrangements that connect together by sharing cor-
ners or faces. The exact nature of the species formed depends on the elements used,
their proportions and the conditions, notably pH and temperature, used in their prepa-
ration. The salts with three elements in the composition (PTM, STM) are referred to as
triple salts, and from two (PM, PT, SM) as double salts. There are no standard propor-
tions of the components, so they can be varied to meet the required coloristic proper-
ties, the economic demands, or as a compromise. Copper ferrocyanide complex salts,
formed from copper (I) hexacyanoiron (II) acid, HCus[Fe(CN)4] (CF) may be used as
alternatives. As a general principle, PTM salts produce brighter shades and better
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Figure 10.1: Structures of the cationic (basic) dyes used to prepare the complex pigments.

Table 10.1: Substituent pattern in cationic dye complex pigments (2).

Dye Cl pigment R R! R? *Counteranion (Y)
1a, Methyl Violet Violet 3 CHs3 NHCH; H PTM or PM

1a, Methyl Violet Violet 27 CHs3 NHCH; H CF

1b, Crystal Violet Violet 39 CHs N(CHs), H PTM or PM

1c, Cl Basic Blue 1 Blue 9 CHs H Cl PTM or PM

1d, Diamond Green G Green 1 CH,CH; H H PTM or PM

Table 10.2: Substituent pattern in cationic dye complex pigments (2).

Dye Cl pigment R *Counteranion (Y')
2a, Victoria Pure Blue B Blue 1 CH3 PTM or PM
2b, Victoria Pure Blue R Blue 62 CH,CH; CF

lightfastness, an effect that has been attributed to the counteranion acting as a
UV filter, thus inhibiting photo-oxidation [8]. The PM salts are less lightfast. PTM
salts are more expensive due to the higher cost of tungsten. However, they tend to
have a softer texture and are thereby usually easier to disperse. Silicate-based deriva-
tives were introduced as lower cost alternatives. Silicomolybdate complexes (SM) give
rise to particularly good texture. However, their manufacturing process is more com-
plex. This group of pigments can be considered structurally as the converse of
lakes (metal salt pigments) derived from colored anionic species, mainly based on
monoazonaphthols, rendered insoluble as salts of alkaline earth metals (notably Ca
and Ba) or transition metals, especially manganese [1]. More recently, pigments have
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Table 10.3: Substituent pattern in cationic dye complex pigments (3).

Dye Cl pigment R? R? R? *Counteranion
3a, Rhodamine 6G Red 81 H CHs CH,CHs PTM, PM, or SM
3a, Rhodamine 6G Red 169 H CH; CH,CHs3 CF

3b, Rhodamine B Violet 1 CH,CH; H H PTM, PM, or SM
3¢, Rhodamine 3B Violet 2 CH,CH5 H CH,CHs PTM

*The counteranions in Tables 10.1-10.3 are referred to by appropriate initials, phosphomolybdate
(PM), phosphotungstomolybdate (PTM), silicomolybdate (SM), silicotungstomolybdate (STM), and
copper ferrocyanide (CF).

been reported in which cationic dye complex pigments have been precipitated on to
the inorganic pigment ultramarine [9]. CI Pigment Blue 88, which appears to be based
on this concept, has been registered in the Colour Index [10].

A different type of cationic dye derivative gives rise to pigment products referred
to as reflex or alkali blue. The pigments may be represented by the general structure
(4), which are inner salts of the sulfonated dye structures, i.e., with both cationic and
ionic centers within the structure, as illustrated in Figure 10.2. The structure is based
in the parent compound, known as parafuchsin, the unsulfonated derivative with
R'=R?=R>=H. The pigments are intense reddish blue and are used in certain print-
ing ink applications. The two pigments of this type registered in the Colour Index are
CI Pigment Blue 56, a greener shade product, and CI Pigment Blue 61, a redder shade
product. Although the Colour Index designates the constitution of the pigments spe-
cifically, they are in fact complex mixtures of chemically similar species with varying
substituents and degrees of sulfonation. The color can be modified towards greener
shades by increasing the number of phenyl ring substituents. Compounds with three
phenyl rings (R'= R*=R’>= C¢H,CH;/CcHs) and two phenyl rings (R'=R?=C¢H,CH;/
CeHs, R’ = H) are currently important products. The CH; groups are predominantly po-
sitioned meta to the secondary amino groups [2, 11]. The term “reflex” arises from the
red sheen (reflex) that it provides in prints, used to advantage to give a black ink a
more jet-black appearance. This contrasts with use of the inorganic pigment Prussian
Blue which gives a green sheen, referred to as bronzing.

10.4 Synthesis and manufacture

The dyes used to manufacture the cationic dye complex pigments are long established.
Since the synthetic procedures used for the industrial scale manufacture of the dyes for
textile applications are also long established and well documented in the literature on
textile dye chemistry [2, 6, 12], they are not covered further here. The focus in this
paper is thus on the methods used to insolubilize them to form pigments. The pigments
are precipitated when aqueous solutions of the water-soluble dyes are treated under
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Figure 10.2: Structures of reflex (alkali) blue pigments.

appropriate conditions with solutions of the heteropolyacids, prepared in situ. In the
manufacture of the pigments based on phosphomolybdic acid (PM), aqueous solutions
of sodium molybdate (from molybdenum trioxide and aqueous sodium hydroxide) are
added to aqueous solutions of disodium hydrogen phosphate. This solution is then
acidified with either hydrochloric or sulfuric acid to the required pH, and then added
to an aqueous solution of the cationic dye at around 65°C. In the case of the pigments
based on phosphotungstomolybdic acid (PTM), a proportion of tungsten trioxide is in-
corporated into the process. The acid on which the copper ferrocyanide salts are based
is obtained by reaction of an aqueous solution of potassium ferrocyanide, K,[Fe(CN)¢]
with sodium sulfite as a reducing agent, and the resulting solution is added to a solu-
tion of the cationic dye. Finally, a copper (II) sulfate solution is added at 70°C. In all
cases, the conditioning process in the pigment manufacture involves heating the aque-
ous reaction mixture to the boil, optionally in the presence of a surfactant. The pigment
is collected by filtration and washed. The pigment may be finished by drying and mill-
ing to a powder. However, the pigment particles, because of their high polarity and
fine particle size, tend to form hard agglomerates and aggregates and can be notori-
ously difficult to disperse. While dispersible powder grades are now available, com-
monly the pigments are supplied in the form of flush pastes, obtained by mixing the
aqueous pigment press-cake with an ink binder in the presence of surfactant, whereby
the pigment transfers from the aqueous phase to the oil phase to give a flush paste
containing up to 40% pigment. The medium used to manufacture the flush paste is
selected to conform to the requirements of the ink maker, for example products based
on linseed oil, mineral oil, or heat-setting resins.

The most important synthetic route to reflex blue pigments is outlined in Figure
10.3. P-chlorobenzotrichloride (1 mol) and chlorobenzene (2mol) undergo Friedel Crafts
arylation reactions to form intermediate (5), which is then condensed with m- or p-tolu-
idine and aniline to form the free base (6) after treatment with alkali. It is possible to
carry out this phase of the reaction sequence stepwise so that two or three differently
substituted arylamino groups can be incorporated. The crude pigment (4) is then ob-
tained by sulfonation with 20-40% sulfuric acid in a solvent such as chlorobenzene
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[2]. The pigmentary form is obtained by dissolving in alkali and reprecipitating with a
mineral acid in the presence of a surfactant, and it is then filtered, dried, and milled,
or converted to a flush paste.

Figure 10.3: Synthesis of reflex (alkali) blue pigments.

10.5 Applications
10.5.1 Cationic dye complex pigments

The current range of cationic dye complex pigments based on heteropolyacids (PM,
PTM) offer brilliance of shade, high color strength and good transparency, but gen-
erally low fastness to alkalis, polar solvents, and even to water. They are especially
valued by the packaging industry and printers of advertising materials, although they
have little use outside printing inks. Their lightfastness is at best moderate, so that
when used in the three or four color processes they are invariably the first colors to
fade. However, they command a fairly high price due mainly to the high costs of the
metals used in their manufacture. The copper ferrocyanide (CF) pigments have lower
brightness and poorer lightfastness, fading at double to four times the rate of the het-
eropolyacid based products (PM, PTM). They can also lead to premature drying when
used in oil-based inks, forming a hard skin. However, they have the advantage of
being significantly more stable in water-based inks, especially at higher pH values.
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10.5.1.1 CI Pigment Red 81 (3a)

The most common grades registered in the Colour Index are the PTM salts (CI Pigment
Reds 81 and Red 81:4) or the more recent SM salts (CI Pigment Red 81:5). These pig-
ments all provide a bright pink shade that cannot be matched by any other commer-
cial pigment. Therefore, they are used as a standard for certain types of printing inks,
known as Process Red in the US. The pigment lacks fastness to polar organic solvents
but have quite good stability to aliphatic and aromatic hydrocarbons. They have only
moderate fastness to light as they darken and fade. Several marketed pigments are
registered in the Colour Index as simply CI Pigment Red 81 (i.e., without the colon
number suffix) but are not the PTM salt. Indeed, some manufacturers even indicate in
their trade name that their commercial pigment registered as CI pigment Red 81 has a
different anion, e.g., SM or CF.

10.5.1.2 Cl Pigment Red 169 (3a)

This pigment is the copper ferrocyanide (CF) version of CI Pigment Red 81. It is
generally cheaper than the other versions, but with much lower lightfastness.
However, its shade is similar and is recommended and widely used for water-
based inks.

10.5.1.3 CI Pigment Violet 1 (3b)

This pigment offers higher color strength with a bluer and purer shade than CI
Pigment Violet 2 (3¢). Its lightfastness is slightly lower, and prints have lower
resistance to solvents. Only the PTM type is currently registered in the Colour
Index.

10.5.1.4 Cl Pigment Violet 2 (3¢)

Although of relatively little importance, this group of pigments offer a redder shade
than CI Pigment Violet 1 (3b). It is probably more accurately described as bluish red
than as violet. It has slightly better lightfastness than CI Pigment Violet 1. Only the
PTM type is registered in the Colour Index.

10.5.1.5 Cl Pigment Violet 3 (1a)

This pigment has a very different shade, almost blue. It has the best lightfastness of
the group, and also provides better resistance to reagents such as soap, fats and de-
tergents. However, its solvent fastness is poor. All currently registered products are of
the PTM type.
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10.5.1.6 Cl Pigment Violet 27 (1a)

This pigment is based on the same dye as CI Pigment Violet 3 but uses copper ferro-
cyanide. It is an important pigment, especially in water-based inks. It provides tinc-
torially strong, bright shades on the blue side of violet. Its lightfastness properties
are inferior to versions based on the complex anions, especially in the full shades
in which it is generally used. Prints also have less resistance to reagents such as
alkalis, including soap and fats.

10.5.1.7 ClI Pigment Blue 1 (2a)

This pigment is a bright reddish blue. The PTM version predominates as it offers
the purest shade, due to the tungsten content, but this also reduces the tinctorial
strength and increases the price. The properties are similar to other cationic dye
complexes, with moderate lightfastness, as well as darkening with exposure. It has
poor solvent fastness, especially to polar solvents. It is used mainly in oil-based bind-
ers but is usually difficult to disperse. It is sometimes used to improve the jetness of
black inks.

10.5.1.8 ClI Pigment Blue 62 (2b)

This pigment is based on copper ferrocyanide producing a reddish blue shade. Its
tinctorial strength is higher but its lightfastness is much lower than the CI Pigment
Blue 1 types. Its main use is in water-based inks, in which it finds extensive use.

10.5.1.9 Cl Pigment Blue 9 (1c)

This is a bright greenish blue pigment, mainly used in the US, providing a close
match to standard cyan process colors. It is no longer of significant interest as a simi-
lar shade can be achieved with copper phthalocyanine blue, which is advantageous
both economically and in terms of fastness properties.

10.5.1.10 Cl Pigment Green 1 (1d)

Green cationic dye complex pigments have never been commercially as important
as other colors, mainly due to their lack of brilliance in shade, although they do
have high tinctorial strength. However, more brilliant shades can be obtained using
copper phthalocyanine blue or green pigments combined with organic yellows.

It is always necessary for application chemists and technologists to consult ma-
terial safety data for any of the products under consideration. Differences may exist
between chemically identical pigments from different manufacturers, especially as the
proportions of the components can vary. Many of the cationic dye complexes are based
on dyes that have health restrictions, so that manufacturers do not generally recom-
mend them for sensitive applications such as food packaging or toys. Their concerns
are not only due to direct health considerations, but also on what may occur when the
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printed paper is recycled. One international food manufacturer has prohibited their use
in any of its packaging [12].

10.5.2 Reflex (alkali) blue pigments

Reflex blue provides various shades of reddish blue, much redder than a- copper
phthalocyanine. For optimum jetness of black inks, it is used at 20-35% of total pig-
ment, depending on the grade of carbon black pigment employed. When used in this
way, high tinctorial strength, approximately double that of copper phthalocyanine
blue, is the critical property. Their lightfastness is at best moderate, although not usu-
ally so important as black inks are not normally required to retain their jetness for a
long time, and the UV-absorbing properties of carbon black provide some protection.
However, when the pigment is used on its own or in white reduction, it fades fairly
quickly. The pigments have good resistance to water and to acids, but they are not sta-
ble to alkalis. In prints they show good thermal resistance, when assessed for 30 mi-
nutes at 140°C, adequate for most applications. They have poor resistance to polar
solvents, and only moderate resistance to aromatic hydrocarbon solvents, a feature
that tends to prohibit their use in publication gravure inks containing toluene. Reflex
blues were widely used in office requisites such as carbon paper and typewriter rib-
bons, a demand that as virtually disappeared with the development of desk top print-
ers. Dispersible powder grades are available, but most ink manufacturers prefer to use
flush pastes [13]. Pigments of this type are also proposed for use as colorants and
charge control agents in toners used for laser printers and photocopiers and for electro-
statically applied powder coatings [14].
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11 Ceramic colors

Abstract: Ceramic colors or stains consist mainly of pigments, glaze or body, and
opacifiers. They are used for the decoration of porcelain, earthenware bone china
and other ceramics. Glazes and enamels are the main application systems for ceramic
colors. Pigments are the color giving components in the composition of a ceramic
color. High temperature and chemical stability as well as high tinting strength are
characteristics of stains. Technically important ceramic colors are cadmium sul-
fide and sulfoselenides (occluded in zircon), metals such as gold, silver, platinum,
and copper (as colloidal particles), metal oxides (a-Fe,03, Cr,03, CuO, Co50,/Co0,
MnO,/Mn,05, and NiO/Ni,05), mixed metal oxides and silicates, zirconia-based and
zircon-based compositions. Ceramic colors are often produced using solid state
reactions.

Keywords: ceramic colors, composite pigments, stains, zircon-based colorants,
zirconia-based colorants, zircon, zirconia

11.1 Fundamentals and properties

Ceramic colors are used for the decoration of porcelain, earthenware bone china
and other ceramics. The application systems in which they are used are glazes and
enamels (underglaze, inglaze, onglaze colors). Ceramic colors are also called stains
and consist mainly of pigments, glaze or body, and opacifiers. The pigments are the
color giving components in the composition of a ceramic color. Pigments used in
ceramic colors are characterized by extremely high temperature and chemical sta-
bility, but also by high tinting strength when dispersed and fired with glazes or ce-
ramic matrices [1, 2].

Colored surfaces of porcelain, earthenware bone china and other ceramics are
achieved by dissolution of colored metal oxides directly in the ceramic material or
by the use of ceramic colors in glazes or enamels. The colorants are introduced in
the ceramic materials before sintering or with the glaze or enamel using an addi-
tional step. The use of ceramic colors is a very effective method to achieve defined
color tones in a reproducible manner for a glaze or enamel composition. The chemi-
cal stability of the ceramic color in the glaze or enamel including the color giving
pigment has to be high enough that the color is not essentially affected by the melt
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generated during the firing procedure. As a general rule, ceramic colors look pretty
much the same before and after firing [1-7].

The classification of ceramic pigments is mostly based on their chemical com-
position (Table 11.1).

Table 11.1: Ceramic pigments for glazes [1].

Chemical composition Examples Remarks

Nonoxides Cd(S,Se1.0

Metals Au, Ag, Pt, Cu

Metal oxides Cu,0, CuO, NiO, Fe,03, Cr,03, CO304, MnO,
MnO,, Sn0,, TiO,, SnO,

Complex compositions  Spinel Intrinsically colored
Pyrochlore
Olivine
Garnet
Phenacite
Periclase

Zircon Colored by addition
Baddeleyite of colored substances
Corundum

Rutile

Cassiterite

Sphene

11.2 Types and applications of ceramic colors
11.2.1 Cadmium sulfide and sulfoselenides

Sulfides and sulfoselenides of cadmium are of great interest for yellow, orange and
red colored glazes. Basically, these chalcogenides are not suitable for firing to higher
temperatures, but they can be stabilized by encapsulation in a vitreous or crystalline
matrix. The colored cadmium sulfide and sulfoselenide pigments are thus oc-
cluded in a colorless matrix using a sintering process. Finally, this kind of ceramic
colors consists of two phases (composite pigments).

Zirconium silicate (ZrSiO,, zircon) is the most relevant compound used as the ma-
trix phase [8-10]. It is initially formed in the process at about 900 °C starting from
Si0, and ZrO,. Mineralizers, respectively, modifiers support the formation of zircon.
Cadmium sulfide is added in its pure form to the mixture of SiO, and ZrO,. Cadmium
sulfoselenide, on the other hand, is formed during the process simultaneously with
Z1Si0,. Hexagonal crystals of the sulfoselenide are generated by the reaction of CdS
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and selenium or of CdCOs, sulfur and selenium. A liquid vitreous phase of low melt-
ing compounds is formed as an intermediate under the influence of the mineralizers.
Zircon grows around the sulfoselenide crystals under these conditions. Composites
formed in this way are sold as ceramic pigments.

Relevant information on toxicology and occupational health for cadmium sul-
fide and sulfoselenides are available in the chapter “Cadmium sulfide /Selenide
pigments.”

11.2.2 Metals

Metals are used as ceramic colors in form of metallic colloids. Gold, silver, plati-
num, and copper play a relevant role for coloring of glazes and enamels. Selenium
is also used, but only for glasses. Pink is the most interesting color in this applica-
tion segment. It is achieved by the use of colloidal gold. Colloidal metallic gold is
produced by the addition of tin(II) chloride to an acidic solution of gold chloride.
The colloidal particles formed can have different colors ranging from pink to violet.
A decisive factor for the achieved color is the ratio of tin and gold (Cassio’s purple).
One of the main objectives of the colloid formation is to produce colors, which are
stable at high temperatures. In order to fulfill this requirement, the settling of the
colloid particles is performed in a slip of kaolin or clay to avoid coagulation. The
advantage hereby is that the metallic gold particles are separated by the clay par-
ticles. The color can be shifted towards reddish by adding of silver chloride.
Additions of cobalt oxide, on the other hand, lead to a color change towards violet.
Gold, silver, platinum, and copper used for ceramic colors in form of their colloids
do not exhibit acute or chronic toxicity. They are regarded as harmless when the usual
precautionary measures are followed. The requirements of the regulations for chemi-
cals, safety, and environment have to be respected during transport and storage [1].

11.2.3 Metal oxides

Metal oxides used as ceramic colors are typically dissolved in the vitreous matrix. Their
application leads to a colored transparent appearance of glazes, which is based on the
formation of metal ions in the system. The most suitable metal oxides used as ceramic
colors are a-Fe,05, Cr,03, CuO, Co30,/Co0, MnO,/Mn,0s, and NiO/Ni,Os. The following
colors can be achieved by the addition of these oxides to the matrix composition [1].

a-iron(III) oxide Fe,05
— yellow — pink (iron coordination VI), stable color at low temperatures
— red - brown (iron coordination IV)
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Chromium(III) oxide Cr,05
— green, synthesis in the absence of zinc oxide to avoid the formation of brown
ZnCr,0, spinel, stable at low temperatures, limited importance due to easy re-
action with silicate matrix

Copper(II) oxide CuO
- blue and green possible (copper coordination in most cases VI)

Cobalt(ILIII) oxide / cobalt(I)oxide Co30,/Co0O
— blue (cobalt coordination IV), Co;0, decomposes to CoO and O, at about 900 °C,
the coordination changes to VI at higher temperatures in boric and phosphate
glasses and a purple color appears

Manganese(IV) oxide / manganese(III) oxide MnO, / Mn,05
— brown

Nickel(II) oxide / nickel(III) oxide NiO / Ni,O5
- yellow-purple, color changes due to the effect of retro-polarization of alkaline
oxides

The use of these metal oxides as colorants in ceramics and enamels is challenging in
some cases. This applies, for example, to MnO, and Cos0,. These oxides decompose
with liberation of oxygen during the firing process. Defects in the glaze can be the
result if the process is not controlled in a suitable way. The necessary high temper-
atures lead to changes of most of the oxides during the firing procedure. Different
oxidation states are formed under these conditions. In general, temperature and
oxidation/reduction conditions affect the redox balance strongly and are therefore
decisive for the color tone generated.

Information on toxicology and occupational health for a-iron(III) oxide and chro-
mium(III) oxide can be found in the chapters Iron Oxide Pigments and Chromium
Oxide Pigments. When using copper(I) oxide, cobalt(II/III) oxide, cobalt(Il) oxide,
manganese(IV) oxide, manganese(III) oxide, nickel(I) oxide, and nickel(III) oxide for
ceramic applications, the necessary safety measures are to be kept. All these ox-
ides are more or less critical in regard to toxicity and occupational health, especially
when they are inhaled or pass into solution. Several health-damaging effects are as-
sociated with these metal oxides. They are regarded as water-polluting. Their release
into the environment must absolutely be avoided [1].
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11.2.4 Mixed metal oxides and silicates

Colored mixed metal oxides belong to the complex compositions used for coloring
of ceramics and enamels. Solid state reactions at high temperatures starting from
the single oxides or salts are mostly used for their production (see chapter “Mixed
metal oxide pigments”). The manufacture of mixed metal oxides takes place com-
monly in the presence of mineralizers such as alkali chlorides, fluorides, borates or
carbonates [11-13]. Formation temperatures for mixed metal compositions are typi-
cally in the range from 800 °C to 1400 °C. The pigments are stable in the glaze dur-
ing thermal treatment.

One of the most important mixed metal oxides used for the decoration of porce-
lain, earthenware bone china and other ceramics is cobalt alumina blue (cobalt alu-
minate, CoAl,O,), which crystallizes in the spinel structure. The composition consists
basically of cobalt and aluminum, but may also include lithium, magnesium, tita-
nium or zinc. Cobalt alumina blue is used as an underglaze colorant and for coloring
of glass, pottery and vitreous enamels. The variation of the composition by incorpo-
ration of chromium in the spinel structure, possibly along with magnesium, silicon,
titanium, zinc or strontium leads to blue-green pigments that are also suitable for col-
ored glazes.

Several intrinsically colored silicates belong also to the complex compositions
used for ceramics and enamels. The most important representatives of these silicates
crystallize in structures belonging to the pyrochlore, olivine, garnet, phenacite, or
periclase type. Victoria green is an example for an industrially used colored garnet
silicate. It is a complex calcium chromium silicate based on chromium oxide, fluor-
spar, quartz and other minor substances and is mainly used for coloring ceramic
glazes. A colored silicate based on the olivine structure is cobalt silica blue. The
incorporation of zinc in the composition generates a lighter blue shade, while phos-
phorous in the structure changes the shade from deep blue to a violet-blue color
tone. Another example for the olivine structure is nickel silicate green, which is
mainly used for coloring clay bodies.

11.2.5 Zirconia-based compositions

Ceramic colorants based on zirconia (ZrO) and on zircon (ZrSiO,) are the most impor-
tant representatives of ceramic colors. The monoclinic crystal phase of ZrO, is stable
at room temperature. Above 1200 °C, a transformation into the tetragonal phase takes
place accompanied by a lattice contraction. Heating to temperatures above 2370 °C
leads to the transformation into the cubic phase. Simultaneously, a lattice expansion
occurs. Zirconia melts at about 2600 °C, and during cooling down the reverse crystal-
lographic changes are observed [9, 10].
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The incorporation of vanadium pentoxide into the ZrO, lattice leads to yellow
ceramic colors. The manufacture starts with intimate mixing of zirconia (80 to 99%
by weight) and ammonium metavanadate (1 to 20% by weight). The powder mix-
tures are calcined in a second step at temperatures of about 1400 °C under forma-
tion of yellow products. More intense yellow colors are achieved by the addition of
small amounts of indium oxide. Other colorless metal oxides can be added together
with vanadium pentoxide in order to modify the zirconia. They contribute to color
shades ranging from greenish-yellow to orange-yellow. Vanadium containing zirco-
nia-based colorants are stable in most types of glazes and ceramic bodies for tem-
peratures up to 1350 °C.

11.2.6 Zircon-based compositions

The calcination of intense mixtures of zirconia and silica powders in the presence
of vanadium at suitable temperatures leads to zircon, which has a blue color. The
use of praseodymium instead of vanadium allows the formation of bright yellow zir-
conium silicate. A coral colored zircon is obtained when iron is introduced in the
composition. The encapsulation of cadmium sulfoselenide leads to orange and red
products, as described in Section 11.2.1.

The zircon-based ceramic colors vanadium zircon blue, praseodymium zircon
yellow, and iron zircon coral fulfill the requirements for high-temperature applica-
tions in a very effective manner. They are stable up to temperatures of 1350 °C in all
types of glazes. Cross-mixing of the three colorants allows a wide range of high-tem-
perature stable colors.

Vanadium zircon blue is one of the most frequently used ceramic colorants.
The chemical composition of vanadium zircon blue pigments can be expressed by
the formula V-ZrSiO,, respectively (Zr,V)SiO,. The pigments are produced by cal-
cining a mixture of zirconia, silica, a vanadium compound and an alkali metal ha-
lide. The high-temperature reaction occurs in the range of 550 to 1200 °C. The
presence of alkali metal halides in the reaction mixture promotes the zircon for-
mation and the color generation. Sodium fluoride is added for this purpose in
most cases. The color of the final products depends on the proportions of vana-
dium pentoxide and sodium fluoride, the purity of the raw materials used, the parti-
cle sizes of the components, and the atmosphere used for the high-temperature
reaction. The color strength of vanadium zircon blue depends especially on the
amount of vanadium in the zircon lattice. The quality of the incorporation of the
vanadium in the lattice is dependent mainly on the type and the amount of the min-
eralizer component used in the reaction mixture. Vanadium zircon blue pigments are
exceptionally suitable for coloring of ceramic glazes and clay bodies.

Praseodymium zircon yellow is another colored composition based on the zircon
lattice, which is suitable for high-temperature applications. The chemical composition
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of praseodymium zircon yellow pigments can be described by the formula Pr-ZrSiO,,
respectively (Zr,Pr)SiO,. The pigment contains praseodymium as the coloring compo-
nent. Sodium chloride and sodium molybdate act as mineralizers in the manufacturing
process. Praseodymium zircon yellow is produced by high-temperature calcination
of mixtures consisting of zirconia, silica, and praseodymium (III, IV) oxide in an
appropriate ratio. Orange shades can be achieved by the addition of cerium oxide.
Lead compounds as mineralizers instead of alkali metal halides generate more in-
tense colors. The addition of ammonium nitrate to the alkali metal halide mineral-
izer is also beneficial for the achievement of stronger colors. Praseodymium zircon
yellow pigments are brighter and cleaner colorants compared with other high-tem-
perature stable yellow pigments. They are especially suitable for coloring of ce-
ramic glazes and clay bodies.

Iron zircon coral is suitable for high-temperature applications in the pink and
red color segment. The chemical composition of iron zircon coral pigments is speci-
fied by the formula Fe-ZrSiO,, respectively (Zr, Fe)SiO,4. The pigments are produced
by calcining zirconia and silica together with iron(III) oxide and suitable mineral-
izers at temperatures in the range of 1000 to 1100 °C. The composition of the result-
ing pigments may include small amounts of alkali or alkaline earth halides, which
are used as mineralizers. The pigments are exceptionally suitable for coloring of ce-
ramic glazes

The synthesis of zircon-based colorants requires chemicals of special purity to
achieve products with highest chroma. An older, established process for zircon of
high purity is based on the separation of ZrO, from mineral zircon sand. Meanwhile,
a new process has been developed to manufacture zircon-based colorants directly
from zircon sand. Equimolar proportions of ZrO, and SiO, are used for the high-tem-
perature synthesis of ZrSiO,. In a specific execution of the process, an alkali com-
pound is added to the two oxides to form an alkaline zirconate silicate. The treatment
of this product with acids leads to decomposition and formation of an intense zirco-
nia-silica mixture. After calcination of this mixture together with one of the coloring
components, a zircon-based ceramic colorant is formed. This process is suitable for
the manufacture of all zircon-based colorants of technical importance.

Zirconia and zircon-based compositions used for ceramic colors are basically
noncritical in regard to toxicity, occupational health, and environment. The situa-
tion is different when the composition contains one or more heavy metals, which
may cause toxic or carcinogenic effects. However, the effects of heavy metals in
complex inorganic matrices show special features. The heavy metals are in this
case closely incorporated in the ZrO, or ZrSiO, lattice where they are insoluble
and not bioavailable [1].
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Gerhard Pfaff
12 Cerium sulfide pigments

Abstract: Cerium sulfide pigments belong to the inorganic orange and red pigments.
They were developed to substitute cadmium and lead containing red and orange col-
ored pigments, in particular in plastics. Cerium(III) sulfide exists in three allotropic
modifications, but only y-Ce,Ss, which is colored dark red, is suitable for the use as a
pigment. Cerium sulfide pigments are characterized by high color strength, strong
hiding power and sufficient thermal stability. Their limited stability in water contain-
ing systems and in humid atmospheres is not without problems. The pigments tend
to degradation in the presence of water or humidity to form hydrogen sulfide, which
limits the application possibilities significantly.

Keywords: cerium sulfide pigments, solid—gas reaction, solid-state reaction

12.1 Fundamentals and properties

Cerium sulfide pigments consist of more than 90% of Ce,S;. They have been intro-
duced into the market in the 1990s as orange and red pigments with the objective to
substitute existing inorganic red and orange pigments. The specific aim of pigment
developments on the basis of rare earth metal sulfides was the replacement of cad-
mium and lead containing red and orange colored pigments, which are in the pub-
lic discussion because of their toxicity and environmental problems (cadmium
sulfide and selenide, lead molybdate). Focus of the development of cerium sulfide
pigments was the application of these colorants in plastics [1].

The following pigments belong to the family of cerium sulfide pigments [2-4]:

Ce,S3/La,S; (cerium lanthanum sulfide): pigment cerium sulfide light orange
C.I. Pigment Orange 78, light orange.

Ce,S3 (cerium sulfide): pigment cerium sulfide orange C.I. Pigment Orange 75,
orange.

Ce,S; (cerium sulfide): pigment cerium sulfide red C.I. Pigment Red 265, red.

Ce,S; (cerium sulfide): pigment cerium sulfide burgundy C.I. Pigment Red 275,
burgundy red.

Cerium(III) sulfide exists in three allotropic modifications: a, 8 and y; all forms
have a different thermal stability and differ with respect to the color properties.

This article has previously been published in the journal Physical Sciences Reviews. Please cite
as: G. Pfaff, Cerium Sulfide Pigments Physical Sciences Reviews [Online] 2021, 6. DOI: 10.1515/
psr-2020-0157
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y-Ce,Ss, which is colored dark red, is probably the only phase suitable for the use
as a pigment. It is formed at temperatures above 1100 °C. The production process of
this pigment is exceptional complicate. y-Ce,S; is isomorphic with CesS, and has the
ability to accommodate other cations at cerium vacancies in the lattice, preferably
alkaline earth metal ions or non-cerium lanthanides [5-7]. The formula, which de-
scribes the composition is Ce;.,S,, where x stands for cationic vacancies.

The dark red color of some cerium sulfide pigments can be explained by elec-
tronic transitions from the Ce 4f level into the Ce 5d conduction band corresponding
to an energy gap of about 1.9 eV [3].

12.2 Production of cerium sulfide pigments

Cerium sulfide cannot be produced by precipitation from cerium compounds with
hydrogen sulfide in water because it is highly sensitive for hydrolysis. It is also dif-
ficult to stabilize cerium in the oxidation state + 3. Almost exclusively solid-gas re-
actions are suitable for the production of cerium sulfide pigments [3, 4]. Synthesis
routes for lanthanide sulfides involve typically high-temperature solid-gas reactions
between a sulfurizing agent (H,S and/or CS,) and lanthanide precursors, sometimes
even under high pressure [8]. Various lanthanide compounds can act as precursors,
e. g. oxides, salts, alkoxides, oxalates, tartrates or malonates [9, 10].

Another method for the manufacture of lanthanide sulfides is the solid-state reac-
tion of a precursor with elemental sulfur. Lanthanide metals can act as precursors in
this case. There are several disadvantages of such processes. They are difficult to per-
form because they require extreme temperatures and complicate pressure conditions.

The typical production route for cerium sulfide pigments starts with the synthesis
of a cerium containing precursor [3, 4]. The precursor is synthesized from a solution of
a cerium compound by precipitation with hydroxide ions. The cerium hydroxide con-
taining precipitate is filtrated, dried and then transformed at temperatures between
700 and 1000 °C in a sulfurizing atmosphere into the colored cerium(III) sulfide.

CE(OH)3 +3 H,S — CQQS3 + 6 H,O (121)

The reaction product is ground in order to destroy agglomerates that may have
been formed during the sulfurization process. The Ce,S; powder is surface treated
in most cases using a wet process. The stability of the pigment is increased in this
way and the compatibility of the pigment with the application media is optimized.
The surface treatment can contain inorganic and/or organic components. Treated
pigment is ready for shipment after filtering, drying, and final packaging.
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12.3 Pigment properties and uses

Cerium sulfide pigments are characterized by a density of about 5 g/cm® and a re-
fractive index of 2.7. Typical particle sizes are in the range of 1 pum. The color
strength is comparable with that of lead chromate. It reaches 50% to 70% of cad-
mium sulfoselenide pigments. The hiding power of the cerium sulfide pigments is
comparable with that of the lead and cadmium containing pigments. The reflec-
tance spectra of a cerium sulfide red pigment in comparison with a cadmium red and
an iron oxide red are shown in Figure 12.1. Cerium sulfide has a lower reflection than
cadmium red, but reflects significantly stronger than iron oxide red. The course of
the reflection curves shows that the cadmium pigment exhibits the purest red color,
followed by the cerium sulfide pigment (relatively steep curve bending earlier than
the curve of the cadmium pigment). The iron oxide curve with the broad and humped
reflection band explains why it is the less attractive one of the three red pigments
regarding the color.
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Figure 12.1: Reflectance spectrum of cerium sulfide red (a) in comparison with the spectra of
cadmium red (b) and iron oxide red (c) [4].

The heat stability of cerium sulfide pigments in plastics is sufficient for this applica-
tion material. The use is possible in polymers such as high-density polyethylene
(310°C), polypropylene, polyamide and polycarbonate (each 320 °C). Light and
weather fastness were tested to be sufficient, too. Other characteristics are the easy
dispersibility and the migration fastness of cerium sulfide pigments.
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A disadvantage of Ce,S; pigments is their limited stability in water containing
systems and in humid atmospheres. The pigments degrade in the presence of water
or humidity to form hydrogen sulfide. Coloration of plastics with Ce,S; pigments can
lead to smell problems due to reaction with residual water, especially in systems ca-
pable of swelling. This behavior limits the broader application of the pigments in var-
ious media. The use of a suitable surface treatment for stabilization can improve
cerium sulfide pigments but is obviously not able to solve the problem completely.

Cerium sulfide pigments do not exhibit acute toxicity (LD50 value rat oral:
>5000 mg/kg). They are not irritating to skin or mucous membranes [3, 11]. Genotoxic
or carcinogenicity effects have not been found. The pigments are nearly insoluble
and cerium ions show moreover effectively no toxicity (acute and chronic) [3]. As a
consequence, there is practically no risk to humans or environment when using ce-
rium sulfide pigments in accordance with the standard safety measures.

It is important for the production process that the reaction of the pigment or of
preliminary stages with moisture and acids under hydrogen sulfide formation is
avoided. This can be achieved by a properly-working exhaust air system for the man-
ufacture of cerium sulfide pigments.
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13 Chromate and molybdate pigments

Abstract: Chromate and molybdate pigments are representatives of the inorganic
yellow, orange and red pigments. They are characterized by excellent optical and
application properties in particular regarding brightness of shade, hiding power,
tinting strength, and weather fastness. The declining use of lead- and chromate-con-
taining materials in the last decades is a result of the environmental discussion and
the development of less problematic substitute products, especially of bismuth van-
adate and high-value organic, temperature-stable yellow and red pigments.

Keywords: chrome green, chrome orange, chrome yellow, lead chromate pigments,
lead molybdate pigments, molybdate orange, molybdate red

13.1 Fundamentals and properties

Chromate and molybdate pigments belong to the inorganic yellow, orange and red
pigments. Lead chromate (chrome yellow) and lead molybdate (molybdate orange
and molybdate red) are characterized by colors ranging from light lemon yellow to
reds with a blue hue. They are of the highest importance amongst the chromate and
molybdate pigments [1-4]. Chrome orange as a further pigment belonging to this
group has lost its technical importance. Mixtures of chromate pigments with iron
blue or phthalocyanine pigments are marketed as green colorants.

Chrome yellow pigments with the compositions PbCrO, and Ph(Cr,S)0, (C.I
Pigment Yellow 34) consist of pure lead chromate respectively of lead sulfochro-
mate (mixed-phase pigment) (refractive index 2.30-2.65, density ca. 6 g/cm’) [5].
These lead-containing compositions can crystallize in an orthorhombic or a mono-
clinic structure. The monoclinic structure shows the higher stability [6]. The greenish
yellow orthorhombic modification of lead chromate is metastable at room tempera-
ture. It is readily transformed to the monoclinic modification under certain tempera-
ture conditions. The monoclinic modification is found in natural sources as crocoite.
Successive substitution of chromate by sulfate in the mixed-phase crystals leads to
the gradual reduction of tinting strength and hiding power, but also to chrome yellow
pigments with a greenish yellow hue.

Molybdate red and molybdate orange pigments with the composition
Pb(Cr,S,Mo0)0,, (C.I. Pigment Red 104) are mixed-phase colorants, in which chromium is

This article has previously been published in the journal Physical Sciences Reviews. Please cite
as: G. Pfaff, Chromate and Molybdate Pigments Physical Sciences Reviews [Online] 2021, 6. DOI:
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partially replaced by sulfur and molybdenum [5]. Typical commercially available
products show a MoOs content of 4-6%, a refractive index of 2.3-2.65 and densities
of about 5.4-6.3 g/cm’. The hue of these pigments depends on the amount of molyb-
date, the crystal form and the particle size. Pure tetragonal lead molybdate is color-
less. It forms orange to red tetragonal mixed-phases with lead sulfochromate. The
required coloristic properties are achieved by variation of the ratio of chromium,
molybdenum and sulfur in the pigment compositions. Most of such commercially
available pigments contain ca. 10% molybdate. Lead molybdate pigments have a
thermodynamically unstable tetragonal crystal modification. This modification must
be stabilized in the manufacturing process by a suitable treatment [7-9]. It is com-
mon practice to combine molybdate red and molybdate orange with red organic pig-
ments. A considerable extension of the color range can such be reached.

Chrome orange with the composition PbCrO, - PbO (C.I. Pigment Orange 21) is a
basic lead chromate. It can also be described as PbCrO, - Pb(OH)..

Chrome greens with the composition Pb(S,Cr)0, + Fe,[Fe'(CN)¢]; - x H,0 (C.I.
Pigment Green 15) are combinations consisting of chrome yellow and iron blue
pigments.

Fast chrome greens with the composition Pb(S,Cr)O, + phthalocyanine (C.I.
Pigment Green 48) are mixtures of chrome yellow and phthalocyanine blue or
phthalocyanine green. High-grade fast chrome greens need a stabilization before
they can be applied. Density and refractive index of chrome greens and fast chrome
greens depend on concrete ratio of the components used. This is also true for the
hues of the pigments, which can vary from light green to dark blue-green [3].

13.2 Production of chromate and molybdate pigments

Most of the production routes for chrome yellow pigments start from metallic lead
which reacts with nitric acid to give lead nitrate solution. Sodium dichromate solution
is added to the lead nitrate solution leading to a yellow lead chromate precipitate.

The adjustment of the pH value is important for the lead chromate precipitation
to get the chromate dichromate equilibrium on the side of the chromate.

Cr,0,2~ +H,0 = 2Cr0,>" +2H"* (13.1)
Pb(NOs), + K,CrO4, — PbCrO,4 +2KNOs. (13.2)
In the presence of sulfate in the reaction solution, lead sulfochromate is formed as

a mixed-phase precipitate. Eq. (13.3) shows an example for the formation of a mixed
precipitate containing chromate and sulfate:

Pb(NOg)z +0.5 KzCI'O4 +0.5 1(2504 — Pb(CIQI5SO'5)O4 +2 KN03 (133)
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The obtained precipitates are filtered, washed, dried and ground. The color of
the so-obtained pigments depends mainly on the ratio of the starting components
and on the precipitation conditions. Orthorhombic crystals are formed by using this
synthesis route. These are transformed readily into the more stable monoclinic crystal
phase by thermal treatment [10].

Chrome yellow pigments have the disadvantage of poor lightfastness. They
tend to darken due to redox reactions under the action of light. The fastness prop-
erties can be improved by coating the pigment particles with a surface treatment.
Suitable treatments contain mostly the oxides of titanium, cerium, aluminum, an-
timony and silicon [11-19].

Two different methods are used for the production of molybdate red and molyb-
date orange pigments, the Sherwin-Williams process and the Bayer process.

Main step of the Sherwin-Williams process is the reaction of an aqueous lead
nitrate solution with a solution of sodium dichromate, ammonium molybdate and
sulfuric acid [20]. It is possible to replace ammonium molybdate by the correspond-
ing tungsten salt. A pigment based on lead tungstate can be obtained in this way.
Stabilization of the pigment takes place by adding of sodium silicate and aluminum
sulfate to the suspension of the precipitate followed by neutralization with sodium
hydroxide or sodium carbonate. The hydrated oxides of silicon and aluminum are
formed under these conditions. The precipitate is filtered, washed, dried and finally
ground.

The stabilization of lead molybdate pigments regarding their interaction with
light, weathering, chemical attack and temperature takes place using the same
methods as described for chrome yellow pigments [11-19].

Chrome orange pigments are possible to produce by the precipitation of lead
salts with alkali chromates in the alkaline pH range. The hue of the pigments can
be varied between orange and red by adjustment of the particle size. Important re-
action parameters to adjust the size are the pH value and the reaction temperature.

Chrome green and fast chrome green mixed pigments are obtained by mixing
chrome yellow pigments with iron blue or phthalocyanine blue. Mixing is done
using dry or wet processes. Dry mixing is executed in edge runner mills, high per-
formance mixers or mills allowing intimate contact between the particles of the
inserted chrome yellow and the iron blue respectively phthalocyanine pigments.
In order to avoid segregation and floating of the two pigment components during
application in coating systems, wetting agents are added [21].

The wet mixing process delivers chrome green and fast chrome green pigments
with brilliant colors, high color stability, very good hiding power and good resis-
tance to floating and flocculation. One pigment component is precipitated in this
case onto the other one. Final adding of solutions of sodium silicate and aluminum
sulfate or magnesium sulfate leads to further stabilization [20].
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It is likewise possible to mill or mix the pigment components in a wet state or
in an aqueous suspension followed by filtration. So-obtained pigment slurries are
dried and ground to achieve the desired final properties [3].

13.3 Pigment properties and uses

Chrome yellow, molybdate orange, molybdate red and chrome green pigments are
mainly used in paints, coatings and plastics. Brilliant hues, good tinting strength and
good hiding power are the prominent characteristics of these pigments. Figure 13.1
shows typical reflectance spectra of chrome yellow and molybdate red pigments with
their striking steep curves.

Figure 13.1: Reflectance spectra of a) chrome yellow and b) molybdate red [4].

The pigments can be improved regarding their resistance to light, weathering, chem-
icals and temperature by suitable surface treatments. They are supplied as pigment
powders, as low-dust and dust-free preparations and as pastes.

Chrome yellow pigments with exceptional fastness to light and weathering, and
very high resistance to chemical attack and temperature are obtained by controlled
precipitation and stabilization. Four qualities of chrome yellow pigments are com-
mercially available: unstabilized chrome yellows (limit the importance), stabilized
chrome yellows with higher color brilliance, stable to light and weathering, highly
stabilized chrome yellow pigments, and low-dust products (pastes or powders) [3].

Main applications of chrome yellow pigments are paints, coil coatings and plas-
tics. Low binder demand and favorable dispersibility as well as good hiding power,
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tinting strength, gloss and gloss stability are characteristic for chrome yellow pig-
ments. Stabilized pigment qualities with a silicate layer at the surface have a major
importance in the production of colored plastics (PVC, polyethylene, or polyesters)
with high temperature resistance.

The fastness properties of molybdate red and molybdate orange pigments are
comparable with those of the chrome yellows. The pigment particles can be coated
with metal oxides, metal phosphates or silicates to obtain stabilized pigments simi-
lar to the lead chromates and sulfochromates.

Lead molybdate pigments vary regarding their color from red with a yellow hue
to red with a blue hue. Molybdate orange gained a much higher importance since the
production of chrome orange pigments has ceased. Molyhdate orange and molybdate
red find their main application in paints, coil coatings and plastics (polyethylene,
polyesters, polystyrene). Specific temperature-stable grades were developed for the
use in coil coatings and plastics. Advantages of molybdate orange and molybdate
red pigments are low binder demand, good dispersibility, hiding power and tinting
strength, very high lightfastness and weather resistance.

Molybdate reds are used like chrome yellows to produce mixed pigments.
Organic red pigments are used in combination with molybdate reds to provide a
considerably extended color range. The pigment combinations are characterized
by very good stability properties because lightfastness and weather resistance of
many organic reds are positively affected by molybdates.

Chrome green pigments have an excellent dispersion behavior. Their resistance
to flocculation, bleeding and floating is high, the fastness properties are suitable for
all relevant demands. In particular, fast chrome greens that are based on high-grade
phthalocyanine and highly stabilized chrome yellows, combine all these characteris-
tics. They are therefore used in similar applications as chrome yellow and molybdate
red pigments.

Chromate and molybdate pigments have to be handled carefully due to their not
unproblematic components. Dealing with these pigments requires the compliance with
the corresponding regulations during manufacture and application. Chromate and mo-
lybdate pigments do not exhibit acute toxicity (LDs, value rat oral: >5000 mg/kg). They
are not irritating to skin or mucous membranes [1].

Although lead chromate and molybdate pigments are hardly soluble, it is nev-
ertheless possible that at hydrochloric acid concentrations as available in gastric
acid a partial liberation of lead can occur. Dissolved lead can be accumulated in the
organism. Animal feeding studies with rats and dogs have confirmed such an accu-
mulation. Enzyme inhibitions and disturbances of the hemoglobin synthesis can be
the consequence [1]. Lead chromate and molybdate pigments are therefore classi-
fied as chronically toxic in the relevant regulations. They are also qualified as carci-
nogenic and toxic for reproduction [22, 23].

A specific dust and water management is necessary for the handling of lead
chromate and molybdate pigments. The limit for dust emissions from approved
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manufacturing plants is decided to be for the total mass flow 5 g/h or for the mass
concentration 1 mg/m? (for the sum of lead and chromium) [24]. Comparable regu-
lations exist for the wastewater management of production units for chromate and
molybdate pigments [4]. Waste containing the pigments that cannot be recycled must
be transported to special waste disposal sites.
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14 Chromium oxide pigments

Abstract: The chromium(IIl) oxide pigments Cr,O; (chromium oxide green) and
CrOOH (chromium oxide hydrate green) are representatives of the inorganic green
and blue—green pigments. Cr,0; pigments are very important for the coloration of
paints, coatings, plastics, building materials and other application systems. CrOOH
pigments have lost their technical importance because of the low thermal stability.
Chromium oxide green pigments are characterized by excellent application proper-
ties. They are synthesized starting from alkali dichromates or ammonium dichro-
mate by reduction in liquid or solid phase.

Keywords: chromium oxide pigments, chromium oxide green, alkali dichromates,
ammonium dichromate

14.1 Fundamentals and properties

Chromium oxide pigments belong to the inorganic green and blue—green pigments
[1-4]. They are also known under the name chromium oxide green pigments. The pig-
ments crystallize in well-known structures and consist of chromium(III) oxide respec-
tively chromium(III) oxide hydroxide.

Cr,05: corundum structure, pigment chromium oxide green C.I. Pigment Green
17, olive green tint, color change with increasing particle size from brighter yellow—
green to darker blue-green.

CrOOH: 3 modifications with diaspore, indium oxide hydroxide, and delafossite
structure, pigment chromium oxide hydrate green C.I Pigment 18, attractive blue-
green color.

Chromium(III) oxide is not only used for pigment purposes but also in form of spe-
cific technical grades for other applications. One of these is the aluminothermic pro-
duction of chromium metal by the reaction of aluminum powder with Cr,O;. Other
applications are thermally and chemically resistant bricks and lining materials as well
as grinding and polishing agents. The hardness of chromium(III) oxide is with ca. 9 on
the Mohs scale very high. This leads to considerable abrasion properties of Cr,05 pig-
ments, which have to be considered in the applications [5]. CrOOH pigments have lost
their technical importance nearly completely because of insufficient thermal stability.

This article has previously been published in the journal Physical Sciences Reviews. Please cite
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14.2 Production of chromium oxide pigments

Chromium oxide pigments are synthesized starting from dichromates with chro-
mium in the oxidation state +6. Dichromates are available as industrial chemicals
in the required purity.

14.2.1 Reduction of alkali dichromates

The reaction of alkali dichromates with suitable reducing agents under formation of
chromium(Ill) oxide may be carried out in solid mixtures or in water. Reducing
agents used for the reduction of Cr(VI) to Cr(Ill) are sulfur, charcoal, carbon com-
pounds or thiosulfates.

Solid alkali dichromates react with sulfur or carbon compounds to form chro-
mium(III) oxide and sodium sulfate. The reaction is strongly exothermic and pro-
ceeds as follows:

N32C1'207 +S — CI'203 + Nast4. (141)

The formed sodium sulfate is separated by washing the resulting product mixture
after the reaction. Sodium carbonate is formed as byproduct if charcoal is used as
reducing agent [6-8].

Cr,05 pigments with the desired properties are obtained when finely divided so-
dium dichromate dihydrate is mixed homogeneously with sulfur at the beginning
of the process. The reaction of this mixture is performed at 750-900 °C in a furnace
lined with refractory bricks. Sulfur is used in an excess to ensure the completion of
the reaction. The water-soluble components (sodium sulfate and remaining sodium
dichromate) are leached out with water after cooling down the reaction mixture.
The filtrated Cr,05 is dried, and ground. The use of K,Cr,0; instead of Na,Cr,0,
leads to pigments with a more bluish hue. Jet milling is often the final process step
in order to achieve the required properties necessary for the use of the pigments in
paints, lacquers and other application systems.

It is likewise possible to perform the reduction of alkali dichromates in solution.
Reducing agents for this manufacturing route are sulfur or thiosulfates. In case of
the use of sulfur, the reaction takes place in sodium hydroxide solution at boiling
temperature.

4 NaZCr207 +12 S+4 NaOH +10 HzO — 8 Cr(OH)3 +6 Nazszo3. (142)

Chromium(III) hydroxide and sodium thiosulfate are formed under these condi-
tions. After neutralization of the alkaline suspension and addition of further sodium
dichromate further Cr(OH); is formed. The thiosulfate formed before is transformed
to sulfite during this reaction.
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NazCr207 +3 N325203 +3 Hzo — 2 Cr(OH)3 +6 N32503. (143)

The so-obtained suspension is filtered. The filter cake is calcined and then washed
with water to remove soluble components. Cr(OH); reacts to Cr,05 during the calci-
nation at 900-1100 °C [9, 10].

2 CI'(OH)B — Cr203 +3 H20 (144)

Grinding and sieving steps are used to adjust the final particle size of the Cr,05
pigments.

Special treatments may be used to achieve specific properties for the chromium
oxide pigments. Interesting in this regard is the deposition of titanium or aluminum
containing precipitates at the surface of the particles. Such treatments have an in-
fluence on the surface properties of the pigments with an impact on the application
behavior, e. g., on the flocculation tendency. They can also change the color to yel-
low—-green. Organic compounds can also be used for the surface treatment of chro-
mium oxide pigments [3].

14.2.2 Reduction of ammonium dichromate

An alternative route for the synthesis of Cr,0; powders is the decomposition of am-
monium dichromate at temperatures above 200 °C. An exothermic reaction is ini-
tialized in this temperature range leading to the formation of highly voluminous
Cr,05 under liberation of nitrogen.

(NH4),Cr,0; — Cr,03 + N, + 4 H,0. (14.5)

The Cr,0; powder formed during this reaction does not yet have pigment quality.
To obtain suitable Cr,05 pigments, alkali salt, such as sodium sulfate, is added fol-
lowed by a calcination step [11].

More suitable is an industrial process starting from a mixture of ammonium sul-
fate or chloride and sodium dichromate. Sodium sulfate is formed as a soluble by-
product, when ammonium sulfate is used as reducing agent [12]:

N32CI’QO7 + (NH4)ZSO4 — Cr203 + Nz + Nast4 +4 Hzo (146)

Chromium(III) oxide of pigment quality is isolated after washing the reaction prod-
ucts with water, drying and grinding.
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14.2.3 Other production processes

Other routes for the synthesis of Cr,0; powders involve the reaction of sodium di-
chromate with heating oil at 300 °C followed by calcination at 800 °C and shock
heating of sodium dichromate in a flame at 900-1600 °C in the presence of hydro-
gen excess and chlorine [13, 14].

CrOOH pigments can be produced by the reaction of alkali dichromate with
boric acid at 500 °C. Cr,(B,0;); and oxygen are the products formed during this re-
action. The subsequent hydrolysis of Cr,(B,0,); leads to the formation of CrOOH
and boric acid. Chromium(III) oxide hydrate can alternatively synthesized by the
reaction of alkali dichromates with formiate under pressure [1].

14.3 Pigment properties and uses

Chromium(III) oxide is characterized by a very high hardness and a high thermal
resistance. Pigments have typically a Cr,03 content of 99.0% to 99.5%. The residual
components are mostly silicon dioxide, aluminum oxide and iron oxide. CrOOH is
thermally not resistant. Heating leads to the release of water and thus to the loss of
the pigment properties.

The particle size distribution of Cr,0; pigments is in the range of 0.1 to 3 pm
with mean diameters of 0.3 to 0.6 pm. Coarser chromium oxides powders are pro-
duced for the refractory industry, as well as for grinding and polishing.

The color of chromium(III) oxide pigments can be described as olive green. The
refractive index of 2.5 belongs to the highest among the inorganic pigments. Pigments
with small particle diameters are lighter green with yellowish hues, larger sizes lead
to a darker green with bluish tints. Chromium(III) oxide pigments are characterized
by an excellent hiding power due to the combination of a high refractive index with a
strong light absorption. The UV-absorption properties are excellent and contribute in
organic binders significantly to an improvement of the weatherability for the overall
system. Reflectance spectra of Cr,0; pigments show a maximum in the green region
(ca. 535 nm) and a second weaker maximum in the violet region (ca. 410 nm), which
is caused by Cr-Cr interactions in the crystal lattice [3, 4]. The pigments have also a
relatively high reflectance in the near infrared region. They can therefore be used in
IR-reflecting camouflage coatings based on this reflection properties.

Cr,05 pigments are insoluble in water, acids and bases. They are extremely sta-
ble to sulfur dioxide and in concrete. Coatings and plastics with chromium(III)
oxide pigmentation are lightfast and fast to weathering. The pigments are tempera-
ture resistant up more than 1000 °C.

CrOOH pigments show a similar fastness as Cr,05; pigments but they are instable
against strong acids. The main reason for the low technical importance of CrOOH pig-
ments is, however, the weak temperature stability.
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A large part of the chromium oxide green pigments is used in the coatings indus-
try. Excellent fastness, strong hiding power as well as very good light and weather sta-
bility are the main reasons for the broad application in this segment. The pigments are
often applied in dispersion and silicate paints. Steel constructions (coil coating), facade
coatings (emulsion paints) and automotive coatings belong are examples for the use in
coatings. Chromium(III) oxide fulfill the high color stability requirements for build-
ing materials based on lime and cement besides the expensive cobalt green. They are
therefore widely used in this application field [15].

Chromium oxide green pigments are suitable for the use in nearly all types of
plastics. Good temperature and migration stability as well as excellent light and
weather fastness are the main advantages of the pigments in polymers. The most
attractive colors are generated when Cr,0; pigments are blended with other colo-
rants. Brilliant green colors are obtained, for example, when the olive green chro-
mium(III) oxide pigments are blended with yellow pigments.

Chromium(III) oxide pigments do not exhibit acute toxicity (LDs, value rat oral:
>5000 mg/kg). They are not irritating to skin or mucous membranes. The pigments
are not classified as hazardous and not subject to international transport regulations.
Cr,0;5 is not included in the MAK list (Germany), the TLV list (USA), or in the list of
hazardous occupational materials of the EC [16]. The application of chromium oxide
pigments in toys, cosmetics, plastics and paints that come in contact with food is per-
mitted corresponding to national and international regulations [1, 3].

The use of dichromates for the manufacture of chromium(III) oxide or chromium(III)
oxide hydrate pigments requires the compliance of occupational health regulations for
the handling of hexavalent chromium compounds [17]. Sulfur dioxide formed during the
reduction of dichromates must be removed from the flue gases. One suitable method
therefore is the oxidation of the SO, to SO; followed by conversion to H,SO,.

Unreacted dichromates or chromates in the wastewater are reduced with SO, or
NaHSO; to chromium III, which is precipitated as chromium(III) hydroxide and dis-
posed after filtration [18].
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15 Colorants: general survey

Abstract: This survey shows how colorants are not only ubiquitous in modern life, but
also pervade many fields of science and technology. It reveals their diversity with re-
spect to properties, origin of color, applications, composition and usage. After opening
with a technical definition of “colorant”, this survey exemplifies the huge assortment
of uses to which colorants are put. It highlights the breadth of characteristics, other
than color, that are of importance to the roles of “functional colorants”. Following a
description of the technical distinction between the terms “dye” and “pigment”, the
survey discusses the differences between these two colorant types from the perspective
of how their color arises and the ways in which they are exploited, then goes on to
demonstrate that particular colorants may be applied in certain instances as a dye and
in others as a pigment. It outlines the wide ranges of composition, properties and eco-
nomics of commercial colorants. This survey closes with a look at the nomenclature of
colorants and the means by which they are classified into practically useful categories.
It is intended to prepare the reader for the enormous technical and commercial variety
that one encounters when dealing generally with colorants.

Keywords: colorant, functional colorant, dye, pigment

Colorants are ubiquitous in today’s human experience. If you are reading this text
from a printed page or an electronic display, then you are viewing an item that has
been constructed in part with them. Look around. It is very likely that you will
catch sight of at least several things which contain colorants unless your vision is
impaired. In our modern world, it is difficult, if not practically impossible, to escape
their reach. Colorants enhance life — they please, they warn, they persuade. They
also have their detractors, who argue that they do harm. While this assertion is true
under certain circumstances, trying to live without them would pose a near insur-
mountable challenge. But despite the pervasiveness of colorants, the majority of
people do not have an inkling of just how much ingenuity and technical effort go
into their creation and application. Nor perhaps do they fully appreciate the vast
range of spheres of human endeavor in which colorants play a role. This chapter
provides an introductory glimpse.
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15.1 A deceptively simple definition

The simple nature of the definition of “colorant” (see Box 1) disguises a subject of
great complexity. Even traditional colorants span a diverse array of chemical types,
covering a wide spectrum of properties. They are applied to a huge range of materials
by means of a bewildering number of techniques. Be warned: the domain of colorants
encompasses such a wide gamut of substances, substrates and application methods
that gray contentious areas lurk within it and exceptions to rules abound. The field is
so wide that it can be difficult to generalize without someone, somewhere, raising an
objection. In addition, misapprehensions about colorants continue to be perpetuated,
even in the scientific literature. Many papers feature inaccuracies which others re-
peat. This chapter will therefore help the reader navigate those basic concepts and
aspects relating to colorants that are of greatest importance, defining key concepts
along the way.

Box 1
Colorant: A substance which is utilized to impart color to another material.

Colorants are applied directly to an existing object, such as a garment, or during its
creation, for example in the case of thermoplastics or glass. Alternatively, they might
be incorporated into a medium to give an ink or a paint that is subsequently printed
or coated onto an object. In all cases, the presence of a colorant alters the way in
which that object interacts with light. As a consequence, when that object is viewed
through the lens of a fully-functioning human visual system, it is perceived as having
color. The word “object” is used in a very loose sense here since not only are colo-
rants employed in the coloration of smokes and liquids, but they are also used in the
production of individual elements of a more complex whole, such as the halftone
dots in a printed image or the pixels of a display screen.

Coloration is such a broad subject that during this general survey, we shall en-
counter instances of colorants that are not themselves colored prior to, or during,
their application. In addition, the next section will reveal that certain colorants are
not used primarily to alter the color of materials, but instead to effect change in
other ways, for example, by giving them specific physical properties. Nonetheless,
just as was the case in times long past, the coloration industry predominantly uti-
lizes substances which are initially highly colored purely to modify the appearance
of materials.
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15.2 Colorants old and new

Aesthetic usage of colorants by Homo sapiens stretches back tens of thousands of
years. During this time, colorants shaped cultures and languages. While it is evi-
dent that our prehistoric ancestors created images and decorated themselves with
colored materials, some archaeologists maintain that the employment of colorants
antedates the emergence of our species [1]. Linguists argue that the growth in the
palette of colorants accessible to artists and technologists during the last few mil-
lennia led to the much bigger vocabularies of color-related words routinely used in
modern-day societies compared to those of ancient civilizations [2]. Over the past
two centuries, our ability to manipulate and fine-tune color has increased hugely in
terms of both sophistication and color gamut owing to an explosion in the number
of commercially available colorants. The last few decades have also seen a rise in
the importance of colored substances that transcend aesthetics by conferring physi-
cal properties or facilitating the occurrence of processes which are unrelated to
color [3]: functional colorants, for which a definition is given in Box 2.

Box 2
Functional colorant: A substance that does not depend entirely on its capability to impart specific
color for its utility.

This is another definition that covers a lot of ground. A functional colorant pos-
sesses one or more characteristics which make it useful for purpose(s) other than
imparting specific color properties. The latter may be key to an intended applica-
tion, but they are usually of lesser importance than these other characteristics. For
some uses, color is irrelevant or even disadvantageous. While there is some overlap
between the sets of industrially useful aesthetic colorants and commercially ex-
ploited functional colorants, the intersection is relatively small. The second of these
two sets consists of many colorants whose chemical composition has been designed
to promote functional characteristics without any consideration for aesthetic use.
Consequently, their performance and/or economics rule out exploitation as conven-
tional colorants.

The broad sweep of the definition in Box 2 lies in the wide range of functional
colorant characteristics. Table 15.1 lists a few examples to give a flavor of their diver-
sity. Some applications rely merely on the presence of color or a change in optical
properties: the actual colors involved may not matter. In these circumstances, colo-
rants act as signals to indicate, for example, the direction of an escape route in dark-
ness, whether currency is genuine, or if a soil sample is acidic or alkaline. In other
cases, they can be regarded as processors of light: they modify the nature of the inci-
dent radiation or transmute its energy into a different form. Instances of such use in-
clude tuning the color of laser light or absorbing such radiation to facilitate localized
heating on a polymer disk for recording of data. Other technologies depend on them
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to convert light into latent electrical energy as part of image creation or the harvest-
ing of daylight in solar power generation. For many applications, the color of the sub-
stance has no bearing on its utility or is even undesirable. This is true of certain
clinical uses, such as cancer therapy, treatment of infectious disease, and pathogen
removal from blood stock.

Table 15.1: Some examples of functional colorant characteristics and usage.

Characteristic

Application

Biological activity

Chemotherapy [4], antibiotics [5]

Corrosion inhibition

Anticorrosion coatings [6]

Electrical conductivity

Antistatic coatings [7], electrostatic spraying

Infrared absorption

Laser marking [8], laser welding [9], optical data
storage [10]

Infrared reflection

Heat regulating agricultural materials [6, 11],
camouflage [12]

Magnetism

Information storage media [6, 13, 14]

Nonlinear optical activity

Telecommunications, photonics, holography [15]

pH sensitivity

Indicators [16], fuel marking [17]

Photoconduction Printing [18], photocopying [19], solar power generation [20]

Photoluminescence Security printing, laser optics [21], biolabelling, safety

marking

Photosensitization Photodynamic therapy [22], pathogen inactivation [23],

photocuring [18][24]

Semiconduction Electronic display technology [15]

UV blocking Sunscreen products [25], cosmetics [26]

The swelling in the number of colorants exploited for aesthetic and/or functional
applications has been accompanied by an increase in the amount and complexity
of chemical types produced. Well over a century ago, those involved in the colora-
tion industry saw merit in trying to make sense of the already large number and
diversity of commercial colorants by categorizing them. Various schemes, some sys-
tematic and some not, have therefore been created with the aim of aiding the color-
ant user to navigate the maze of brands, chemical types and uses. The remainder of
this chapter will therefore discuss the many aspects in which colorants vary in char-
acter as well as outlining some notable ways of classifying them.
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15.3 Dye or pigment?

One of the most technically important distinctions pertaining to a colorant is its clas-
sification as a “dye” or a “pigment”. Simplified versions of internationally-accepted
definitions for these two English-language terms are given in Box 3. (This discussion
does not extend to analogous colorant-related words of other languages.) Although
the demarcation between them centers on solubility alone, it has profound implica-
tions concerning how colorants interact with light, which methods of applying them
are appropriate, and to what uses they are suited. The word “substrate” in the defini-
tions refers to the object either into which the colorant is incorporated (such as a tex-
tile fiber and cake icing) or onto which colorant-containing medium is coated (like
the plaster of a wall and the paper of a banknote).

Box 3
Dye: A colorant that is in solution during some or all stages of its application to a substrate.

Pigment: A colorant that is not in solution at any point during its application to a substrate and
whose particle structure remains unaltered throughout.

Technologists categorize colorants as either dyes or pigments because the difference
between the two is inextricably linked to technical properties and techniques of ap-
plication. The crystal structure and size distribution of pigment particles are crucial
to the color properties of the pigment itself. Dissolution during application must not
occur to prevent changes in, or even destruction of, these particles. In contrast, the
initial physical state of a dye is not usually preserved upon application to a substrate,
because the colorant is (or its precursors are) in solution at one or more stages in the
dyeing process. The starting physical form may be key to successful coloration (and
thus may indirectly affect the color of a dyed object), but generally it has no bearing
on the final state of the dye. The goal of most dyeing techniques is to achieve a uni-
form distribution of colorant throughout the area or volume of substrate at a molecu-
lar level. However, some aim for nonuniformity: an example is the visualization of
different biological tissue types in histology, where use has long been made of the
tendency of certain dyes to color only specific parts of specimens.

In a nontechnical setting, the terms dye and pigment are often employed inter-
changeably and as synonyms for colorant, perhaps because the distinction is neither
appreciated nor considered important. Certain fields, such as botany or medical biol-
ogy, refer to pigments in a different sense to that of the coloration industry. The word
is used to denote a colorant of biological origin irrespective of its solubility proper-
ties. In this context, the phrase “biological pigment” is preferable to avoid confusion
(see Box 4).
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Box 4
Biological pigment: A colorant originating from a living organism, which may have the character of
either a dye or a pigment in terms of its solubility properties.

The definition in Box 1 implies that a colorant is used deliberately and with purpose.
As far as biological pigments are concerned, in many cases, explanation(s) for the
existence of particular examples have been put forward — some scientific and some
not. However, rather than dwell on the philosophical question of design in connec-
tion with such colorants, the remainder of this chapter will concentrate on the inten-
tional use of coloring matter by humans. Biological pigments as defined in Box 4 will
thus not be discussed further apart from instances where they are exploited by indus-
try, for example in the dyeing of textiles or as additives to foods.

The definitions of dye and pigment in Box 3 say nothing explicit about their solu-
bility in the substrate. One can infer, correctly, that pigments are essentially insoluble
in the substrate to which they are applied. However, to define dyes as colorants that
are soluble in substrates, which still sometimes happens in scientific literature, is to
oversimplify. The generalization holds where dyes end up dissolved in liquid fuels and
solvents as markers and tracers. It is also consistent with the outcome of injection
molding processes that produce solid solutions of dye after dissolution of colorant in
molten polymers. In such cases, dye is largely present in a monomolecular state, al-
though depending upon the colorant concentration, application technique and sub-
strate structure, loosely associated aggregates of a few molecules may also exist [27]. In
contrast, conventional pigment particles with a typical mean diameter of 0.1-1pm con-
sist of >10° molecules. Nevertheless, the post-application physical form of certain dye
types in a substrate is more akin to that of pigments. For example, the techniques of
“vat dyeing” (see Box 5) and “azoic dyeing” both involve the application of aqueous
solutions of water-soluble precursors to textiles, followed by their chemical conversion
to water-insoluble colorants. In certain instances, washing of the dyeings with hot
aqueous detergent solution transforms the dye into particles of sufficient size and crys-
tallinity to be detected by X-ray diffraction and thus to influence dyeing color proper-
ties [28]. While all pigments are essentially insoluble in substrates, some dyes are too.
Conversely, biological pigments are often soluble in substrates. When dissolved in bev-
erages to give them color, lycopene (extracted from tomatoes) and anthocyanins (con-
tained in grape skin extract) are examples of biological pigments acting as food dyes.

Box 5

Indanthrone’s molecular structure (shown below as 1) means that it is essentially insoluble in water
and has relatively low solubility in organic solvents — both properties contribute to its commercial
utility as a pigment. Nevertheless, the colorant possesses structural features which enable its use
as a dye too.
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In the guise of a pigment, Indanthrone is not only used in the mass coloration of polymers, but is also
employed the formulation of surface coatings like car paints and printing inks for banknotes. In these
cases, micron-scale particles of the pigment are dispersed uniformly, but not dissolved, in the molten
plastic or liquid coating formulation. The pigment particles become physically trapped within the sub-
strate when it solidifies. However, Indanthrone is also used as a vat dye for cellulosic textile materials
like cotton despite it being water insoluble. Fine dispersions of the colorant are treated with alkaline
reducing agent to produce a weakly colored water-soluble form. Since this step involves colorant
going into solution, Indanthrone is thus being used as a dye. It is only after this reduction stage, and
the colorant has been dissolved, that it can penetrate and diffuse into the cotton. The substrate is
then subjected to an oxidant, which regenerates the original strongly colored water-insoluble form of
the colorant. Indanthrone is thus physically trapped within the polymeric matrix of the dyed cellulose
fibers, giving dyed cotton that is highly colorfast to laundering with aqueous detergent. It is possible
to apply pigment to a fabric, but to do so, one must coat it onto the surface of the fibers dispersed in
a paste, for example by screen-printing. The coating is then cured, often by subjecting it to heat, leav-
ing a solid film adhered to fiber surfaces in which the dispersed pigment particles are physically
trapped. Indanthrone does not tend to be employed in pigment printing since the colorant is relatively
expensive and it gives better quality coloration through vat dyeing.

The definitions of dye and pigment presented in Box 3 might appear mutually exclu-
sive at first glance. However, this dichotomy does not hold for certain colorants. For
example, the reddish-blue compound Indanthrone has numerous applications not just
as a pigment, but also as a dye (see Box 5).

Examples of pigments which are prepared from dyes abound. One important
manufacturing method involves precipitation of pigments through combination of
metal salts or complex inorganic acids with water-soluble dyes, which renders them
insoluble [29, 30]. Such a pigment is known as a “lake”. An alternative — and older —
means of laking a dye is to adsorb it onto alumina: the result is a colored insoluble
composite of improved durability [30, 31]. (The term “toner” is also used in connection
with these two kinds of pigment, but it may cause confusion since the word also has
separate meanings within the colorant industry.) A related method, specialized for the
production of brilliant luminescent effects, involves the dissolution of fluorescent dyes
into a molten organic resin which is then cooled and micronized. The resultant fine
powder consisting of particles of a solid solution of dye in resin can then be used as a
pigment [32]. The preparation of specialist light- and heat-sensitive pigments from dyes
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relies on another approach: microencapsulation. Their effects are dependent on the
dye working in concert with other components in a mixture of specific concentrations,
which must thus be preserved during application. Consequently, they are trapped
within micron-scale shells of polymer, enabling the composites to be applied intact to
substrates as pigments.

The manufacture of dyes by chemical transformation of pigments is also possi-
ble, but is less common. An example is the sulfonation of phthalocyanine pigments
to give water-soluble dye analogs.

The above discussion concerning the division of colorants into dyes and pigments
might perhaps seem pedantic, centered on semantics or hamstrung by exceptions to
rules. In addition, developments in the use of colored nanoparticulate materials like
quantum dots, whose scales occupy the gap between those typical of dyes and pig-
ments, further challenge the distinction. Nevertheless, the labels of pigment and dye
will continue to remain technically meaningful to many applications provided that
they are carefully used in an informed manner and with the recognition that not every
situation is clear-cut.

15.4 The origin of colorant color

The human visual system responds to light in the visible spectrum emanating from
an object by producing the sensation of color (see Box 6). It is the nature of the non-
uniformity in the energy distribution across the visible spectrum of this light that
largely dictates which hue of “chromatic color” will be perceived, for example bright
red or dull blue. A uniformly low level of light will be sensed as gray or even black,
whereas high degrees of uniformity and intensity are seen as white: these sensations
of color do not have a hue (“achromatic color”). The visual effect generated by a col-
orant is thus determined by the way in which it alters the interaction between the
object to which it has been applied and the light incident on that object.

Box 6

Visible spectrum: This region of the electromagnetic spectrum consists of radiation that can be per-
ceived by the human visual system [33]. The range of wavelengths acting as stimuli is typically
380-780 nm [34]. These upper and lower limits vary [35] depending upon factors such as an observ-
er’s genetics and age as well as illuminant intensity. Radiation of even shorter or longer wavelength
is capable of evoking a reaction, but only under special circumstances [36]. Because the sensitivity
of the average human visual system to light of wavelengths of less than 400 nm or greater than
700 nm is lower by orders of magnitude compared to that in the middle of the visible spectrum [37],
it is common to see narrower ranges quoted in the literature.

Depending upon how the colorant itself interacts with light, the intrinsic color of
the object may be modified or else hidden and replaced. A white colorant masks the
object by ensuring that no visible wavelengths of the incident light are selectively
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attenuated, i. e. all are reflected. If the colorant attenuates all visible wavelengths so
that virtually none reach the eye, then the object will appear black. Chromatic color on
the other hand is generated when this attenuation is restricted to parts of the visible
spectrum. Colorants introduce such nonuniformity in a variety of ways (see Box 7).

Box 7

Absorption: A colorant has the potential to absorb photons when their energies match energy gaps
between its ground and excited electronic states. These differences are primarily determined by the
chemical structure of the colorant, but are also influenced to a lesser extent by its environment.
Color results when absorbed photons possess energies corresponding to frequencies of light falling
within the visible spectrum. Those frequencies of incident light, which are not selectively absorbed,
are reflected and/or transmitted. For example, an ink containing a dye that absorbs only green light
will appear purple in daylight when printed onto white paper as a consequence of the remaining
light from the red and blue regions being reflected. If the ink instead is formulated with dyes that
absorb all frequencies of incident light (“nonselective absorption”), then the lack of reflected light
is perceived as black.

Scattering: A material that does not permit light to pass through in a straight line is said to scatter it.
As the proportion of light scattered increases, the percentage reflected back diffusely in the direction it
came from rises, which is perceived as opacity. When all frequencies of visible light are scattered
completely and equally, the material will appear white (“nonselective scattering”). However, if certain
visible frequencies are scattered in preference to others, then the material will take on a colored ap-
pearance (“selective scattering”). Pigment particles are capable of both types of scattering depending
on their size and shape as well as the ratio of refractive indices of colorant and the surrounding me-
dium. Pigments with large refractive indices tend to be useful for their nonselective scattering proper-
ties. For example, they can be used to create opaque coatings which hide the color of an object below.
Particles of sizes approximating the wavelengths of visible light (0.38-0.78 um) selectively scatter visi-
ble light frequencies determined in a complex manner by size, shape and refractive index differen-
tial (“Mie scattering”). Conventional pigments whose mean particle dimensions are in the region of
0.2-1.0 um thus may have their appearance influenced by selective scattering. Often their particle size
distribution as well as crystal morphology (i.e. particle shape) and structure (i.e. lattice arrangement)
are engineered to obtain a favorable shade and intensity that complements color arising from absorp-
tion. While nonwhite pigments owe their color principally to selective absorption, selective scattering
may also contribute in a technically significant way to their coloration [30].

Fluorescence: The phenomenon is a form of photoluminescence in which a colorant (“fluorophore”)
releases energy as visible light after absorbing higher energy visible light and/or ultraviolet radia-
tion. The process of emission appears instantaneous to the human visual system as it typically occurs
in a matter of nanoseconds. While the structure of the fluorophore largely governs the color of the
emitted light and the efficiency of the process, the physical environment also heavily sways the
latter. A common type of fluorophore is one which absorbs blue radiation, leaving red and green fre-
quencies to be reflected, producing the sensation of yellow. Some of the absorbed energy is emitted by
the colorant at lower energy yellow-green frequencies. This supplementary emission of light produces
the illusion of more yellow-green light being reflected than is actually incident on the colorant, and the
impression of extreme brightness.

Phosphorescence: As another form of photoluminescence, this process is sometimes confused with
fluorescence, which is not helped by the term “phosphor” being applied to both fluorescent and
phosphorescent substances. Whereas fluorophores do not perceptibly continue to emit light after
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the stimulating radiation is removed, phosphorescent colorants carry on doing so over the course
of milliseconds to hours. Consequently, they glow in the dark; fluorophores do not.

Interference: Color is produced through partial refraction and reflection of different visible frequen-
cies by thin layers of materials such as platelet-shaped pigment particles. The resultant variations
in path length lead to angle-specific constructive or destructive interference so that color alters with
viewing angle. The extent of change in color (“flop”) is dependent on particle architecture, dimen-
sions and refractive index.

While pigments and dyes share some modes of color generation, the particulate na-
ture of the former opens up possibilities for commercial exploitation which are not
available to the latter (see Table 15.2).

Table 15.2: Potential origins of color in commercial pigments and dyes.

Origin of color Pigment Dye
Selective absorption Colored Colored
Nonselective absorption Gray or black Gray or black
Selective scattering Colored Colored
Nonselective scattering White -
Fluorescence Colored Colored
Phosphorescence Colored -
Interference Colored -

Conventional wisdom maintains that coloration with dyes relies purely on absorption
and/or emission of visible light. This reasoning presumes that dyes do not scatter any
light because they are in solution. Dyes which absorb all visible wavelengths uniformly
(“nonselective absorption™) appear gray or black. Those absorbing only a portion (“selec-
tive absorption”) and/or emitting in regions of the visible spectrum (“fluorescence”) pro-
duce chromatic color. For most types and applications of dye, these statements hold true
but if, as outlined earlier, one accepts that under some circumstances dye is present on a
substrate in particulate form which is capable of causing scattering, then it will be on a
selective basis, hence the entry in Table 15.2. Note that a white dye is an oxymoron. Dyes
cannot be white: they are incapable of scattering light uniformly when applied to a sub-
strate and always absorb and/or emit at least a portion of the visible spectrum. In
contrast, numerous types of pigment scatter all visible frequencies uniformly (“non-
selective scattering”) and absorb none, producing white coloration. The coloration
produced by colored pigments is determined primarily by “selective absorption”.
However, as mentioned in Box 7, often “selective scattering” of visible light by pigment
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particles complements their absorption properties. While it is not decisive in determin-
ing predominant color, scattering can enhance that generated by absorption as well as
subtly change its tone. Judicious manipulation of particle size and shape can thus alter
shade [30].

The particulate nature of some pigments gives them additional strings to their
bow: these extra means of color generation cannot be replicated with dyes. This is
true of the interference effects utilized in surface coatings employed in applications
like automotive paints, whose color shifts dramatically as angle of view or illumina-
tion changes (see Box 7). The reflection and refraction needed within the coating
film are set up by layers of laminar pigment particles oriented in the same direction.
Appearance is not reliant entirely on the color properties of their individual par-
ticles in isolation, which may not be intrinsically colored anyway. Instead, it is the
regularity and anisotropy of the array of particles acting in concert. Dyes alone can-
not therefore mimic interference colors.

Many fluorescent dyes are exploited industrially [38], yet commercial phospho-
rescence is achieved exclusively with pigment technology. The rigid arrangement of
species within the crystal lattices of phosphorescent pigment particles effectively
inhibit energy-loss pathways that compete with luminescence, promoting the effi-
ciency of light emission. While dyes can be persuaded to phosphoresce, they must
be cooled far below ambient temperature in order to discourage competing pro-
cesses enough to obtain an appreciable effect. Currently, pigments remain the only
option until research on “room temperature phosphorescent” organic materials [39]
bears fruit in the form of commercial dyes.

While intense color is a characteristic of most colorants, some dyes are colorless
or weakly colored. The latter count as colorants because they are utilized in colora-
tion processes as precursors to colored species and thus impart color. Following
their application to a substrate, strongly colored substances become generated
through spontaneous in situ chemical transformation or combination of these inter-
mediates (see Box 8).

Box 8

Leuco dye: A colorant in a chemically reduced (and colorless or weakly colored) state, which is oxi-
dized to its final intensely colored form. An example is given in Box 5, whereby the water-insoluble
vat dye Indanthrone is reduced to its leuco form. In this state, it is weakly colored and soluble in
aqueous alkali, enabling its diffusion into cotton fibers. Subsequent oxidation of the leuco dye re-
generates Indanthrone, producing coloration.

Color former: This term applies to colorants that can exist in colorless or weakly colored states which
are capable of being converted non-oxidatively into colored forms. They are employed in “latent col-
oration” applications, which call for a change in color to occur only upon the fulfillment a desired set
of conditions. Colorless precursors are applied to a substrate, giving an object that has the potential
to take on a colored (or differently colored) appearance. Introduction of a stimulus such as ultraviolet
light, heat or acidity then results in the precursors forming colored substances: depending upon re-
quirements, the process may be irreversible or fully reversible. For example, thermographic paper of
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the kind used for till receipts exploits latent coloration: localized application of heat leads to the color-
less form of a colorant being brought into contact with an acidic substance, whereupon it irreversibly
converts to a colored form only in those heated areas, generating an image. When the switching in
color is reversible, the colorants are said to be “chromic” [15]. Numerous types of chromism are ex-
ploited commercially (see Table 15.3). Certain scientific disciplines refer to instances of permanent
color change with chromic labels, but this is not correct. For example, irreversible fading of a colorant
upon exposure to daylight is not photochromism, nor is any irretrievable discoloration on heating
thermochromism. Any such phenomena must be fully reversible to qualify as chromism. (Note that
there are some who extend the term leuco dye beyond its traditional redox sense to include the color-
less states of color formers which can be converted to colored species non-oxidatively.)

Table 15.3: Some examples of chromism and dependent commercial applications.

Behavior Stimulus Example commercial uses

Electrochromism [40] Electrical potential Automatically darkening anti-dazzle
car interior rear-view mirrors

Halochromism [41] Change in pH Chemical analysis; thermographic
printing paper

Heliochromism [42, 43] Sunlight Spectacle lenses that darken in
strong sunshine and lighten indoors

Hygrochromism Moisture Humidity indicators for desiccants

Photochromism [44, 45] Light (usually ultraviolet) Anti-counterfeiting; novelty printing;
toys

Thermochromism [46] Heat Thermometers; security printing;

beverage temperature indicators

Precursor: These substances are colorants which chemically combine to create intensely colored
products. As well as some kinds of textile coloration (e.g. vat or azoic dyeing as mentioned earlier)
and chromogenic silver halide photography [47], this strategy is also employed for the most com-
mercially important form of hair coloration [48]. Precursors and oxidant are applied to the head
leading to the formation of colored products within hair fibers where they remain trapped.

Irreversibly permanent destruction of color forms an integral part of certain colora-
tion processes: discharge printing involves colored fabric being printed with reagents
which degrade colorant in the areas that they are applied to produce patterns of ligh-
ter color [49].

The color imparted by colorants thus arises by one or more mechanisms. The
majority of colorant types are intrinsically intensely colored. Certain types of color-
ant are not themselves strongly colored but have the potential to become intensely
colored, either permanently or temporarily, by the influence of a physical or chemi-
cal stimulus or through being physically arranged in a regular manner. The next
section examines the aspect of permanence in more detail.
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15.5 Here today and gone tomorrow?

You might have noticed that the definition of colorant in Box 1 says nothing about
the duration of coloration. Its silence on the matter is deliberate, because the degree
of permanence of coloration demanded for applications varies so hugely. Whereas
the expected lifetime of colorants in archival inks and building materials is mea-
sured in centuries, persistence of color is not even considered of relevance in uses
like pH determination or microbiological staining where colorants are employed as
one-use indicators. While the bulk of longevity requirements lie well within these
extremes, robustness is often a key consideration when selecting appropriate colo-
rants for the job, especially so given the marked variation in stability between dif-
ferent chemical types.

Ideally, for most applications, the color imparted is permanent: it remains es-
sentially unchanged for the useful lifetime of the object to which the colorant has
been applied. Often though technical shortcomings and economic constraints im-
pose compromise. One must be pragmatic and accept that deterioration of colora-
tion will occur during object use. Many sections of industry employ standardized
accelerated test procedures to determine resistance to color change upon exposure
to conditions deemed relevant to particular applications. These methods enable the
definition of minimum acceptable performance and thus permit expectations to be
managed concerning changes in hue or loss of color, which in turn aids selection of
suitable colorants. For example, textile enterprises usually make use of internation-
ally recognized protocols to determine whether customer-stipulated or industry-
standard levels of “color fastness” or simply “fastness” to daylight, laundering, per-
spiration, abrasion, as well as other agencies, are met [50].

Note that these degrees of fastness are properties of the colored object, and not
the colorant itself: one can speak of the fastness of a print or a dyeing, but not of a
pigment or a dye. (Terms such as “high fastness pigments” do appear in colorant lit-
erature, but they should be treated as a form of shorthand; in this instance, the
phrase refers to pigments that following application to substrates tend to produce
coloration of great permanence.) Fastness is strongly influenced by the nature of the
colorant and substrate, as well as application technique and exposure conditions.

Colorants can thus vary widely in terms of fastness of the coloration that they
produce — as an extreme example, the photostability of coloration in certain appli-
cations is orders of magnitude lower than others. There are also plenty of instances
of applications in which coloration is purposefully transient. One such kind is
“wash-in wash-out” temporary hair color products. In some exceptional cases, the
relatively poor fastness conferred by certain colorants has been turned into a fea-
ture, i. e. the susceptibility to fading of blue jeans.

We have so far seen that colorants vary widely in end use, application technique,
color properties and longevity. It is only natural that they also differ enormously in
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composition. The next section takes a general look at colorant constitution from a
chemical perspective.

15.6 Organic or inorganic?

Many colorants are organic. This statement refers to their carbon-based composi-
tion rather than production methods, sustainability or naturalness. Their molecular
structures are based on conjugated frameworks of carbon atoms, usually aromatic,
that are linked and/or studded with functions consisting of other elements. These
features are designed to manipulate color, solubility and other technical properties.
An indication of the prevalence of elements of which they are comprised is mapped
out in Figure 15.1. It is intended to be only a very rough guideline and is not based
on a detailed statistical analysis of organic colorants by type or volume consumed.
The figure merely gives a flavor of what you might find if you were to pluck a dye or
organic pigment at random from the pool of colorants that are in aesthetic and
functional use today.

Figure 15.1: Summary of occurrence of elements in chemical formulae of organic colorants.

Purely hydrocarbon colorants are a select band: commercial examples exist, such as
the carotenes, which are constituents of food dyes, but there are not many. Most or-
ganic colorants are made up of a combination of up to five elements in addition to
carbon and hydrogen. Few commercial dyes or organic pigments do not contain at
least oxygen and/or nitrogen. These two elements commonly constitute electron-rich
or -deficient functional groups, as well as heteroatoms, that form part of colorants’
aromatic m-systems. Such structural features are crucial to the color properties of
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most organic colorants because of their large influence on molecular electronic struc-
ture. Nitrogen and oxygen also participate in numerous roles that are essential to par-
ticular colorant types. For example, hydrogen-bonding centers constructed from
them not only influence colorant solubility and volatility but can also impact color
through modification of dye molecule conformation or pigment crystal packing.
These two elements may also be used as building blocks for substituents which intro-
duce chemistries that are crucial to certain types of colorant, e. g. acid—base sensitiv-
ity, chelation of metals, or redox properties. Figure 15.2 shows some examples drawn
from typical commercial colorants.

Dye 2 is the most important blue compound for the coloration of polyester textile
materials. It is a heavily substituted azobenzene (Ph-N=N-Ph), one of the most impor-
tant types of organic colorant. Appropriate location of functional groups modifies its
color from the yellow of the parent compound to an intense dull navy that is useful
in producing black shades. Powerful nitrogen- and/or oxygen-containing electron-do-
nating and -accepting substituents facilitate the substantial changes in electronic
structure required. Others enhance intensity of color and photostability.

Compound 3 (see Figure 15.2) is another example of an intensely colored com-
mercial dye that is reliant on nitrogen- and oxygen-based substituents for its proper-
ties. Its anthraquinonoid skeleton bears strong electron donors situated close to the
electron-accepting carbonyl functions of its quinone ring. Their close proximity and
orientation transforms the pale yellow of the parent anthraquinone to an intense
blue hue. The pendant cationic charge confers water solubility and is the main origin
of attraction between the dye and its usual intended substrate, poly(acrylonitrile).

Sulfur, and to a lesser extent chlorine and bromine, is also often present in colo-
rants. All three are widely used to manipulate color but have other parts to play.
They are found in the most exploited types of substrate-reactive groups as well as
counterions of cationic dyes. Sulfur is perhaps likeliest encountered among commer-
cial organic colorants as a constituent of sulfonate groups (-SO; ). The presence of
these functions, typically in sodium salt form, is the most common means of making
dyes water soluble. (Economics dictates that the use of potassium and lithium salts
occurs in dye manufacture only when required.) As was mentioned previously con-
cerning conversion of dyes to lakes, displacement of sodium with other metals lowers
solubility sufficiently to yield pigments. Alkaline earth metals, especially calcium
and barium, are usually employed for this purpose [29]. Water-soluble cationic dyes
are transformed into pigments through replacement of simple counterions like chlo-
ride with complex acids, which markedly lowers their solubility. A typical acid used
in this way is phosphotungstomolybdic acid. The precipitation may also be per-
formed in the presence of other elements such as aluminum.

First row transition metals feature extensively in numerous types of dye and
pigment, where colorants act as ligands in the formation of complexes (“metal com-
plex colorant”) [51]. Of particular note are chromium for dyes and nickel for pig-
ments with copper also being of importance to both. The complexation enables access
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Figure 15.2: Some important commercial colorants and their structural features.
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to colors that are otherwise difficult to obtain and/or afford substantial increases in
colorant stability. Usually, the colorant is applied to the substrate as a preformed com-
plex. However, a traditional textile coloration technique (“mordant dyeing”) involves
application of the metal as a salt before, after or even during dyeing of the substrate,
leading to the in situ formation of complexes within the fiber [52].

Figure 15.2 shows examples of a dye 4 and an organic pigment 5 that incorpo-
rate sulfur, halogen and metals in their composition. Although it is a dye thanks to
the presence of its solubilizing sodium sulfonate groups, turquoise compound 4, is
based on the important pigment, copper phthalocyanine, whose bright color and
resilient nature owe much to it being a metal complex. The chlorotriazine fragment
of 4 is a substrate-reactive group: its chlorine atom is labile enough to permit reac-
tion between dye and cotton during application. The resultant covalent attachment
leads to high wash fastness. Compound 5 is produced by laking a water-soluble dye
with a barium salt. The precipitated scarlet pigment is prized commercially as a col-
orant for ink formulation.

The relative importance of elements making up industrial organic colorants is
unlikely to change significantly, although it is possible that some previously spar-
ingly-used elements might come further to prominence with the introduction of more
exotic structures where there are breakthroughs in functional dye development.

Dyes are exclusively organic. In contrast, commercial pigments are either organic
or inorganic. A form of coloration called “mineral dyeing” blurs this demarcation.
While now of minor importance, this technique utilizes inorganic substances labelled
“mineral dyes” [53]. Solutions of metallic salts, typically of chromium or iron, are ap-
plied to cotton whereupon they are converted to insoluble oxides by steam treatment,
producing dull but fast coloration. The salts are therefore not dyes in the technical
sense, despite their employment in solution form. Instead, these inorganic materials
fall under the definition of precursor (see Box 8) because they are transformed into
substances of a different composition from that initially applied. Nevertheless, the
technique has parallels with azoic dyeing which depends upon organic precursors.

In terms of global annual consumption, inorganic colorants dwarf organic pig-
ments and dyes (see Figure 15.3).

Depending upon which economic analyst one believes, the global coloration in-
dustry synthesizes around 10 million tonnes of colorant per year worth in the region of
USD20-30 hillion. Over four-fifths of the volume supplied consists of inorganic pig-
ments. Remarkably, just one substance - titanium dioxide — accounts for over half the
amount of colorant used worldwide owing to its unique combination of economy and
technical properties as a white pigment. Dyes only make up around one-eighth of the
total volume of the colorant market, while organic pigments constitute no more
than 5 %. However, in terms of market value, these two colorant types take up far
larger slices of the total sold, because inorganic pigments are generally more inex-
pensive. No single colorant dominates the organic sector: there are far too many
different substrates and applications, all with their own particular technical and
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Figure 15.3: Proportions by volume of global colorant consumption.

economic demands, to allow that to happen. Instead, a multitude of dyes and or-
ganic pigments fulfills these needs. Commercial inorganic colorants consist of a set
of only 100 or so chemically distinct types, which is only around 1% of the number
of industrial organic colorant compounds [54]. Consequently, the production quan-
tities of even the highest volume synthetic dyes at several tens of thousands of tonnes
per year are orders of magnitude lower than the top inorganic pigments. Far more typi-
cal annual outputs for individual synthetic conventional organic colorants are 1-100t.
Many specialist or functional colorants are manufactured in smaller quantities. In ex-
treme cases, just a few kg or less per year may satisfy demand. It follows that colorant
unit cost varies enormously: some commodity dyes and pigments are marketed at less
than USD1/kg, while niche low-volume colorants of high purity prepared by multistep
syntheses may cost tens of dollars per gram or more.

A key technical property contributing to the dominance of inorganic pigments is a
large refractive index. The organic or aqueous media in which they are typically dis-
persed possess significantly lower indices. The resultant index differences lead to high
proportions of light being reflected at pigment particle-medium interfaces. Inorganic
pigments thus effectively scatter light in cured coatings and plastics, producing
high opacity. On a weight for weight basis, colored inorganic colorants tend to pro-
duce less intense, duller shades drawn from a more restricted color palette than their
organic counterparts. The latter do not generally have large refractive indices, leading
to smaller index differentials between pigment and substrate: consequently, organic
pigments usually scatter light less effectively, exhibit lower hiding power and furnish
greater transparency. Colored organic and white inorganic colorants are therefore
often used together to produce coloration effects of high intensity, brilliance and
opacity across a wide gamut. Globally, production of paints and coatings as well as
coloration of plastics accounts for around two-thirds of pigment demand. Application
to textiles consumes about half the production of dyes and organic pigments.
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The inorganic colorant with the simplest elemental composition is perhaps car-
bon black, a pigment comprising =95 % carbon, which is used in plastics, rubber,
paints and inks. Despite its structure consisting primarily of fused aromatic carbo-
cyclic systems, it is usually classed as an inorganic pigment. It is exceptional in
that the chemical formulae of all other inorganic colorants of import contain at
least one of the elements oxygen and sulfur, most commonly in the form of oxides
and sulfides. Nonetheless, a wide variety of elements may be found in commercial
inorganic pigments today (see Figure 15.4). Despite being fewer in number than or-
ganic colorants, collectively they are more elementally diverse, although in volume
terms, oxygen, titanium, iron, sulfur and carbon greatly dominate.

Figure 15.4: Summary of occurrence of elements in chemical formulae of inorganic colorants.

An important aspect of commercial colorant composition is that many products do
not consist essentially of just one chemical entity accompanied by traces of impuri-
ties. A significant proportion of marketed colorants are mixtures of components,
some of which are not colored but whose presence makes the imparting of color
more reliable, efficient and/or effective. As we shall see in the next section, the an-
swer to whether certain colorants are organic or inorganic is actually “both”.

15.7 Anatomy of commercial colorants

Colorants are supplied to end-users in one of several physical forms depending
upon their application. Those varieties most commonly encountered for pigments
or dyes are listed in Table 15.4.
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Table 15.4: Typical physical forms of commercial colorants.

Physical form Description Pigment Dye
Powder Average particle size may be v v
from the submicron domain
upward
Granule Non-dusting friable particles of v v

several mm diameter

Presscake Water-wet paste typically v v
consisting of >50%w/w colorant

Solution Liquid concentrate typically X v
>20%w/v in water and/or
solvent

Dispersion Stabilized liquid colloidal v v
suspension of particles in water

Masterbatch Concentrated solid solution or v v
dispersion of colorant in
polymer

Note that many commercial colorants marketed as solids do not consist wholly of
a single compound [55]. For instance, “mixed pigments” are products of dry-mixing
or -grinding at least two inorganic compounds together. In addition to colored com-
pound(s), a colorant will very likely contain one or more substances whose presence
is intentional or inadvertent. The inclusion of each substance may be (1) inescapable,
(2) avoidable but tolerated, or (3) deliberate. Even authors of scientific papers some-
times overlook the fact that the commercial colorants at the center of their studies are
unlikely to be composed of a single chemical entity. For example, textile dyes often
contain substantial amounts of noncolored components in addition to one or more col-
ored substances. Responsible manufacturers create such colorants with minimized pro-
duction cost and effort in mind: they are designed to withstand industrial conditions
and deliver reliable outcomes in an economic manner. Consequently, nonessential
components carried through from synthesis may not be considered worth removing
even if doing so was financially viable. Producers also add substances to protect and
enhance colorant performance during transport, storage and use. Typically, therefore,
textile dyes in powder form only comprise 30-90%w/w of colored component(s). Box
9 elaborates a little on the identity of the types of materials likely to be found in dyes
and pigments marketed in a solid state.
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Box 9

Water: Low levels are usually unavoidable. Moisture may be carried through from manufacture,
picked up from the atmosphere, introduced in other additives or even be present as water of crystalli-
zation. Removal of all traces is not usually practical, nor in many cases necessary. Nevertheless,
manufacturers often control its presence during post-synthesis by drying below a level deemed
appropriate, i.e. to ensure processability, stability and/or a particular color strength can be achieved.
Certain water-soluble dyes are prone to picking up water as a consequence of exposure to atmo-
spheric moisture during storage. An extreme example of such hygroscopic behavior is that of some
cationic dyes which absorb ~10-20%w/w water and yet remain free-flowing powders.

Solvent: More than one volatile organic material may be present as a consequence of solvent use
in manufacture coupled with incomplete removal during isolation and drying. The concentrations of
residual solvent that are tolerated depend upon toxicological, legislative and other considerations,
e.g. odor.

Impurities: These contaminants may be present in the form of residual starting materials, reagents,
by-products or side products. While some specialist uses demand high purities, it is common for com-
mercial dyes and pigments to contain percentage-level impurities, some of which are themselves col-
ored. Economic pressure often dictates that purification to remove them is not an option given the
substantial extra cost involved. In such cases, manufacturers rely on consistent operation of optimized
processes to reproducibly restrict the amounts of impurities present to acceptably low levels.
While their presence is usually merely tolerated, in certain cases, it is actually desirable, leading
to useful modifications to shade, crystal form or solubility. In applications such as food and cos-
metics, legislation or safety assessments demand that traces of particular organic compounds
and heavy metals do not exceed specified limits.

Diluent: A low-cost material is added by the manufacturer during the “standardizing” stage of the
production of certain colorants to reduce color strength to a consistent level.

Inorganic salt: Colorless compounds like sodium chloride and sodium sulfate are often unavoidably
present in some kinds of water-soluble dye owing to their formation and/or addition during produc-
tion. Substantial amounts may remain if it is neither economic nor necessary to remove them. In
such cases, manufacturers usually add extra salt as a diluent to eliminate differences in colorant
strength arising from inevitable batch-to-batch variation in residual salt content.

Dispersing agents: These water-soluble polymers or surfactants are intentionally blended into
water-insoluble colorant powders to aid their dispersion within aqueous media and to stabilize the
resultant suspensions. They are also used in production of such powders; existing levels may be
topped up with further dispersant acting as a diluent, typically to contents of ~50%w/w.

Dust-reducing agents: Also called “dedustants” and “anti-dusting agents”, these are predominantly
high-boiling mineral or organic oils present at no more than 1-2%w/w to aid handling of powders by
inhibiting aerosolization of particles during dispensing and dissolution/dispersing of colorant.

Buffers: These materials are added to chemically reactive dyes during their isolation and/or stan-
dardization in order to lengthen shelf-life by maintaining pH in a desired range during storage.

Shading components: Producers may add small quantities of other colorants to correct aberrations
in color caused by deviations from a prescribed production process or to match the color of compet-
itor products.
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Coating: Manufacturers sometimes apply colorless substances to pigment particle surfaces to ma-
nipulate their hydro- or organo-philicity as well as to improve properties such as photostability.

Some of the colorant forms listed in Table 15.4 may be preferred to powders by color-
ant users on the basis of convenience and/or safety. For example, liquid concentrates
are readily metered by volume, save on dispersion/dissolution time and do not create
dust. The liquid media employed are heavily application dependent: aqueous, water-
miscible (e. g. glycol) or water-immiscible (e. g. hydrocarbon). In addition to dyes or
pigments, they will contain extra components, which may include one or more of
those listed in Box 9, plus other additives such as preservatives. Colorants are also
supplied as concentrates in other forms. Pre-dispersed pigment “masterbatch” mix-
tures in pellets or slabs of thermoplastic or rubber (as well as plasticizer pastes) en-
able end-users to produce colored items through combination with molten virgin
polymer, sparing themselves the difficulties of handling neat pigments individually.

To the above list can be added solutions and dispersions of colorant in coating
formulations: inks, paints, varnishes and the like, will contain an even wider range
of materials for use in conjunction with colorants, such as light stabilizers, antioxi-
dants, rheological control agents, reactive monomers, photoinitiators, etc.

Colorant composition and form are diverse: the next section touches on distinc-
tions in dye and pigment origin.

15.8 Natural or synthetic?

Many dyes and pigments are natural in origin in the sense that they are extracted
from mineral, vegetable or animal sources rather than created by chemical transfor-
mation of fossil fuel [56]. Pigments refined from mineral deposits, such as iron ox-
ides, have been known since antiquity. Dyes continue to be extracted and/or derived
on a commercial basis from plant and animal sources, examples of which include
curcumin and cochineal, respectively. Often these extracts or preparations consist of
complex mixtures of colored compounds. By way of illustration, many literature sour-
ces refer to the principal component of the red coloring matter obtained for centuries
from the plant madder (Rubia spp.) as alizarin (1,2-dihydroxyanthraquinone), but
over 60 anthraquinonoid colorants have been identified in root extracts [57].

The vast majority of dyes and pigments are synthetic. They are manufactured
using modern production methods in which well-characterized chemical reactants
are combined under carefully controlled conditions, often with the aim of produc-
ing a single colored compound to defined specifications in terms of color and con-
tent [58]. These products are then utilized “as is” or in the manufacture of colorant
formulations through mixture with other colored compounds and/or non-colorant
additives as described in the previous section.



15.8 Natural or synthetic? =— 141

The advent of the synthetic dye manufacturing industry in the 1850s heralded
what would become a decline in natural dye usage during the decades that followed.
Today, natural dyes account for only a very small proportion of overall colorant use
because synthetic materials have supplanted them in most applications. A notable ex-
ception is food coloration, for which synthetic colorants are restricted in many geogra-
phies to selection from small sets. A few natural dyes are now synthesized entirely
chemically: an example is Indigotin. It is the principal blue colorant component of the
natural plant extract, Indigo, which has been used for millennia in textile coloration.
Worldwide production is currently ~50,000 t/year [59] of which by far the majority is
synthetic. The successful commercial introduction of artificial Indigotin just before the
end of the nineteenth century led to a 20-fold reduction in production of natural
Indigo to less than 1,000t at the outbreak of the First World War. The utilization of
many other natural dyes also declined severely as a consequence of the commercial
and technical advantages offered by synthetic dyes, the overwhelming majority of
which do not occur in nature. These characteristics include a wider color gamut in ad-
dition to typically better fastness and an availability that is unaffected by seasonal and
climatic variation.

In contrast to dyes, production of certain inorganic pigments from natural sour-
ces remains important: titanium dioxide is produced at a rate of a few million tonnes
per year. Most of it is extracted from mined ore by chemical processing, which regen-
erates the compound in sufficiently pure form for pigment usage. Nevertheless, ultra-
marine — originally a rare and expensive natural pigment consisting of ground lapis
lazuli - is an example of an inorganic pigment that has been produced synthetically
since the 1820s [60]. Not only is artificial ultramarine cheaper but its color properties
can be tuned by appropriate selection and control of synthesis conditions. Pigments
of wholly organic composition are exclusively synthetic.

Over the past couple of decades, there has been great academic interest, especially
in Asia, concerning plant-derived natural dyes. This attraction lies in their potential to
be safer and more sustainable alternatives to synthetic colorants for applications in-
cluding cosmetics and textiles. However, it is often presumed that “natural = safe” but
the assumption that their toxicology is benign does not necessarily hold. In addition,
natural colorants possess intrinsic problems connected with their production (incon-
sistency of quality; seasonality in availability; land-use competition with food crops)
and properties (limited color gamut; tendency for poor fastness; relatively complex ap-
plication techniques required). Food coloration aside [61], they will remain niche un-
less substantial economic or legislative shifts occur, enforcing large-scale migration
away from synthetic dyes, which currently appears unlikely. Another approach to the
production of naturally derived colorants that might eventually bear fruit after years of
study is the attempted creation of colorants by microorganisms. Commercialization of
processes in which vats of bacteria, whose metabolic pathways have been pro-
grammed genetically to secrete specific colorants, remains in its infancy.
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As we have just glimpsed in this and preceding sections, colorants vary hugely
in composition, origin, and end-use. Structured systems of classifying and naming
colorants became important many years ago for selecting and referring to them.
The marketing of dyes and pigments with supplier-specific trade names drove ef-
forts to categorize colorants, permitting users to figure out which were equivalent
and for what purposes they could be used. This chapter will close with a brief ex-
amination of the most helpful means of subdividing the colorant kingdom.

15.9 Colorant taxonomy

The most immediately obvious way of differentiating colorants is by color, for ex-
ample, in terms of hue. One can demarcate colorant subdivisions on the basis of
other properties too. Such measures include hydrophobicity and volatility. While
this strategy of utilizing individual properties in isolation or combination may be
appropriate when choosing between members of a narrow set of similar colorants
for a specific application, it usually serves no purpose as a general method of classi-
fication at a technical level. For example, the description “red water-insoluble col-
orant” covers such a vast array of dyes and pigments that nothing specific can be
inferred from it concerning chemical composition or end-use.

Producers and users of colorants must be able to discriminate between them in
ways which they consider useful. Knowledge of colorant constitution is of prime im-
portance to manufacturers of dyes and pigments. On the other hand, the main con-
cerns of those applying colorants relate to suitability and properties. The two most
useful general schemas are therefore based on either chemical composition or means
of use. The colorant classification system which has arguably enjoyed the greatest
success, that of The Colour Index™ (CI), combines these two approaches [62].

The use of full chemical nomenclature when referring to individual colorants is
not practical in most cases. While it is common practice to do so for inorganic pig-
ments with relatively simple compositions, e. g. titanium dioxide and barium sul-
fate, application of systematic procedures, such as that of IUPAC, to the structures
of organic colorants presents several difficulties. Names are usually too inconve-
niently long and complex for everyday use and would be met by noncomprehension
from most end-users. The approach cannot readily deal with colorants of indetermi-
nate composition (e. g. sulfur dyes) or those made up of complex mixtures (e. g. natu-
ral colorant extracts). Other obstacles include business confidentiality: the chemical
structures of many dyes and pigments remain commercially sensitive and are thus
not publicly disclosed.

There is however a highly useful classification system for organic colorants that
is based on structure. It centers on the key molecular features of a dye or pigment
that give rise to light absorption, i. e. the motif in a colorant’s molecular structure
which leads to electronic transition energies coinciding with those of the visible
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spectrum and thus bestows on it the potential to be colored. Figure 15.2 shows four
common structural classes: azo 2, anthraquinonoid 3, phthalocyanine 4 and hydra-
zone 5. Subdivision in this manner is of value in that the same structural types
share general color characteristics and chemistry. The CI not only employs this
strategy but also goes further, allocating a unique numerical code (“Constitution
Number”, CICN) prefixed with “CI” to each dye and pigment structure (see Box 10).
CICNs can often be found in ingredients listings of cosmetics products, signaling
the inclusion of colorants to manipulate the appearance of formulations.

Box 10

Indigoid colorants are allocated CICNs within the range Cl 73000-Cl 73999. The parent indigoid col-
orant, Indigotin (6), has a Constitution Number of Cl 73000, whereas that assigned to its sulfonated
derivative, Indigo Carmine (7), is Cl 73015.

As mentioned in the previous section, Indigotin has a long history as a colorant. It remains an ex-
tremely important vat dye and is listed in The Colour Index™ with a CIGN of Cl Vat Blue 1. The name
consists of four parts:

— the Cl prefix;

— an application class (one of nineteen classes — here “Vat” signifies use as a vat dye);

— ahue (one of the eight divisions relevant to dyes);

- a numerical identifier (usually an integer).

Many authors of research papers incorrectly neglect to include the Cl prefix when referring to colo-
rants by CIGN.

Indigotin is also marketed in its leuco form as Cl Reduced Vat Blue 1. The low solubility of the
non-reduced form of the dye leads to its now-obsolete use as a pigment in the guise of Cl Pigment
Blue 66.

Industry also exploits the disulfonated analog 7 in various applications. It can be used as a tex-
tile dye (Cl Acid Blue 74) and is an important food colorant (Cl Food Blue 2). In the latter context, it
has the food additive designations E132 and FD&C Blue #2 in the EU and United States, respectively.
When used to color cosmetic formulations, the INCI name of the dye is the same as its CICN (“CI
73015”), but when employed as a hair colorant, the relevant INCI name is an incomplete form of
CIGN (“Acid Blue 74”). After conversion to an aluminum lake, the colorant is designated Cl Food
Blue 1:1 and Cl Pigment Blue 63.

The CI also categorizes colorants in terms of use by means of CI Generic Names
(CIGN). These designations consist of a combination of application class, hue and
identifier prefixed with “CI”. An example is CI Vat Blue 1 (see Box 10). Commercial
colorants with the same CIGN are thus equivalent in the sense that they are based
on the same principal dye or pigment — and so share the same CICN. Care is required
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though: content, additive and physical form differences between colorants of the
same CIGN mean that coloration performance might not be exactly equivalent.
While a CICN is often associated with just one CIGN, the versatility of certain colo-
rants leads to their CICNs being linked with two or more CIGNs — Box 10 gives two
such examples.

Another structure-based system of identification is mandated for colorants
(as well as non-colorants) utilized in cosmetics products marketed within the EU
and elsewhere: International Nomenclature of Cosmetics Ingredients (INCI) [63].
Its intent is that naming of ingredients on labeling is consistent between manufac-
turers for the benefit of consumers. Some colorants are accorded chemical names;
others are referred to by names appropriated from elsewhere. For instance, the dye
precursor benzene-1,4-diamine and the dye sodium 4-[(9,10-dihydro-4-hydroxy-
9,10-dioxo-1-anthryl)amino]toluene-3-sulfonate, when used in hair coloration, have
the INCI designations “p-phenylenediamine” and “Acid Violet 43", respectively. The
latter name is an incomplete form of the dye’s CIGN, CI Acid Violet 43.

Numerous other forms of colorant nomenclature exist for particular applica-
tions. The EU and the United States, respectively, originated the “E number” and
“FD&C name” designations for permitted food colorants (see Box 10).

15.10 Summary

In comparison to colorants, there are probably few other industrial product types of
which individual examples span such a wide range of cost and volume. The history
of colorants is long, but perceptions of a mature unchanging technology are not
correct: not only did they drive the initial growth of the modern chemical industry,
but dyes and pigments lie at the heart of many new technologies being developed
today. As a consequence of the breadth of colorant usage and properties, it is diffi-
cult to pin down common characteristics. We have seen that the lines between dye
and pigment, aesthetic and functional, as well as natural and synthetic, are some-
times blurred. In addition, colorants vary enormously in composition and longevity.
The color that they impart may be delayed, conditional or even destroyed during
application.

This chapter closes with two industry-defined colorant definitions reproduced
in Box 11. They are more complex and restrictive than those presented in Box 3 for
dye and pigment but are nevertheless consistent with the picture presented in the
preceding sections. It is hoped that this chapter not only facilitates a ready under-
standing of the descriptions contained in Box 11, but also leads to an appreciation
of how the sphere of colorants extends beyond them.
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Box 11

The Ecological and Toxicological Association of Dyes and Organic Pigment Manufacturers (ETAD)
and the Color Pigment Manufacturers Association Inc. (CPMA) define dyes and pigments, respec-
tively, in the following ways [62]:

“Dyes are intensely colored or fluorescent organic substances only, which impart color to a
substrate by selective absorption of light. They are soluble and/or go through an application
process which, at least temporarily, destroys any crystal structure by absorption, solution, and
mechanical retention, or by ionic or covalent chemical bonds.” (ETAD)

“Pigments are colored, black, white, or fluorescent particulate organic and inorganic solids
which usually are insoluble in, and essentially physically and chemically unaffected by, the
vehicle or substrate in which they are incorporated. They alter appearance by selective absorp-
tion and/or by scattering of light. Pigments are usually dispersed in vehicles or substrates for
application, as for instance in inks, paints, plastics, or other polymeric materials. Pigments
retain a crystal or particulate structure throughout the coloration process. As a result of the
physical and chemical characteristics of pigments, pigments and dyes differ in their applica-
tion; when a dye is applied, it penetrates the substrate in a soluble form, after which it may or
may not become insoluble. When a pigment is used to color or opacify a substrate, the finely
divided insoluble solid remains throughout the coloration process.” (CPMA)
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Gerhard Pfaff
16 Colorants in building materials

Abstract: This review article is a summary of the current knowledge on colorants in
building materials, respectively, construction materials. Building materials belong as
well as paints, coatings, plastics, printing inks, and cosmetic formulations to the most
important application systems for colorants. The only relevant colorants used in build-
ing materials are inorganic pigments. These have to meet high demands with regard
to color and stability in the application system, especially in concretes. Different proc-
essing methods are used for coloring of cement, respectively, concrete. The coloring
processes need to be coordinated in accordance with the steps of the processing lead-
ing to the final building materials.

Keywords: colorant, pigment, building material, cement, concrete

16.1 General aspects

The choice of the colorant is of major importance for the appearance and the proper-
ties of an end product. In case of building materials, only inorganic pigments play an
important role for coloring. Years of tests on colored concrete products exposed to
different climate conditions all over the world have shown that particularly inorganic
pigments on the basis of metal oxides have the required fastness properties, which
are essential for the use in building materials [1].

Pigments used in building materials must withstand the aggressive influence of
the strongly alkaline cement pastes. They must also be lightfast, weather-stable, and
insoluble in the water used during processing of the material. The pigments must be
firmly integrated in the concrete matrix after the processing [2-4].

The oxide pigments commonly used in building materials cover all the most popu-
lar colors. These include various red, brown, yellow, and anthracite color shades, but
also green, blue, and white colors. Most important pigments for red, brown and yellow
colors are iron oxides (iron oxide red, iron oxide yellow, iron oxide black). To a lesser
extent, mixed metal oxide pigments based on the rutile structure (so-called buff rutile
pigments, e.g. chromium antimony titanium oxide and chromium tungsten titanium
oxide) are used in the yellow color segment. Green shades are mostly produced with
chromium(III) oxide (chromium oxide green) and blue shades with cobalt aluminum
oxide (cobalt blue). Titanium dioxide (titanium white) is used for white and carbon
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black for black tones. The different pigments can be mixed together. An infinite number
of different shades is possible in this way. The shades are often oriented to the opaque
colors as they occur in nature, and thus fit harmoniously in with the environment.

Green and blue color shades are of less importance compared with red, brown,
and yellow. Brilliant, glossy shades, like those achievable for plastics and coatings,
are very difficult to produce for building materials mainly due to the composition
and the structure of the different types of concrete. Figure 16.1 shows examples of
concrete paving slabs with and without coloration.

Figure 16.1: Concrete paving slabs, from left to right without pigmentation, pigmented
with an iron oxide red pigment, pigmented with an iron oxide black pigment.

Tinting strength of a pigment in a specific system used as a building material is an
important quality characteristic. It is defined for building materials as the ability of
a pigment to impart its natural color to the medium being colored. The laboratory
test for the determination of the tinting strength of iron oxide pigments, as an ex-
ample, is carried out by mixing a defined quantity of the pigment with a defined
quantity of barium sulfate. The result of the test is the basis for the tinting strength
tolerances given in the product specification for iron oxide pigments.

Typical pigment concentrations used in concrete are 3—6% with regard to the con-
tent of cement. In special cases, higher pigment quantities of up to 10% are possible.

The decision, which pigment quality is used in a specific case of coloring is not
only dependent on the tinting strength of the possible pigments but also on other
factors, in particular on the price for the pigment finally used.

The requirements concerning the processability of pigments for building mate-
rials have changed over the years. In earlier years, only pigment powders were used
in the building industry. Nowadays, aqueous pigment slurries are also in use in this
application field. Apart from the fact that the processor does not have any dust prob-
lems, there is also the advantage of simple handling and metering. On the other
hand, such slurries contain a relatively high proportion of water, which means higher
transport costs than for pigments in powder form. In addition, the pigment may settle
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at the bottom if the pigment suspensions have not been well stabilized for a long time.
For these reasons, it is in certain cases worthwhile to purchase ready-to-use pigment
suspensions if the producer is in the vicinity of the producer for building materials.

A more recent development in this field is the supply of the pigments in form of
free-flowing dry pigment preparations. These have been developed specifically for the
use in the building industry and allow easy emptying of silos, sacks, and bulk bags. A
big advantage of working with such preparations is the avoidance of dust formation.

16.2 Metering and dispersion of pigments for building materials

Accurate metering and homogeneous dispersion of the pigments are essential factors
in the manufacture of high-quality colored concrete products. The building industry
has established in this regard a system of parameters for the dispersion of pigments
in compositions for building materials [5].

Each type of mixer used for the dispersion process has an optimum mixing time.
Too short mixing times lead to inhomogeneities, even if the mixing times of the indi-
vidual ingredients or the order in which these are added are changed. The necessary
mixing times are highly dependent on the performance of the concrete mixer. It is im-
portant for the generation of optimized pigment dispersions to know when the pig-
ment should be added to the mixer. Experience has shown that the ideal sequence is
to mix the pigment with the suitable amounts of gravel and sand for about 15 s before
the cement is added. From that point on, the mixing process is the same as with un-
pigmented concrete. Something, which must be avoided at all costs, is the adding of
all the components simultaneously, or that cement is mixed in immediately after the
sand. The mixing time naturally also plays an important role in whether or not a ho-
mogeneous dispersion of the pigment is achieved.

Each mixer needs a minimum of mixing time, which is in the range of 1.5-2min
for forced circulation mixers. If the time is reduced, it will not be possible to produce
a homogenous mixture, even by altering the individual mixing time or the adding
sequence for the individual components.

The concrete producer has always the possibility to produce a large variety of color
shades by himself. Iron oxide pigments, for example, are manufactured in the basic
colors red, black, and yellow. Various shades are also available within each of these
color ranges. By combining two or three iron oxide pigments, it is possible to produce
an almost unlimited number of shades. In order to achieve a brown shade, an iron
oxide red pigment can be combined with an iron oxide black. Figure 16.2 gives an im-
pression of concrete stones colored with different iron oxide pigments.

Present-day concrete mixing technology allows several individual pigments to be
added simultaneously to the concrete mixer. There is no need to premix the pigments.
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Figure 16.2: Concrete stones colored with different iron oxide pigments respectively
pigment mixtures.

16.3 Influence of the cement color on the color of the concrete

Cement is defined as a binder in the area of construction materials, and more spe-
cific as a substance used in this application field that sets, hardens, and adheres to
other materials to bind them together. Cement is typically not used on its own, but
rather to bind sand and gravel (aggregate) together. Cement mixed with fine aggre-
gate produces mortar for masonry. Mixtures of cement with sand and gravel are the
basis for concrete. Cements used in the construction sector are usually inorganic,
mostly based on calcined lime (calcium carbonate) or calcium silicate.

Concrete is defined as a composite material composed of fine and coarse aggre-
gate bonded together with a fluid cement (cement paste) that hardens over time.
Different types of cement can be used for the production of concretes. Well known
are lime-based cement binders, such as lime putty. Other cements used are calcium
aluminate cement and Portland cement. Figure 16.3 shows component parts consist-
ing of pure uncolored concrete.
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Figure 16.3: Panels consisting of pure uncolored concrete.

The quality of the pigments used for coloring of the cement, respectively, the con-
crete is of fundamental importance for the appearance of these building materials.
The requirements for these pigments are regulated among the countries of the
European Union and some other European countries in the EN 12878 [6]. This stan-
dard describes that concrete colors must be based on inorganic synthetic pigments.
Before concrete colors are allowed to be used, their conformity corresponding with
the requirements of the standard must be proved.

16.3.1 Color of the cement

Concrete manufactured with normal gray Portland cement is not suitable for bright
colors. These are typically achieved by the use of white cement. The gain in color clar-
ity obtained by using white cement depends significantly on the properties of the ap-
plied pigments. In case of a black pigment, there is virtually no difference between
concrete made by using of white or grey cement. With dark brown and red pigments,
the difference is slight, and with yellow and blue pigments, it is very pronounced. The
brighter and cleaner the desired shade, the greater the dependency on the type of
cement.

Producers and users have to take into the consideration the fact that grey ce-
ment can vary appreciably in color from light to dark gray. The switch of a cement
grade or of a cement supplier can lead to undesired deviations in the natural color
of the cement, which can have an appreciable influence on the final color [3].
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16.3.2 Color of the concrete

Coloring of concrete means, that the cement paste is pigmented, not the aggregate.
The cement paste then forms a layer on the individual aggregate particles. The influ-
ence on the color of the pigmented concrete by the cement content can simplified be
explained by using a mixture of two substances, the colored cement paste and the
aggregate. The more the colored cement paste is “diluted” with the aggregate, the
less intensive is the color of the concrete. This simplified consideration is confirmed
by practical experience. A concrete with a high cement content has at an equal pig-
ment concentration (typically a percentage based on the weight of cement) a much
stronger color than a concrete with a lower cement content.

16.3.3 Role of the aggregate

The production of colored concrete includes that the aggregate particles are covered
by the pigmented cement paste. It can happen that the grains of an intensively col-
ored aggregate are not completely covered. In such a case, the resulting color of the
final concrete is affected by the natural color of the aggregate. While this effect can
be apparent even during the production of the colored concrete, it becomes particu-
larly evident when the end product is exposed to outdoor conditions. Under these
circumstances, the aggregate particles may become visible through weathering of
the surface. A mixed shade resulting from the color of the cement paste and the ex-
posed aggregate can thus be seen.

16.4 Influence of the formulation
16.4.1 Pigment concentration

It is common knowledge that the optimum pigment concentration in an application
system is of high economic interest. This is also true for the production of concrete,
where not more pigment is used than necessary to achieve a certain effect. If in-
creasing amounts of pigments are added to a concrete mix, the color intensity ini-
tially rises linearly with the pigment concentration. Continued addition of pigment
leads at a certain point to a pigmentation level at which further pigment does not
significantly deepen the shade. Consequently, further addition of pigment is uneco-
nomical above this level. Establishing the saturation range is dependent among
other things on the system parameters of the concrete. In case of pigments with less
intense color, the saturation range is often not reached until very large amounts of
pigment are added. The amount of pigment required to produce a given shade can
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sometimes be so large that this quantity can have a negative influence on the tech-
nical properties of the concrete.

16.4.2 Water—cement ratio

The water—cement ratio has a significant influence on the color of a concrete. Foam
is formed during the process in that moment, when the cement is incorporated in the
water by stirring. The foam consists of many tiny air bubbles, which scatter the light
in the same way that white powder particles do, for example pigments or fillers. The
excess mixing water evaporates from the concrete and leaves behind cavities in the
form of fine pores. They scatter the incident light and make in this way the concrete
lighter. The concrete appears the lighter, the higher the water—cement ratio is.

16.4.3 Practical applications

Mixing water with its enormous influence on the technical parameters and on the
color of the final concrete must be monitored very carefully during the entire process.
Differences in color shade can be appreciable in cases in which the excessive mois-
ture in the concrete results in the formation of a surface sludge on the concrete. This
sludge contains the very fine components of the concrete such as cement, fines and
an above-average accumulation of pigment, so that the concrete may have a different
appearance in comparison with the situation when little or no sludge is on the
surface.

16.5 Influence of the hardening conditions on the shade
of concretes

The hardened cement paste formed during the reaction between the mixing water
and the cement, produces crystals of varying size, depending on the temperature at
which the concrete is hardened [7, 8]. The size of these crystals plays an important
role for the interaction of light with the surface of the concrete. The often needle-
shaped crystals act as scattering centers for the incident light. Higher hardening tem-
peratures lead to the formation of finer crystal needles. The more distinct light scatter-
ing of a concrete with fine crystal needles generates a brighter color compared with
the same concrete with larger crystals formed at lower temperatures. It should be
noted, however, that this phenomenon becomes generally only recognizable, when
the difference in temperature reaches a certain order of magnitude, for example,
when steam-hardened concrete is compared with concrete hardened at normal room
temperature [9].
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16.6 Technical properties of pigmented concretes

Pigments used for coloring of concrete consist typically of particles with grain sizes
in the range from 0.1 to 1.0 um. Pigments with smaller or larger particles are applied
in building materials only in very rare cases. A comparison shows that the pigment
particles used for the coloring of concrete are about 10-20 times finer than the ce-
ment. It is to be expected that the addition of the fine pigment particles has a no-
ticeable influence on the water demand for the production of the concrete.

Practical experience shows, however, that the addition of iron oxide red and iron
oxide black pigments to water and cement has virtually no effect on the necessary
water amount. The behavior of iron oxide yellow pigments under comparable condi-
tions is different. The particles of these pigments have a specific needle-shaped struc-
ture and can therefore adsorb more water on their surface. This effect, however,
becomes only noticeable at pigment concentrations above 5%, which are rather rare
in practical coloration of concrete.

16.7 Weathering behavior of pigmented concretes

Concretes produced under optimum conditions have an extremely long steadiness.
The color of such concretes is very stable as well. A precondition for this is the use
of stable inorganic pigments such as iron oxides or chromium oxide green. Changes
of the color are, if any, quite small if one compares the original shade with the shade
at the time of consideration. Changes of the shade can also be observed on uncolored
concrete. They can have various causes and may be of temporary nature as in the
case of efflorescence or of permanent nature as in the case of surface exposure of the
aggregates.

16.7.1 Efflorescence

Efflorescence is defined as the migration of a salt to the surface of a porous material,
where the salt forms a coating. The process involves the dissolving of an internally
held salt in a solvent, typically in water. Such formed aqueous salt solution migrates
to the surface, then evaporates, leaving a coating of the salt. Efflorescence plays a not
negligible role in the life course of concretes. There is no influence on efflorescence
originating from the pigments used for coloring of a concrete, neither from iron oxides
and chromium oxide green nor from other inorganic colorants. Deposits of white
lime, on the other hand, which are formed during the process of efflorescence, have
a significant color-changing effect for the concrete. Deposited lime has its origin in a
variety of ions, mainly of calcium and carbonate ions, that occur in the mixing water
(primary efflorescence) or in rain or dew (secondary efflorescence). The deposition
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of low-soluble compounds like calcium carbonate on the surface of the concrete
happens when calcium ions react with carbonate ions formed from available car-
bon dioxide. An example of efflorescence as it can occur in the case of concrete
paving slabs is shown in Figure 16.4.

Figure 16.4: Paving slab showing the effect of efflorescence.

The porosity of a concrete plays an important role for efflorescence. The more com-
pact the concrete is the lower is the tendency to efflorescence. Calcium carbonate
formed on the surface of the concrete is able to react with carbon dioxide dissolved
in water to form calcium hydrogen carbonate, which is soluble in water. The efflores-
cence can therefore be washed off again by available water. Acid components in the
atmosphere have also a dissolving effect on calcium carbonate efflorescence on the
concrete surface [10].
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16.7.2 Weathering of concretes

The surface of a concrete is usually covered by a sludge layer consisting of the ag-
gregate fines and the cement. The thickness of such a layer depends mainly on its
composition and on the way of formation. In the course of the years, the sludge layer is
gradually eroded under the influence of atmospheric constituents. The aggregate par-
ticles in the surface are exposed during this process and contribute therefore more to
the overall color of a concrete system compared with the initial state.

Color changes in pigmented building materials are normally relatively small.
Construction units consisting of concrete can be exposed to various weather condi-
tions for many years without showing bigger changes. The most obvious effect is,
on the other hand, in most cases a slight soiling of the surface of the concrete.

16.7.3 Tests for the weather-stability of pigmented building materials

The use of weather-stable pigments such as iron oxides and chromium oxide green
for the coloring of building materials is a mandatory prerequisite for a steady color
under all weather conditions. Many other colorants, especially non-oxidic pigments,
are not able to fulfill the high demands in this area of application. Outdoor testing is
a reliable possibility to get the necessary information for a colored concrete system
before it is used in technical applications [11]. Such outdoor tests with concrete and
other building materials are relatively complex and time-consuming. They have to be
done under representative conditions including all possible weather phenomena,
which are thinkable for the location of the future use. It must be considered for all
these tests that already the pure concrete is the subject of degradation and that the
pigments are only a part of the whole system. Consequently, all outdoor tests have to
be performed in comparison with unpigmented test probes.
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17 Colorants in coatings

Abstract: The aim of this chapter is to provide a compact overview of colorants and
their use in coatings including a brief introduction to paint technology and its raw
materials. In addition, it will focus on individual colorants by collecting information
from the available literature mainly for their use in coatings. Publications on colo-
rants in coatings applications are in many cases standard works that cover the wider
aspects of color chemistry and paint technology and are explicitly recommended
for a more detailed study of the subject [1-18]. Articles or information on paint
formulation using coatings which contain colorants are rare [19]. This formulation
expertise is often company property as it is the result of many years of effort built
up over very long series of practical “trial-and-error” optimization tests and, more
recently, supported by design of experiment and laboratory process automation
[20, 21]. Therefore, it is protected by rigorous secrecy agreements. Formulations
are in many ways part of a paint manufacturer’s capital, because of their use in
automotive coatings, coil coatings, powder coatings, and specialist knowledge is
indispensable to ensure their successful industrial use [22]. An important source
to learn about the use of pigments in different coating formulations are guidance or
starting formulations offered by pigment, additive, and resin manufacturers. These
are available upon request from the technical service unit of these companies. Coating
formulations can also be found scattered in books on coating and formulation tech-
nology [4-27]. This overview can in no way claim to be complete, as the literature and
relevant journals in this field are far too extensive. Nevertheless, it remains the au-
thor’s hope that the reader will gain a comprehensive insight into the fascinating field
of colorants for coatings, including its literature and current research activities and
last but not least its scientific attractiveness and industrial relevance.

Keywords: colorants, pigments, dyes, coatings, paints, solventborne coatings, wa-
terborne coatings, powder coatings, radiation-curing systems, coil coatings, plastic
coatings, automotive coatings, thermochromic pigments, photochromic microcap-
sules, electrochromic pigments, phosphorescent pigments
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17.1 General comments on the application and processing
of colorants used in coatings

The paint industry today can call on a wide range of colorants, with a broad spec-
trum of colors, effects, and functional properties. Thus, suitable products are avail-
able to meet a wide range of demands. In practice, the strengths of the individual
product families are frequently combined by using mixtures of different types of
colorants. This can offer a cost advantage [15].

Before dealing with the subject in detail, it is worth considering why colorants
are used in coatings [28-30]. Scientific interest in this interdisciplinary specialist
area and the economic importance of their use is so high that it should at the very
least receive a mention in any publication on colorants.

Freedonia Group market studies indicate global growth rates for dyes and or-
ganic pigments of at 6% per annum. A global sales growth from $14.6 billion to
$19.5 billion was indicated for the years 2014 to 2019 alone [31, 32].

The colors around us have a very important impact on our daily lives. In 2000,
the annual production of textile dyes was worth almost €5.4 billion, organic pig-
ments around €4.6 billion, and inorganic pigments, mainly TiO, and iron oxide pig-
ments, €2.9 billion. This underscores the fact that dyes and pigments represent by
far the largest area of commercial activity in the world of color chemistry, whereas
their use in coatings is just one of many different important areas of application [2].

Many branches of industry, including paint manufacturers, focus their attention
on the end users of their products to ensure that development work meets the needs
of the market [33]. Furthermore, because of direct customer influence on color and
design, the “time to market” needs to be kept as short as possible. This applies across
the wide area of industrial design, fashion, architecture, automobile, and branded
products industries. New product development is virtually always prompted by
the end user’s constant search for individuality or uniqueness [34-36].

The paints and coatings industry is the largest commercial application field for
pigments in general [2]. Table 17.1 shows the breakdown among end users. It is
worth noting that the selection criteria for the particular pigments intended for a
given use depend heavily on the chemical nature of the polymer in question (poly-
esters, alkyds, acrylics, and latex) or the paint technology itself (solvent- or water-
based or powder coating).

In today’s world, the surfaces of everyday objects are coated and thus referred to
as “coated objects.” The term “coating” is therefore used to mean a material (usually
a liquid) that is applied to a substrate and, after a drying process, becomes a continu-
ous or discontinuous film. It however also describes the process of application, as
well as the resulting dry film [5].

A paint is made up of four basic components: one or more resins, or binders as
they are often called, pigments and fillers, additives and, except in so-called pow-
der coatings, a volatile component (solvent or water) [37, 38]. The binder forms a
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Table 17.1: World paint production 2018 by market sector [37].

Marketing sector as % of total*
Architectural 50
Powder Coatings 10
General Industrial 9
Industrial Maintenance & Protective 8
Wood 7
Transport 6
Coil Coatings 3
Marine 3
Vehicle Refinish 2
Packaging 2

*Total world = 54 million tonnes (67.5 billion litres),
© by R. Adams, ARTIKOL

continuous film on the substrate, the pigments and fillers provide opacity, protection,
and color and the additives act as catalysts during drying, or are flow modifiers etc.
The volatile element ensures the correct viscosity of liquid paint to ensure ease of ap-
plication. Coatings are normally dried by the evaporation of a solvent, curing, i.e.,
crosslinking, by oxidation, stoving, or by the application of ultraviolet (UV) light.

The words “coating” and “paint” are often synonymous. Normally, paints, coat-
ings, and transparent varnishes, and the now somewhat archaic term lacquers are
today referred to as coatings [3].

In general, there are three families of coating: solventborne, waterborne, and
solvent-free or powder coatings:

— in solventborne coatings, the resin, pigments, and additives are dispersed in
an organic solvent,

— in waterborne, the dispersing agent is water,

— in powder coatings, there is neither solvent nor water; the pigments and addi-
tives are dispersed directly in the binder.

The property of a dried coating not only depends on the resins, pigments etc. used,
but also on the substrate onto which it is applied. The end result is a combination of
the type of paint, nature of substrate, method of application, and drying.

The end use determines which type of coating is chosen. So-called organic
paints are favored in architecture and industry where appearance and function are
important, whereas inorganic paints are predominantly chosen for their protective
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properties. Increasingly, hybrid coatings are used for specific industrial applications.
Coatings are rarely applied in a single coat. Most are used in a multi-layer system
consisting of primer and topcoat. Depending on the application, there can be many
more. In the automotive industry, for instance, there can be up to six layers [24].

Liquid coatings can be applied manually with a brush or roller, but industry
favors automatic application by spraying, rotated disk, or cone atomization. Other
automatic applications can include dipping, tumbling, pouring, and the use of ro-
tating drums or rolling. Powder coatings are applied by electrostatic spraying or
dipping. Special equipment is needed for multi-component coatings [39].

Each layer is applied to perform certain functions, although their characteris-
tics are influenced by the other layers in the system. The interactions between dif-
ferent layers and the interfacial phenomena play an important role in the overall
performance of multi-coat systems [40]. Different coating properties are typically
associated with specific parts of that particular system [41], these are partially listed
in Figure 17.1.

In the context of coating technology, the term “functional” or “smart” coatings
is now regularly used and describes systems which possess an additional function-
ality to the classical properties of a coating, i. e., decoration and protection [3-50].
According to Baghdachi [51], smart materials are substances which are capable of
adapting their properties dynamically to an external stimulus and therefore are
called responsive or smart. The term “smart coating” refers to the concept of coat-
ings being able to sense their environment and make an appropriate response to
that stimulus. The standard thinking regarding coatings has been a passive layer
unresponsive to the environment. The current trend in coatings technology is to
control the coating composition on a molecular level and the morphology at the
nanometer scale. The idea of controlling the assembly of sequential macromolecu-
lar layers and the development that materials can form defined structures with
unique properties is being explored for both pure scientific research and industrial
applications. Several smart-coating systems have been developed, examined, and
are currently under investigation by numerous laboratories and industries through-
out the world. Examples of smart coatings include stimuli responsive [52-55], anti-
microbial, antifouling, conductive, self-healing, and super hydrophobic systems.
Although various mechanisms are involved, as well as numerous applications, the
common feature that they offer is a particular benefit which satisfies certain users’
demands. Most coatings, whether inorganic or organic, perform critical functions
(Figure 17.2), the content here is restricted to coatings with organic binders. Further
information can be found in reference [3].

The use of particular colorants in a number of families of coatings leads to complex
scientific issues and thus explains the “high tech” label that the paint and coatings
technology has rightfully earned for itself, as well as the high degree of interdisciplin-
ary cooperation that has developed as shown in Figure 17.3. As previously stated,
many coatings are based on organic polymers that serve as a backbone or matrix in
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Figure 17.1: Left: Scanning electron micrograph of a cross-section through a typical coating layer
arrangement: (metal) substrate, primer, basecoat (incl. effect pigment platelets), clear coat. Right:
Topographical classification of coating properties after [3] (Copyright Wiley-VCH GmbH.
Reproduced with permission).

film building, yet are, at the same time, expected to integrate discrete particles of
differing morphology during the paint preparation. The surface to be coated (the
substrate), can be both inorganic (metallic alloys) and organic in nature (plastic,
wood, or composites). The physical-chemical properties of the final film are sig-
nificantly affected by the distribution and orientation of the (sometimes aniso-
tropic) pigment particles (percolation), the homogeneity of the distribution in the
film (degree of dispersion), and the wettability brought about by the surrounding
polymer matrix. For completeness, it should be mentioned that the environment
during application, film building (coalescence), and treatment of the paint film
(air temperature, humidity, and downdraft speed, etc.) also have a deciding effect
on the properties of the resulting film. If the final paint film is subjected to external
mechanical influences and/or electromagnetic radiation, the analysis of the damage



166 —— 17 Colorants in coatings

« Anti-static coatings

‘§ + Conductive coatings
3 =) + Ferroelectric/
E_ | t coati h_E; g piezoelectric coatings
g T"mescen! coatings B - Dielectric coatings
= - Heat resistant £ o I [Sectio .
. Light (Infrared) 8 8 Rk
% o tant coa ° Interference) coatings
s TORINY CTNg = + Electrical wave
% > absorbing coatings

=

S

=
8 =
3 Functional B - Hard coatings
g i R - Anti-abrasion
bl - Anti-microbial Coatings S5 [t
8 coatings E
=] w
£ £
= =
-

« Photocatalytic coatings

+ Photoluminescent (Fluorescent/
Phosphorescent) coatings

» Anti-reflect coatings

+ Photochromic/colored coatings

» Hydrophilic or hydrophobic
coatings

+ Anti-corrosion coatings

+ Barrier coatings

with physico-chemical
properties

with optical properties

Figure 17.2: Types of functional coatings after [3] (Copyright Wiley-VCH GmbH. Reproduced
with permission).
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that is incurred makes the interpretation of the degradation mechanisms that occur
immensely complex.

According to [1], the most important properties of coatings are: durability (spe-
cifically exterior weathering), rheology (which affects the application properties),
hiding power (coverage), pigment volume concentration (PVC) (influences stress,
water uptake, water vapor permeability, weather resistance), water vapor and water
permeability (influences the moisture balance of the substrate and thus the durabil-
ity and protection of the substrate against weathering), adhesion to the substrate
(particularly with alternating moist—dry, moist-hot, and moist—frosty conditions),
and elasticity (in the case of crack-covering coatings and wood coatings).

In 1981, Kaluza published a useful “trouble shooting guideline” (Figure 17.4)
describing the complexity of the physical-chemical correlations of pigment—binder
interactions in the dispersion, application, and film-formation process [56].

If these properties are taken into consideration, an efficient “error analysis”
(for example, during the optimization of a paint formulation [56]) can only be suc-
cessful if looked at on an interdisciplinary level. Figure 17.3 lists the typical scien-
tific disciplines and their applications in relation to paint and coating technology.
Each specialist area is given the same degree of importance. Thus, for example,
“metallurgy” is not classified as a subcategory of “inorganic chemistry,” but as an
independent field for error analysis.

Empirically obtained knowledge is carefully protected. For this reason, it is often
not published (even in the form of patents). Guidance formulations now exist which
can be used as starting points. Given their source (often manufacturers of additives,
binders, or pigments, who seek to use these formulations to promote their products),
the specialist information over time becomes less sensitive [25, 57-61].

When choosing an appropriate colorant, one should not forget that the profile
of a product’s properties does not depend solely on, e. g., the colorant. The form,
distribution, and alignment of the particles and their interaction with the polymer
matrix, as well as with additives determine color, effect, hiding power, and weath-
ering properties. Thus, although each component is important, it is sometimes only
one of the building blocks which determine the quality. For this reason, the closer
one looks at the various classes of raw materials, the more it becomes apparent that
they are made up of a large number of individual substances [62, 63]. Consider the
range of binders available. Apart from natural materials, which are still widely
used, the range increasingly comprises a large and steadily growing number of syn-
thetic products. Here there is a clear trend towards water-based coating products
that can be applied under conventional application conditions [15].

Taking into consideration all work and environment-related factors, high quality
is driving the development of the raw materials in the high-performance field like auto-
motive or coil and powder coatings for exterior applications [15]. As a result, especially
the high-performance driven industry has set challenging requirements for the manu-
facturers of the raw materials used these coatings, this includes colorants [28, 63].
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Figure 17.4: Physical-chemical fundamentals of pigment processing for paints and printing inks [56].

An overview of the most important requirements created by the author is shown
in Figure 17.5.

The above information underlines the importance of colorants in paints and
coating materials. After a short introduction to the history of paints and coatings
and their composition, as well as a guide to the physical-chemical reasons for color
creation, there follows a brief summary of the properties of individual colorants in
paints and coatings.
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17.1.1 Paints and coatings — a brief history

Mankind has been using paint since 16,000 BC. The first concrete evidence of this
are prehistoric paintings discovered in caves as far apart as Southern France,
Spain, and South Africa. The artists of the time mixed pigments such as ocher, iron
oxide, and chalk with animal fat [1, 64, 65] to produce paints which have stood the
test of time. Ten thousand years later, artists in North Africa were painting on
rocks. In the two millennia before Christ, painting developed in the Middle East
and, in China, furniture and utensils were being covered with a layer of paint in an
artistic design. First evidence of traditional activity in China dates from much later,
around 200 BC. There, instead of animal fat, they used resins from the lacquer tree
(Rhus vernicifera) and much natural black and red pigment. The Chinese even antic-
ipated today’s use of metallic powders by employing gold dust or leaf gold.

When someone finally wrote the first formulation for a paint, he chose linseed
oil and another natural resin. This was at the beginning of the twelfth century and
subsequently little changed in paint technology and raw materials for 800 years. It
was the demand for ever faster and automated production methods that called for
quick-drying paints at the start of the twentieth century. It took the technology of
producing gun cotton in World War I to give the paint industry its first, fast-drying
resin: nitrocellulose. Since then, a whole gamut of synthetic resins such as alkyds
and acrylics has transformed the way paints can be used in industry and make it
possible to customize the paint to the application method and area of use. The en-
tire industry is dependent on the petrochemical industry, but there is increasing
pressure to use more sustainable raw materials fueled by consumer demand.

For these new binders to dry quickly enough fast-drying organic solvents re-
placed the natural solvents. They also enabled spray application and other technolo-
gies that accelerated the application of paint on the assembly line. Beginning in the
1920s, the production of such solvents increased worldwide. Synthetic colorants also
entered the market in the nineteenth century to facilitate the industrial production of
pigments and dyes. As a result, almost everything became paintable. Everyday prod-
ucts became colorful and differentiation became possible. Until the beginning of the
industrial age, the objects to be painted were naturally occurring or made of natural
materials such as leather, wool, cotton, or linen, which are polymers containing sug-
ars or peptides. This meant that the choice of dyes that could be used on them was
quite limited, for example, alizarin or indigo. The goal was to replace these materials
with synthetic versions. After much work, entirely new chromogens were developed,
different from any found in nature, including azines, triarylmethanes, and others
from arylamine oxidation. Azo dyes were prepared from the diazo reaction, and
later azo-metal complexes and phthalocyanines. This led to new chromogens with
excellent performance and novel pigments [6].

At the same time, the range of substrates had to be expanded. New tools were
needed and created, and synthetic fibers as well as resins and new products such
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as plastomers and elastomers emerged. They were noticeably different from their
natural counterparts [7].

As the twentieth century progressed, the need for new colorants and ways of
applying coatings increased. Fibers made from esters required disperse dyes, modifi-
cations of basic dyes became necessary for acrylic polymers, and new pigments were
required for mass coloration of plastics and certain fibers. Polymer chemists met the
challenge and, as a spin off from their work, natural fibers benefited with develop-
ments in the field of reactive dyes for cellulosic and protein fibers, and fluorescent
brighteners for use on undyed textiles and paper. Even detergents profited from this
tremendous flow of developments [7].

The emergence of metal effect pigments in the 1920s meant that a completely
new group of colorants had gained importance, particularly in the automotive in-
dustry [24]. The pigment particles are platelets which produce a color change from
light to dark depending on the angle of observation. Their anisotropy and high re-
flectivity have given them the title of “miniature mirrors.” Their shape and the po-
tential range of particle size results in a, at times, coarse appearance and texture.

By the late 1960s, concerns grew about environmental pollution. The quest to
reduce the level of solvents in paint led to a great deal of development work. The
result was the creation of waterborne and low-solvent coatings and even solvent-
free, so-called powder coats and radiation-curing processes where reactive solvents
are chemically bound to the paint during the drying process. Although these en-
vironmentally friendly systems have gained significant commercial importance, in
some coatings it is difficult to replace solvents and maintain an acceptable quality.
To combat this, solvent recycling and solvent combustion equipment has been in-
troduced to remove or incinerate the solvents in waste air.

The 1970s mark the beginning of the next chapter in color paint development. At
this time, mica-based pigments appeared on the market for the first time. Although
they have a similar platelet shape to the metal effect substances already mentioned,
they differ significantly in their chemical and physical properties. The effects they
produce are used to create memorable and distinctive appearances for industrial
products. Detailed information on the different types of substrate-based effect pig-
ments can be found later in this chapter.

At the turn of the twentieth century, there were also major developments in paint
application. Until then, all paints were applied manually with a brush — even in in-
dustry. Today, brushes tend to be used only in DIY (Do It Yourself) and craft applica-
tions. Instead, the industry has adopted automated and mechanized methods of
paint application, resulting in increased quality, efficiency, and reduced material
waste and labor costs. Application methods include high-pressure or electrostatic
spraying, environmentally friendly dipping, and electrophoretic processes and even
roller application.

Late in the twentieth century, it became rare for new or unknown substrate
types to appear that required specific treatment. Thus, there was a fall in the need
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for radically new colorants or auxiliary processes or products. The ever-rising costs
of research and safety requirements compared unfavorably with the technical or
economic benefits achievable from standard colorants and substrates which were
seen as marginal. This has prompted work on dyes and pigments to concentrate on
more esoteric solutions [66—68]. These areas are never going to meet the volumes
seen in textile dyes, for example.

Many of these areas focus on the way the incident light is treated by the pig-
ment particles. The ability of a dye molecule to absorb light is highly dependent
on the electrical vector of the incident light (polarization or absorption). This has
become critical in the field of liquid crystal displays [69]. Colorants showing high
infrared radiation absorption are widely used for, e. g., solar energy traps or laser
absorbers in electro-optical equipment [70].

Many innovative uses, from indicator systems, sensors, imaging technology,
monitors, sunscreens to optical data recording have been found and use the chemi-
cal or photochemical activity of colorants [2, 71].

17.1.2 Composition of coatings

Coatings consist of a variety of components depending on the application method,
the desired properties, the substrate to be coated, and ecological and economic
constraints.

These components are non-volatiles/volatiles and include organic solvents, water,
coalescents, binders, resins, plasticizers, coating additives, dyes, pigments, and
extenders. Chemical curing involves the formation of products such as water, al-
cohols, and aldehydes or their acetals by condensation in some binders and their
release into the atmosphere.

In this process, virtually every individual component in the liquid phase or in the
cured film fulfills a specific function, with solvents, binders and pigments making up
the major proportions and additives the smallest. However, important coating proper-
ties such as flow behavior, substrate or pigment wetting, catalytic acceleration of cur-
ing are significantly influenced by the latter. Solvents and pigments can also be
absent from a coating formulation; this is the case in solvent- or pigment-free coat-
ings. The binder is the backbone of every paint formulation and determines applica-
tion, drying and curing behavior, adhesion to the substrate, mechanical properties,
chemical resistance, and weathering resistance.

Binders and resins are macromolecular products with a high molecular mass,
such as cellulose nitrate, polyacrylate and vinyl chloride copolymers, which are suit-
able for physical film formation. Low molecular weight products represent alkyd,
phenolic, polyisocyanates, and epoxy resins. To achieve an intact film, these binders
must be chemically cured to produce high molecular weight, cross-linked macromo-
lecules after application to the substrate. Increasing the relative molecular mass of
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the binder in the polymer film improves properties (elasticity, hardness and im-
pact deformation), but at the same time leads to higher solution viscosity of the
binder. A balance has to be found here, since the mechanical film properties essen-
tially determine the benefit of a coating, but at the same time a low viscosity com-
bined with a low solvent content means easier handling.

Low-molecular weight binders are characterized by low solution viscosity and
enable the production of low-emission coatings with a high solids content or even
solvent-free coatings. The binders consist of a mixture of several reactive compo-
nents and film formation takes place by chemical drying after coating application.
Two- and multi-component systems are a special case, since their chemical curing
already takes place at room temperature and the binder components are mixed
with each other shortly before or even during application.

Modern binders are based on alkyd or epoxy resins, and the property profile of
the coatings produced with them can be controlled particularly effectively depend-
ing on the choice of monomers used in their structure. The basis for their molecular
design is an understanding of macromolecular structure—activity relationships,
which are valid for both aqueous and solvent-based coating formulations.

The glass transition temperature T, is used to characterize macromolecules or
polymers; it represents the inflection point in the cure curve of a coating [72].
Modern resins are designed to have their own T,. In the case of acrylics, high glass
transition temperatures in the copolymers are associated with high surface hard-
ness and thus increased scratch resistance, while the adhesion properties, cracking
tendency, and impact strength of the coating are affected by the glass transition
temperature in exactly the opposite direction [24].

Plasticizers lower the softening and film-forming temperatures of a binder and
can improve flow, flexibility, and adhesion properties. They are organic liquids of
high viscosity and low volatility and can be considered chemically inert because
they do not react with binder components. Prominent examples of this are dicar-
boxylic acid esters such as dioctyl phthalate. Their use is declining, since modern
binders already possess these flexible properties (“internally plasticized”).

Fillers serve to increase the solids content and influence the mechanical prop-
erties of the paint film. Furthermore, so-called cavity fillers exist which improve the
hiding power in certain systems such as in architectural coatings [73]. These raw
materials will be discussed again at a later stage.

Paint additives [74-77] are auxiliary products which are added to coatings in
small quantities of between 0.01% and 1% in order to improve certain technical
properties. These include the prevention of defects, foam bubbles, flocculation, and
sedimentation, as well as the improvement of surface slip, flow properties, flame
retardancy, and UV stability. An important group of coating additives are so-called
humectants [78]. They are used to keep films open after coating application and to
prevent skinning during storage of liquid coatings. Wetting agents form one of the
largest groups of coating additives. They are surfactants that assist the wetting of



17.1 General comments on the application and processing —— 175

pigments by binders and prevent flocculation of pigment particles, resulting in the
formation of a uniform, haze-free color and a consistently high gloss of the paint
film. This group also includes the dispersants, which ensure good pigment wetting
and thus optimum dispersion of the pigments in the paint to prevent sedimentation,
especially in the case of high-density pigments. They also ensure that the individual
particles in the paint do not combine to form agglomerates. A large number of paint
additives sorted by application can be found here [15]. Additives are indispensable
[74, 77-79] due to stricter quality and environmental requirements in the manufac-
ture and application of coatings. For their successful use, understanding their
mode of action or the physical and chemical principles of paint manufacture and
application is very helpful [56, 80-82].

Wetting and dispersing additives play a crucial role in paint formulation [4,
83, 84], which is why they will be discussed in more detail here. Many pigments
are sold as solids, and the ease of dispersibility in the application medium depends
largely on the size of the particles in these solids. Pigment synthesis increasingly in-
volves the production of large agglomerates, which are subsequently broken down
by grinding or comminution by processes such as dry or wet grinding in rollers or
impact mills, or chemically by precipitation or thermally. Alternatively, “flush”
pastes are produced by transferring pigments at the end of the manufacturing pro-
cess directly from an aqueous medium into a non-aqueous medium containing the
binders, etc., which are then mixed directly into the application media without dry-
ing or further abrasion.

The chemical modification of pigment surfaces represents an important tool
for the successful processing and use of pigments in coatings, which can only be
briefly discussed here. This know-how is largely guarded as a trade secret by the
pigment industry [85], which often leads to empirical mixing and a quasi-science
on the part of paint manufacturers, which continues to be practiced in the paint
industry in the twenty-first century. The following is a brief description of the con-
tents of current scientific work in this field.

In [86], the surface modification of Pigment Red PR 170 to improve thermal sta-
bility and solvent resistance using hydrous alumina by hydrolysis of Al,(SO,); was
investigated. The effect of pH, temperature, and its content on the structures of hy-
drous alumina coating was investigated by transmission electron microscopy (TEM),
zeta potential analysis, and various spectroscopic techniques.

In [87], a novel coating process of hydrous alumina on organic pigment particles
by direct precipitation in aqueous solution is presented. The aqueous suspensions of
the organic pigment particles were prepared using cetyltrimethylammonium bromide
and sodium dodecylbenzene sulfonate as additives before coating. The organic pig-
ment particles were then coated with hydrous alumina using Al,(SO,); as precursor.
The morphology and surface state of the as-coated organic pigment particles were
analyzed by high-resolution TEM and zeta potential.
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In [88], a chemical treatment of the pigment titanium dioxide (TiO,) with sili-
cone is reported. Coatings were formulated by incorporating this functionalized
TiO, into an epoxy polymer matrix and compared with untreated TiO, in terms of
coating properties. The influence of the functionalized TiO, on various coating
properties in terms of physical-mechanical properties, corrosion protection effect,
UV resistance, and chemical resistance was studied in detail.

During paint production, the pigment particles must be finely and homo-
geneously distributed in the liquid phase. After wetting of the pigment agglomer-
ates with the binder solution, which is described in detail in [89], pigment chemistry,
solvent and binder are affected.

When discussing the particle size of pigments, it is useful to also mention the
influence of the pigment surface, which can be particularly important when discus-
sing “wetting” or oil absorption. Also, for surface functionalized materials and gen-
eral paint systems, especially colloidal dispersions, the zeta potential is the electrical
potential at the slip plane and can be used to predict the long-term stability of a lig-
uid paint system. Optimization of the zeta potential can be brought about by control-
ling the pH value [90].

Flocculation is caused by the action of van der Waals forces on particles [90],
although these forces act only over very short distances. However, the pigment par-
ticles suspended in the liquid are also subject to Brownian motion, which leads to
collisions and thus flocculation. Therefore, to prevent this problem, an energy bar-
rier is created that separates the particles with placeholders and succeeds, however,
only if the barrier is higher than the thermal energy (kT) of the particles.

Dispersing additives act as stabilizing substances that are adsorbed onto the pig-
ment surface with the help of pigment affinity groups (anchor or adhesive groups
that provide strong, permanent adsorption onto the pigment surface) and then cause
repulsion between the individual pigment particles [91]. Pigment particles are stabi-
lized by electrostatic charge repulsion or steric hindrance due to molecular struc-
tures projecting from the pigment surface into the binder solution (Figure 17.6)
[92]. Electrostatics are used, for example, in the case of aqueous emulsion systems
using polyelectrolytes to generate charge on the pigment surface, and steric hin-
drance in solventborne coatings.

Due to their non-polar surface, organic pigments cause problems in stabilization,
with polymeric wetting and dispersing additives being superior to the low molecular
weight structures. The reason for this is their macromolecular structure and the large
number of pigment affinity groups, which are better able to stabilize these pigments
(Figure 17.6, Figure 17.7). In the case of fine, uniform pigment dispersions, however, it
can be seen that very closely distributed submicron and, above all, nanodispersions
are much easier to disperse and can remain stable over longer periods if dispersants
with low molecular weights and high equivalent weights of the functional groups are
used. The type, number, and physical arrangement of the polymers or oligomers are
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Figure 17.6: Stabilization of pigment dispersions: overview of parameters that affect polymer
adsorption/desorption on a pigment surface according to [93-95].

crucial influencing factors to obtain stable as well as cost-effective dispersions.
Further information can be found in the section on nanopigments.

In connection with wetting and dispersing additives, floating will be briefly dis-
cussed here, referring to the random instead of the desired uniform pigment distri-
bution in the coating surface (Bénard cells and streaking). Coatings are often
formulated with multiple pigments and can segregate in the paint film as it dries.
Floating, on the other hand, produces a homogeneously colored surface, but there
is a difference in pigment concentration perpendicular to the surface, as evidenced
by the rub-out test. If, after drying of the coating, there is a clear difference between
the rubbed and untouched surface, this is an indication that floating has occurred.

Floating is the result of local turbulence in the paint film during the drying
process due to different mobility of the pigments. Pigment density, size, and the
relative strength of their interaction with the binder molecules influence pigment
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mobility. Additives can compensate for the different mobility behavior of different
pigments by regulating pigment-binder interactions to neutralize flooding and
floating.

Inhibition of pigment mixing through co-flocculation by controlled flocculating
additives is another approach. Bridging between pigment particles triggers floccula-
tion, controlled by the size and stability of the additive. Since this also changes the
rheology of the coating system, wetting and dispersing additives with controlled
flocculation properties are often used synergistically with other rheological addi-
tives and counteract pigment sedimentation, for example. If an additive is directly
on the pigment surface, it is able to prevent sedimentation by preventing the forma-
tion of hard, compact sediment and causing the formation of soft sediment that can
be stirred up again [96, 97].

The formation of a firmly adhering film on the substrate takes place in the course
of the drying process of the applied paint, whereby the film properties are determined
by the substrate, its pretreatment (cleaning, degreasing, etc.) and paint composition
as well as its application method.

Physical drying is defined as the evaporation of organic solvents from solvent-
based paints or of water in the case of water-based paints, and of polymer melts in
the case of powder paints. Chemical drying is referred to when the reaction of low
molecular weight products with other low or medium molecular weight binder com-
ponents results in macromolecules by polymerization or crosslinking. Chemical dry-
ing is carried out by polymerization, polyaddition, or polycondensation and is used
for coatings whose binders react during the drying process to form crosslinked mac-
romolecules. Due to the comparatively low molecular mass of the binders, their
solutions can have a high solids content and low viscosity. In certain cases, this
allows the production of solvent-free liquid coatings. Under higher temperatures,
film formation can be forced [98].

Polymerization enables the crosslinking of reactive ingredients to form a binder,
such as unsaturated polyesters with styrene or acrylate monomers. In this form
of crosslinking, one component acts as a reactive solvent to the other, resulting in a
low-emission coating system. Such cold or radiation curing can be performed at
room temperature.

Polyaddition curing produces crosslinked macromolecules by reacting reac-
tive polymers such as alkyd resins, saturated polyesters, or polyacrylates with pol-
yisocyanates or epoxy resins. These are two-component coatings that already react at
room temperature, so the binder components are mixed just before application.
Systems of this type, so-called stoving coatings, can be kept stable at room tem-
perature, whereby one of the polyaddition binder components (e. g., polyisocyanate)
is chemically blocked in this case, and the activation of the crosslinking reaction
takes place by the addition of heat (see also the section on powder coatings).
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Polycondensation requires the use of catalysts or elevated temperatures, and
water, low molecular weight alcohols, aldehydes, acetals, and other volatile com-
pounds are released during this crosslinking process.

Solvent-based coatings that are dried by physical means have a low solids con-
tent because the molecular mass of the binder is relatively high. Dispersing the
binder in water (dispersions, emulsions) or in organic solvents (non-aqueous dis-
persion systems) results in a higher solids content. The coating films formed by
physical drying have poor solvent resistance properties, which also applies to powder
coatings based on thermoplastic binders.

In practice, it is common to dry coatings using more than one method. For ex-
ample, physical and chemical drying can also occur simultaneously, depending on
the composition of the binder system, and the individual steps of chemical drying
can occur simultaneously or back-to-back, depending on the binder. In either case,
a thorough understanding of the binder system is critical to selecting correct drying
conditions to achieve a functional coating.

To fully protect a substrate and produce the desired performance requirements
(corrosion protection, weathering resistance, etc.), multiple coats are often neces-
sary, in part because dry paint films are not always non-porous. Therefore, succes-
sive coats of different compositions are often applied, which together provide the
desired properties. The first layer, usually a primer, provides good adhesion and
corrosion protection followed by a topcoat, which provides the desired color, gloss,
and weathering stability.

A prerequisite for such multiple coatings in the case of waterborne and powder
coatings is the ability to produce defect-free film. In the case of high-performance
applications, such as in the automotive industry, additional coatings are applied
between the topcoat and the primer to ensure adhesion between the primer and the
topcoat. Furthermore, they conceal unevenness of the substrate and thus indirectly
contribute to good flow of the topcoat and a high gloss level without unevenness.

17.1.3 The origin of color

The various types of physical or chemical color formation and their application in a
wide variety of technologies have been described in detail elsewhere [2, 10], which is
why only the basic mechanisms and their terminology will be briefly discussed here
(Figure 17.8). The majority of these mechanisms are physical in nature, while ligand
field effects represent a borderline between chemistry and physics, and color forma-
tion in the case of molecular orbitals is purely chemical. The books of Bamfield [2]
and Tilley [11] can be recommended here, which describe in detail the relationship
between light and the optical properties of materials.

Classic, light-absorbing pigments and dyes are still predominantly used for color-
ing objects of all kinds, including coatings, printing inks, and plastics [2]. Historically,
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Figure 17.8: The physics and chemistry of color after Nassau [10].

the focus was initially on textiles, and the application then expanded to include coat-
ings, printing inks, cosmetics, and food applications.

Modern synthetic effect pigments, which originated at the beginning of the last
century [90], now include a variety of different types [99]. They are used in coatings
to enhance the attractiveness of the coated object through visually appealing effects
such as pearlescence, glitter or, depending on the viewing angle, the oscillation
of the (interference) colors they produce. Figure 17.9 provides an overview of ef-
fect pigments.
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Figure 17.9: Overview of effect pigments.

Pigments which are sometimes also used in specialty coatings are based on
color change phenomena such as thermochromism, electrochromism, and photo-
chromism [2, 71].

17.2 Colorants in coatings
17.2.1 Introduction

It is important to distinguish clearly between dyes, pigments, and colorants.
Sometimes such terms are incorrectly used in various major scientific terminolo-
gies, as though they were synonymous [6, 100].

All dyes and pigments are colorants: when present on a substrate they selec-
tively modify the reflection or transmission of incident light. During application to
a substrate, a dye either dissolves or passes through a state in which its crystal struc-
ture is destroyed. It is retained in the substrate by adsorption, solvation, or by ionic,
coordinate, or covalent bonding. A pigment, on the other hand, is insoluble in and
unaffected by the material in which it is incorporated. These inherent characteris-
tics mean that dyes and pigments have quite different toxicological and environ-
mental profiles [6, 101].
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17.2.2 Definitions

There are fundamental differences between dyes and pigments which are best ex-
plained by the definitions below [102]. These definitions have been agreed interna-
tionally through various organizations.

ETAD (Ecological and Toxicological Association of Dyes and Organic Pigment
Manufactures) definition of dyes [103].

Dyes are intensely colored or fluorescent organic substances only, which im-
part color to a substrate by selective absorption of light. They are soluble and/or
go through an application process which, at least temporarily, destroys any crys-
tal structure by absorption, solution, and mechanical retention, or by ionic or co-
valent chemical bonds.

CPMA (Color Pigment Manufacturers Association) definition of pigments [104].

Pigments are colored, black, white or fluorescent particulate organic or inor-
ganic solids which usually are insoluble in, and essentially physically and chemi-
cally unaffected by, the vehicle or substrate in which they are incorporated. They
alter appearance by selective absorption and/or by scattering of light. Pigments are
usually dispersed in vehicles or substrates for application, as for instance in the
manufacture or inks, paints, plastics, or other polymeric materials. Pigments retain
a crystal or particulate structure throughout the coloration process.

17.2.3 Pigments and dyes

As can be seen from this definition, pigments are insoluble in the application me-
dium and characterized by fine particles of small particle size. They are incorpo-
rated into binders to provide decorative effects (e. g., color, gloss, matte effects) or
functional effects (e. g., corrosion protection) in coatings. In order to achieve an op-
timum expression of the desired effects, the pigments must be processed in the re-
spective binder in a suitable manner and in appropriate quantities, whereby the
distribution of the primary pigment particles in the polymer matrix of the binder
should be as homogeneous as possible.

In contrast to pigments, dyes that are soluble in the application medium are
used much less frequently in coatings, e. g., for wood coatings.

The particle size of pigments influences important properties, which include
color strength, opacity, weather resistance, or chemical resistance as well as other
performance characteristics. Typical particle sizes are in the range of 0.1-2.0 pm,
with values of 5-150 pm (Ferret diameter) common for flake effect pigments. The size
of the particles typically has a bell-shaped or oblique distribution. As discussed ear-
lier, wetting of the particles can be a challenge. If this is not ensured during process-
ing, it can negatively affect important properties of the coating, including gloss or
weathering properties. Therefore, particle size reduction, e. g., by grinding, is of great
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importance. The pigment manufacturer has to ensure the reproducibility of the parti-
cle size distribution of the pigment by suitable production steps. The production pro-
cess takes place in different media, with precipitation from water being a typical
method of achieving the desired particle size in a precipitation process. For a
large number of pigment types, the precipitation step is followed by surface treat-
ment [85, 86]. Here, the precipitated pigment is first filtered and the filter cake is
then dried. The drying process leads to aggregate formation of the pigment particles,
which is why the dry powder of the pigment is first processed by paint manufacturers
in a dispersion process to break up the aggregates and produce a stable dispersion.

The concentration of pigments in paint films is described by the PVC. This is the
volume ratio of pigments and fillers to the total volume of non-volatile components.
Each coating system has a critical PVC (CPVC). At this value, the binder just fills the
free space between the densely packed pigment particles. At higher pigment concen-
trations, the pigment particles in the paint film are no longer completely wetted
by the binder, which leads to a significant deterioration in the properties of the
paint film. These include properties such as gloss, stability, strength, and corro-
sion resistance.

Pigments and dyes that are particularly important for the use in coatings are
presented in more detail in the following sections.

17.2.4 Inorganic pigments

The history of paint technology is closely related to the development of plastics in the
twentieth century, which was characterized by high innovation and the development
of a variety of different types. Linseed oil was a widely used paint and pigments were
mainly inorganic [6, 105-109]. Innovations in the field of plastics led to the painting
of the material by direct coloring using pigmentation. It is important to mention
here that the additional pigment consumption resulting from this was slightly
compensated by the savings in the production method (one step) and the color
uniformity across batches [6], which led to the increase in demand for pigments.
One problem here was that many organic pigments did not meet the requirements for
fastness and temperature stability, nor did they interfere with the molding process of
the finished products. For this reason, inorganic pigments or blends with organic pig-
ments were used, even though these posed problems in terms of dispersion. In the
case of inorganic pigments, mechanical methods are used to achieve the desired par-
ticle size distribution. These include grinding of the particles in ball mills, hammer
mills and jet mills, or their targeted production by spray drying. Detailed explana-
tions of these processes can be found in the relevant literature [15].

Particle sizes of the inorganic pigments used in (top) coatings are typically
0.05-10 pm, in the case of transparent pigments 0.01-0.05 pm. Typical PVCs in
gloss paints are between 10% and 35%, in matte dispersion paints also over 80% [6].
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Two prominent representatives of inorganic pigments are white opaque TiO, and car-
bon black [106].

Inorganic pigments consisting of cadmium derivatives and lead chromates
(PbCr0,) entail toxicological risks, which is why their use is regulated by law in
many countries.

When it comes to improvement in terms of coloristic properties and toxicologi-
cal alternatives along with insights on advanced inorganic color pigment design
through materials chemistry, the subjects were presented here [110-114].

A detailed overview of options with colored complex inorganic pigments when
faced with elemental restrictions is available in [115].

Today, colored inorganic pigments are generally produced to offer special ad-
vantages that organic pigments cannot, for example, in high temperature applica-
tions like coatings for grills, wood stoves, car exhaust systems or engine parts or for
the use in (high temperature) plastic applications.

17.2.5 Organic pigments and dyes

In coatings, so-called solvent dyes [6, 7] are used, which are characterized by their
solubility in organic solvents, but are insoluble in water. Alcohols, ethers, esters, ke-
tones, chlorinated solvents, hydrocarbons, oils, fats, and waxes are relevant in prac-
tice. In applications, this specific solubility is exploited [116] to achieve the desired
properties. Further information including chemical structures can be found in [117].

Their application is the coloring of transparent coatings and so-called glazes,
as often found in the furniture and leather industries. In this case, the surface of
the manufactured product is protected by the coating, but not optically obscured.

In contrast to solvent-based dyes, organic pigments retain their particle shape
in the application medium due to their insolubility, which is a parameter for their
performance in coatings. After the dispersion process described above, these lead
to the desired properties in the coating, which include color and/or light scattering.

The low solubility leads to low bioavailability and low toxicity [101], the rele-
vant determination is described in [118].

To produce yellow, orange, brown, or red hues, monoazo and disazo compounds
play an important role chemically.

Red, violet, and blue hues are achieved by anthraquinonoid pigments, and their
high lightfastness should be emphasized at this point.

Due to their industrial relevance, other chromogens should be mentioned here,
which include so-called isoindolinones (yellow—orange), quinacridones (red—violet),
and phthalocyanines (blue—green).

Many organic pigments are suitable for use in coatings [1], although it is important
to achieve a comprehensive property profile to achieve a functional coating. In addi-
tion to the properties already mentioned, these include their rheological properties,
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which have an effect on dispersion or the coating itself. Ultimately, the rheology deter-
mines how much pigment can be dispersed per batch, whereby a favorable rheology
(i. e., low viscosity) allows higher pigment and binder concentrations at a given appli-
cation viscosity.

As already explained by Kaluza [56], the pigment-binder—solvent interaction
as shown in Figure 17.2 is complex and influences a wide range of paint properties,
which also includes the surface gloss of the paint film.

When selecting a pigment for a coating, the main factors that can be mentioned
are the desired final color shade, the binder used, and the resistance of the pigment.

Paint manufacturers choose not to disperse pigments themselves, but to use so-
called pigment preparations for various reasons, including difficult dispersibility of
the pigments or economic reasons. These preparations contain resins or disper-
sants, and their compatibility with the other formulation components is a prerequi-
site for successful use by the paint manufacturer. These preparations exist for both
solventborne and waterborne systems.

At this point, so-called “high-solids” coatings should be mentioned, as they
have a low solvent content and are therefore considered to be more environmen-
tally friendly. At the same time, however, this means an increase in the solid con-
tent, which is why the rheological properties are of greater importance. Due to the
effect of pigment properties on rheology, both particle sizes and chemical modifi-
cation of the pigment surface are used to optimize rheological parameters.

For organic pigments, this plays a role in that their smaller particle size tends to
result in higher viscosity compared to inorganic pigments. Wetting and stabilization
of the pigment takes place through the dispersion process in the binder and solvent,
whereas destabilization, which occurs through reagglomeration, flocculation, and
flotation, must be prevented during the addition of the other coating components.

It goes without saying that the dispersion of pigments of an organic nature in
an aqueous phase is a challenge due to hydrophobicity, which is why surface-active
substances are used. These reduce the surface tension of the water and lead to im-
proved wetting properties. Alternatively, this can be achieved by surface treatment
of the organic particles. The high dielectric constant of water enables both steric
and electrostatic stabilization of the pigment.

A large number of pigments used in solventborne coatings are also suitable for
aqueous systems, although the portfolio is reduced due to limited alkali resistance.
Examples include PbCrO,s and molybdates, manganese colors (PR 48 and PR 52),
some perylenes (PR 223), benzimidazolone yellow (PY 151), and isoindolines (PY 139).

A well-known phenomenon in waterborne coatings is the coagulation of the
binder or dissolved resins, which is why pigments with a high content of water-sol-
uble components including electrolytes precipitate. Due to this property, they lead
to reduced storage stability or loss of adhesion or blistering of the coating when ex-
posed to moisture and water. This applies to both organic and inorganic pigments.
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17.2.6 Fillers

Fillers, also known as inert pigments, inerts, or extenders [5], are a class of raw ma-
terials in their own right and occur in a variety of forms [119-121]. Reference [73] is
recommended to the interested reader as it covers their application in coatings in
detail.

They are made from low-cost chemicals such as barium sulfate, calcium car-
bonate (CaCOs), or kaolin. This makes them interesting as a partial replacement of
other, more expensive, high-opacity pigments. However, cost is not the only crite-
rion. These materials may be used to optimize properties such a film thickness or
structure to give a film more bulk. Many properties are dependent on the volume of a
pigment. Furthermore, extenders may be employed to adjust the rheology of a wet
paint film or improve mechanical properties and gloss in the dry state. Another as-
pect of the presence of extenders is the degree of water uptake and permeability to
gases such as carbon dioxide, sulfur dioxide, and nitrogen oxides. The list of natu-
ral minerals used for extenders is long and includes calcite, chalk, dolomite, kaolin,
quartz, talc, mica, diatomaceous earth, and baryte. These are crushed, ground, elutri-
ated, and finally dried. Another alternative is synthetic inorganic extenders. These
are made by the digestion, precipitation, or annealing of inorganic products. CaCOs,
baryte, or blanc fixe, and silicates are the major synthetic extenders. Synthetic or-
ganic extenders are produced as polymer fibers, but the development of hollow
spheres has allowed the creation of coatings with very low density [73].

CaCOs; is widely used, especially as ground limestone or mixed calcium-magne-
sium carbonate ore (dolomite). However, the application of these raw materials is
limited with their reactivation with acids, such as for exterior paints, as the coatings
are susceptible to acid rain. Furthermore, they are not used in exterior latex paints
due to the penetration of water and carbon dioxide, as some of the CaCOs reacts to
form the water-soluble calcium bicarbonate, which escapes the coating. On the sur-
face of the coating, the water evaporates and after reversal of the reaction, a frost of
insoluble CaCOs is formed.

A wide range of clays or aluminum silicates are also used as fillers. They are
available in various particle size ranges, the whiter ones being more expensive.
Bentonite and attapulgite clays help modify the viscosity of coatings.

Mica (aluminum potassium silicate) has a platelet-like structure and reduces
oxygen and water vapor permeability, e. g., in anti-corrosion coatings.

Talc or magnesium silicate minerals of different crystal structures are used to
influence the film strength of coatings in different ways. Some exhibit anisotropic,
flaky morphology and, as in the case of aluminosilicates, influence vapor perme-
ability; modifications with fibrous morphology are very useful for strengthening the
coating film.
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Fillers based on silica represent an important class, with natural silica available
in various particle sizes. Fine, synthetic silicon dioxides (SiO,) are used for gloss
(clear coats) or rheology control (shear thinning) in coatings.

Barite (barium sulfate) has proved particularly useful as fillers in the formula-
tion of primers for automotive coatings, as its use has a positive effect on the hard-
ness of the coating.

Organic materials are also used as fillers in coatings, with polypropylene, poly-
styrene for latex paints and synthetic fibers from aramid to increase mechanical
strength being mentioned here as representative examples.

One aspect that makes the formulation of coatings very complex is the fact that
pigments and fillers are discontinuous particles with absolute volume. Regardless
of the effect they are to have on the paint, this and the interaction of the particles in
the paint film must be taken into account. This is especially true for highly filled
systems, where the effects of PVC and CPVC can dominate [73].

17.2.7 White pigments

A large proportion of coatings contain white pigments [1, 18, 122, 123]. They are
used not only in white coatings, but also in a significant proportion of other pig-
mented coatings to produce lighter colors than would not be possible with pure col-
ored pigments. In addition, many colored pigments produce transparent films, so
white pigment is used to provide much of the hiding power. The ideal white pig-
ment should not absorb visible light and should have a high scattering coefficient.
Since an important factor controlling the scattering effect is the difference in refrac-
tive index between the pigment and the binder, this is a critical property of a white
pigment.

17.2.7.1 Titanium dioxide pigments

TiO, is the most frequently used white pigment in coatings [18, 122-127], whereby a
distinction must be made between two crystal forms which differ in their physical
properties, rutile and anatase.

A coating pigmented with rutile gives it a higher hiding power due to the higher
refractive index (rutile: 2.70, anatase 2.55). In contrast to anatase, the crystal modifi-
cation rutile absorbs violet light, which is why a coating pigmented with this modifi-
cation appears white in contrast to anatase, which is subject to a yellow cast. Organic
pigments used to correct the “white hue” of TiO,s are carbazole violet or phthalocya-
nine. The most common pigment for tinting is carbon black, which absorbs light over
the entire wavelength range, is less expensive than violet or blue pigments and
achieves a higher hiding power. So-called “transparent TiO,” (i. e., TiO, in very
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fine particle size) is used, among other things, in automotive metallic shades to
achieve matte effects [18].

The crystal modification anatase behaves as advantageous in white UV-curing
coatings due to its physical properties, since the lower absorption of UV radiation
implies a lower interference by absorption of UV radiation by photoinitiators.

Furthermore, both crystal modifications differ in their photoreactivity. Anatase
pigmented coatings are subject to faster chalking when used outdoors, which may
be undesirable in the case of a highly weather-resistant automotive coating, but
may be intentional in the case of self-cleaning facade paints. If erosion of the sur-
face film occurs, accumulated dirt reaches the surface and is removed, giving it its
white hue. However, formulation strategies of coatings for exterior use basically
aim at preventing the effect of chalking, which is why rutile is usually resorted to.
Nevertheless, this modification is sufficiently photoactive to affect durability in out-
door use. To counteract this reactivation, the surface of these particles is treated
with additional oxides [18]. Typical strategies include oxides of the main group ele-
ments SiO, and/or aluminum (Al,0;) and a number of other metal oxides, which
include cerium oxide. The aim of this surface treatment is to create a protective
shell around the pigment particles, preventing contact between TiO, and the or-
ganic binder. It should be noted at this point that both TiO, (especially rutile) and
components of the binder are highly UV absorbent, and UV absorption competition
occurs here [123]. The use of TiO, grades, which positively influence the chalking,
thus also reduces the UV absorption by the binder, which is why the external resis-
tance of the coating is improved in this way.

Other pigment properties can also be regulated by surface treatments, for exam-
ple, specially treated TiO, pigments enable the production of more stable dispersions
in aqueous coatings. These so-called slurries are used in the production of latex coat-
ings and are supplied by TiO, producers instead of pigment powders.

Optimization of TiO, pigments by surface modification to improve the perfor-
mance of pigmented coating systems is always the subject of research and develop-
ment activities [88].

In order to select suitable TiO, types, the formulator of a coating must choose
from the large number of types available from TiO, manufacturers the type that is
suitable for him according to his requirements profile. His choice will depend, for ex-
ample, on whether he needs or prefers properties such as weathering resistance or
gloss or dispersibility in aqueous or solventborne systems. In this context, it is clear
that the selection of a TiO, type unsuitable for its field of application will lead to im-
pairment of the coating performance provided and thus to increased costs.

Finally, an important aspect to mention in connection with TiO, pigments relates
to regulatory matters. In 2016, France had submitted a proposal to classify TiO, as
carcinogenic (Cat.1) by inhalation. The relevant scientific hazard assessment body,
RAC, disagreed with France’s proposal. However, it is recognized that inert dusts, re-
gardless of their chemical composition, may well be problematic by inhalation due to
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general particle effects. From this, a classification for TiO, as a suspected carcinogen
(Cat. 2) was derived. Based on this, a discussion arose about the replacement of TiO,
by substances such as zinc sulfide (ZnS), lithopone (ZnS/barium sulfate), zinc oxide
(Zn0), or CaCO; other compounds used as white pigment. At this point, it should be
mentioned that, according to current knowledge, TiO, cannot be adequately replaced
in many applications due to its unique, technical properties.

17.2.7.2 Other white pigments

Zn0, ZnS, lithopone, and basic lead carbonate may be mentioned as representatives
for white pigments besides TiO, [128]. Basic lead carbonate (refractive index 2.0),
however, plays only a minor role today due to its toxicity, which is coupled with
water solubility. Because of its toxicity, many countries have a legal limit on the
lead content in any paint sold to consumers. ZnO with a refractive index of 2.02 can-
not compete with TiO, for hiding power, but is used as a fungicide in masonry
paints. Its use in primers should be considered critical due to its water solubility, as
osmosis can lead to bubble formation. ZnS with a refractive index of 2.37 and litho-
pone (ZnS/BaS0,) are important white pigments for coatings applications, but also
not comparable with TiO,. Another possibility for achieving a white color impres-
sion is the inclusion of scattering air bubbles in particles used in paint films, which
can provide additional hiding power at the air—binder interface. Furthermore, lati-
ces of high glass transition temperature with water entrapped in particles are used
in latex paints as partial substitutes for TiO, [129].

17.2.8 Colored pigments

17.2.8.1 General considerations

The variety of colored pigments used in coatings is very wide [109, 119, 130, 131], so
guidelines for their selection and use for specific coating applications are important
and can be found elsewhere [4, 5, 19, 27]. These include criteria such as color and
tinting strength, opacity or transparency, ease of dispersibility, weatherability, heat
and chemical resistance, water solubility, moisture content, toxic and environmen-
tal hazards, IR reflectance, and cost.

This list explains why formulation strategies can be very complicated, as the
industry may have different views and goals when formulating coatings. For exam-
ple, as far as opacity or transparency is concerned, this depends on the end applica-
tion. It may be desirable to use a pigment that increases opacity by both scattering
and absorbing radiation, or it may be important to choose pigments that scatter lit-
tle or no light in the paint film so that a transparent color can be achieved.

Also, sometimes the same pigment chemistry is found in coatings for different
end uses, which in turn leads to a variety of pigment variants. For example, consider
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a phthalocyanine blue pigment used simultaneously in architectural, industrial, or
automotive paint formulations. It is clear that particle size, surface treatment, stabili-
zation, and light fastness will always be different for various applications due to the
opacity or transparency of the formulation.

In general, pigments should be easy to disperse, therefore also a large number
of colored pigments are surface treated by manufacturers to improve their dispersi-
bility as already mentioned for TiO, pigments. Since the dispersion of pigments is a
complex matter, this also explains why a wide variety of surface treatments are
used. For more information, references [5, 85, 93-95, 132] can be recommended. In
addition to improving dispersibility, surface treatments are also developed with the
intention of improving light and weather fastness [63], as some pigments are more
sensitive to photodegradation, resulting in color loss or hue changes.

17.2.8.2 Yellow and orange pigments

17.2.8.2.1 Inorganic yellow and orange pigments

Iron oxide yellow (a-FeOOH) is a brownish-yellow pigment that allows the formu-
lation of opaque coatings with high weathering resistance and has excellent chem-
ical and solvent resistance and dispersibility. Temperature stability is limited, as
above 150°C they gradually change color to red due to dehydration to iron oxide
red (a-Fe,0s3). The pigments are produced synthetically, and natural ocher pig-
ments are also used. The presence of soluble iron components or metal salts affects
coating stability in the case of radical-curing coating systems. As already explained,
particle size exerts an influence on properties such as opacity.

Chrome yellow is a light, strongly chromatic yellow pigment, whereby these can
be produced from PbCrO,. So-called co-crystals of PbCrO, and lead sulfate result in
greenish-yellow colorants, while co-crystals of PbCrO, with lead oxide (PbO) result in
redder yellows, and this red shift is further enhanced by PbCrO, with lead molybdate
(PbMoOy).

Chrome yellow changes color when used outdoors, but shows an adequate
range of properties for many coatings and further shows resistance to bleeding
and heat. Regulatory issues have led to restrictions in some countries over the last
few years.

The search for adequate substitutes for PbCrO, pigments is still ongoing. For ex-
ample, inorganic yellow pigments based on niobium-tin pyrochlore, Sn,Nb,0;, have
been developed to replace PbCrO,s [133]. These pigments provide a chromatic, bright
red-yellow in combination with high temperature, chemical and UV stability and ex-
tend the colors for systems with high durability [134].

In [135], a series of inorganic—organic hybrid pigments with a main component
of inorganic materials (SiO,, TiO,, and sepiolite) were prepared and used as en-
vironmentally friendly substitutes for PbCrO, pigments.
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The preparation of a series of orange Cr- and Sb-containing TiO, nanopigments
has been reported [136]. Although they are still too new to have commercial rele-
vance, their properties seem to be very promising.

Inorganic, highly chromatic orange pigments based on Sn/Zn-doped TiO, or-
ange pigments are commercially available from many sources.

Greenish-yellow shades are obtained by incorporating antimony and nickel.
Reddish-yellow types contain antimony and chromium. Their resistance to exter-
nal influences, chemicals, heat and solvents is excellent. However, only relatively
weak yellows are possible, so the cost is high and the range of colors that can be
produced is limited.

Bismuth vanadate, a yellow pigment with high brilliance and good resistance,
is available on the market. A recent development uses Bi,Zr;0,, as an environmen-
tally friendly inorganic pigment a V-containing inorganic ZrO, yellow nanopigment
prepared by a hydrothermal approach [137, 138].

17.2.8.2.2 Organic yellow and orange pigments

A selection of representative chromophores is shown in Figure 17.10, with code
names taken here and in the following discussions from the Colour Index (C.I.)
system, e. g., PY, PO or PR with the corresponding index numbers [117].
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Figure 17.10: Examples of organic yellow pigments [5, 7].
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Figure 17.10 shows organic yellow pigments, which are characterized by both
high color strength and chroma. Diarylide yellow pigments such as PY 13 fade
due to their photochemical instability, whereas their solvent, heat and chemical
resistance can be described as excellent. Monoarylide yellow pigments such as
PY 74 also have high color strength, but show a tendency to fade and sublimate
at higher service temperatures. Although their lightfastness is better than that of
diarylide yellow pigments, the level is lower than that of inorganic yellow pig-
ments. Nevertheless, certain types are used in outdoor applications to displace
chrome yellow. A pale, greenish yellow pigment with high weather and heat sta-
bility is nickel azo yellow PY 10, which is also used in automotive coatings, as is
the vat yellow pigment isoindoline yellow PY 139 [24, 139, 140].

Benzimidazolone orange pigments offer excellent lightfastness and resistance
to heat and solvents. They are a substitute for molybdate orange. An example of an
orange benzimidazolone pigment is shown in Figure 17.11.
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Figure 17.11: Structure of benzimidazolone orange PO 36 [5, 7].

The commercial importance of monoazo pigments has been reduced due to alterna-
tive developments such as those based on acetoacetanilides with higher fastness
properties. Although they cover almost the entire color range from green to yellow or
up to deep reddish-yellow or orange shades, their property spectrum, especially fast-
ness, solvent (bleeding), and migration fastness is responsible for this. So-called
P-naphthol pigments are found in drying coatings, which are located in the yellow,
yellow—orange to bluish-red range in terms of color, although they tend to exhibit
poor fastness properties in contact with organic solvents. So-called benzimidazolone
pigments are classified as high-performance pigments, whereby the yellow/or-
ange pigments based on 5-acetoacetylaminobenzimidazalone and the red and
brown pigments made from arylamide should be mentioned at this point. The ben-
zimidazolone group imparts the properties of insolubility and improves solvent,
migration, light, and weather fastness, which is why these pigments are used in coat-
ings. Furthermore, so-called polycyclic quinones should be mentioned here, which
are used as pigments due to their high fastness properties, especially weather fast-
ness. Ring systems such as flavanthrone, the yellow pigment PY 24, and pyranthrone,
whose halogenated derivatives provide very lightfast orange and red tones, are used
in coatings. Yellow and red pigments based on metal complexes, mostly Cu®*Ni** or,
more rarely, Co?*, are also found in industrial and automotive coatings. One of the
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most heat-resistant organic pigments is the orange pigment PO 68, which contains a
benzimidazolone moiety.

17.2.8.3 Red pigments

17.2.8.3.1 Inorganic red pigments
a-Iron(Ill)oxide (a-Fe,03) is a pale red pigment with an excellent property spectrum,
which, in contrast to Fe-based yellow pigments, is characterized by its thermal sta-
bility and is also available as an orange—red pigment. Very fine grades are available
to achieve transparent coatings and are used, among other things, in automotive
shades and, because of their UV-absorbing properties, in wood stains to protect the
latter from photooxidation [1, 107].

More recent developments have been concerned with optimizing the process
technology, resulting in a new iron oxide pigment with a higher red value [141].

Heavy metal alternatives such as cerium sulfides played an industrial role for
a time. Purple of Cassius (colloidal gold) is also still a common red for glass, ceramics,
and glass enamels. From the YInMn blue research comes the magenta-colored
YIn(CoTi)O5, which can be used as a chromatic and low-cost glass alternative to
the purple of Cassius [142].

Recently, the synthesis of a new class of environmentally friendly red pigments
based on the tetragonal B-phase of Bi,O5; was reported, where doping with zirconia
(Zr*") yielded compounds showing the most promising red color coordinates [143].

17.2.8.3.2 Organic red pigments

A light red azo pigment with high tinting strength, which can be found in baking en-
amels due to its sufficient heat resistance, is toluidine red PR 3, which also has good
properties in terms of weather and chemical resistance, but must be tested for its use
in solventborne coatings due to its reduced bleed resistance (Figure 17.12). As an ex-
ample of a bleed-resistant chromatic azo pigment, permanent red PR 48 represents
the largest volume of organic red pigments used in coatings in this general class of
grade (Figure 17.12). Only their alkali sensitivity limits their use for some latex paints.
A large number of red pigments are naphthol-based azo pigments, which are equipped
with various ring substituents and thus exhibit increased resistance.

Also worth mentioning are high-priced quinacridone pigments, which are used
as fine grades in high-quality automotive coatings, among other applications. By
chemical substitution or by variation of the crystal form, shades of orange, maroon,
shagreen, magenta, and violet can be achieved [2]. The resistance of their disper-
sions to flocculation is also achieved with these pigments by specific surface treat-
ment [144]. Other red pigments with high-performance properties can be found here
[7, 119, 131]. The quinacridone-based yellow-red to reddish-purple colored pigments
exhibit excellent stability and are therefore used in both industrial and automotive
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Figure 17.12: Examples of organic red pigments [5, 7].

coatings as well as in exterior paints. The unsubstituted linear quinacridone exhibits
polymorphism, i. e., two crystal forms exist, the reddish-purple beta form and the red
gamma form, the pigment PV 19.

High-performance pigments based on isoindolinone are available in colors
ranging from yellow to orange to red, and are particularly important in the green-
ish to reddish-yellow color range. They are used in industrial and automotive coat-
ings, such as the yellow pigment PY 10 [2]. So-called Vat pigments are also used in
these applications. These are a class of pigments that also includes perylenes and
perinones.

Depending on the type of amide substituent, perylenes provide pigments with
high color strength, good lightfastness, weather fastness and solvent fastness in a
color spectrum ranging from red through bordeaux to violet, such as the red pig-
ment PR 179 (R = CHj3). Perinones are similar to perylenes and are available in or-
ange to burgundy shades with similar properties to perylenes. A significant but not
always desirable property of perylenes and perinones is their fluorescent properties.
The scarlet pigment PR 168 is one of the most lightfast and weather-resistant pig-
ments known and is used in high-performance coatings. Other pigments worth
mentioning are the yellow pigment PY 24, which is based on a flavanthrone ring,
and pyranthrone, whose halogenated derivatives give very lightfast orange and red
tones that are also used in coatings.

Diketopyrrolopyrrole is undoubtedly the most important chromophore of the
last few decades [145], whereby the first commercially introduced red pigment PR
254 should be mentioned here as representative, which quickly established itself in
the field of high-performance coatings such as automotive coatings [146].

As already mentioned in the chapter on organic yellow and orange pigments,
metal complexes have also been used to produce red pigments with commercially
interesting properties for industrial and automotive coatings.
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17.2.8.4 Blue and green pigments

17.2.8.4.1 Inorganic blue and green pigments

For historical reasons, the synthetically produced iron blue, FellI[FelIFellI(CN)¢]; x
H,0 (x = 14-16), should be mentioned here, which was displaced in most coating
applications by phthalocyanine blue due to higher color strength. Chromium green
can be produced from iron blue by co-crystallization with chromium yellow, al-
though the use of these pigments has declined due to their lead content and the
availability of phthalocyanine green [2, 106, 107].

When it comes to improvement in terms of coloristic properties and toxicological
alternatives, interesting work has been published by Smith et.al. using Mn substituted
YInO; (YIn;.,Mn,O;) to create an inorganic, blue chromophore with UV absorbing and
NIR reflecting properties [110-113]. Industrial analysis has shown drastic improve-
ments in the infrared reflectance of YIny sMng 05 as compared to industrial CoAl,Oy,
Figure 17.13, while exhibiting a slightly redder hue and improved UV absorbance. The
combination of these attributes and robust weatherability makes for a favorable alter-
native in exterior applications including automotive and coil coatings.
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Figure 17.13: Spectral properties of YIng gMng ,05 and CoAl,O, in polyvinylidene fluoride (PVDF)/
acrylic coatings (images provided by The Shepherd Color Company).

The following new developments have been reported recently.

[147] reports a non-toxic intense blue inorganic pigment with near-infrared
reflecting properties. The pigment was developed as a viable alternative to existing
cobalt-based blue colorants. [148] reports the development of a novel inorganic sky-
blue pigment. [149] reports the development of a violet inorganic pigment based on
Mn>*-doped LaAlGe,0;.

A green colored nano-pigment with the formula Y,BaCuO; was synthesized by a
nano-emulsion method. The potential utility of the nano-pigments as “Cool Pigments”
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was demonstrated by coating on a building roofing material like cement slab and PVC
coatings [150].

17.2.8.4.2 Organic blue and green pigments

Phthalocyanine pigments, in short phthaloblue or phthalogreen, are the most im-
portant representatives of organic blue and green pigments with impressive high-
performance properties [151, 152], which are characterized by weathering, chemical
and heat resistance, or bleeding combined with high color strength (Figure 17.14).
The cyclic macromolecule of this pigment class contains copper as the coordinated
central atom, hence the name copper phthalocyanine. These pigments are produced
in large quantities, with phthalocyanine blue PB 15 being the most popular blue for
use in coatings [153, 154]. Halogenation of copper phthalocyanine produces green
shades, which are also the pigment of choice for coatings in this shade range. The
three crystal forms of phthaloblue, alpha, beta, and the rarer epsilon, differ in their
properties. The beta form has a light greenish-blue hue and is stable, whereas the
more reddish alpha form has less stability, which in certain cases can cause serious
problems with color and strength changes during storage or baking of coatings. More
stable alpha-form pigments are available. These contain various additives that stabi-
lize the crystal form and minimize problems with flocculation of dispersions. Some
grades of phthalocyanine blue are slightly chlorinated and are characterized by a
green tint in color [7].
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Figure 17.14: Representative phthalocyanine pigments [5, 7].

17.2.9 Black pigments

Carbon black pigments are most commonly used in coatings and absorb in both the
UV and visible regions of the electromagnetic spectrum [32]. Their manufacturing
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process (burning and/or cracking of petroleum derivatives) can be quite different
and exerts an influence on the particle size distributions achieved and the chemical
structure of the particle surfaces, and thus directly on the final intensity produced
in the coating as well as the perceived depth of the black hue. Thus, in contrast to
so-called furnace blacks, fine-particle high-color channel blacks are used to achieve
intense black, glossy coatings. Formulation problems are usually caused by the fact
that the particles have a very high surface area in relation to their volume, which
can lead to the adsorption of resins and additives, causing undesirable effects, e. g.,
rheology or catalysis. Property-relevant parameters of these black pigments are par-
ticle size of the primary particles as well as their structure, porosity, and activity,
and influence the processing (rheology and dispersibility) as well as final coating
properties (e. g., surface conductivity).

A product overview of important grades for coatings can be found here [155].

So-called acetylene black is capable of increasing conductivity in films and is
thus further used in primers for plastic parts to be coated, which are applied by
electrostatic application.

Inorganic, functional so-called IR-reflecting pigments that reflect rather than ab-
sorb infrared radiation are now available in a wide range of colors. These pigments
are known as complex inorganic colored pigments (CICPs) or ceramic colorants [115].
Many of them have excellent outdoor durability, and when used on building roofs
and cladding, their IR reflectance significantly reduces solar heating, saving energy
in hot climates. Combinations of colored pigments that absorb all visible wavelengths
produce black; therefore, these pigments can be formulated to produce gray colors
with much less IR absorption than those made with carbon black pigments.

17.2.10 Effect pigments

Effect pigments, in the two main classes special effect pigments and metal effect
pigments, have been widely used for decorative and functional applications in sys-
tems such as paints, plastics, printing inks, and cosmetics for several decades.
Figure 17.9 in section 17.1.1.3 provides an overview of the different classes. Their
unique ability to achieve eye-catching optical effects, angle-dependent interference
colors, pearl luster, or multiple reflection, has made them irreplaceable. Effect pig-
ments show a number of advantages when compared to extended films, e.g., the
wide variety of achievable optical effects, the ease of incorporation in all relevant ap-
plication systems, the possibilities of blending them with other colorants, and the im-
pression of “vivid” color and gloss effects [92, 99].

Effect pigments are made up of either substrate-free pigments or substrate-
based structures. Many developments have taken place in the last 20 years, particu-
larly in the field of substrate-based materials, for example, multilayers on mica or
pigments based on alumina, silica, borosilicate glass or fluorophlogopite in
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addition to muscovite mica [99]. In the last five years, a notable innovation in the
field of effect pigments has been achieved by the use of aluminum based VMPs
(vacuum metallized pigments) as substrate material as shown in Figure 17.15. This
new pigment technology results in significantly thinner effect pigment particles
with a different property profile, which opens up completely new optical and appli-
cation possibilities [156-159].

Figure 17.15: Left: Scanning electron micrograph of effect pigment particles based on ultra-thin
particle technology (UTP) Right: Transmission electron micrograph (cross section) of an UTP-based
effect pigment particle in an epoxy resin (inner layer: aluminum flake produced in a PVD (Physical
Vapor Deposition) process used as a substrate material for effect pigment synthesis) [157].

One recent advance is the availability of effect pigments not only as free-flowing pow-
ders, but also as preparations (granulates, chips, pastes, color concentrates), which
contain the highest possible concentration of pigment [92]. In addition to the pig-
ment, the preparations are made up of binders or mixtures of binders based on sol-
vent or waterborne systems. The advantages of such pigment-binder combinations
are, for example, better pigment dispersibility, no dust formation during the intro-
duction of the pigment into the application system, optimized wetting behavior,
and improved color effects in the final products. An important, parallel research
field is the improvement of optical and non-optical performance.

A property not possessed by conventional organic and inorganic pigments is
what is frequently referred to as “flop.” This is the change in color and/or gloss with
the viewing angle. The origin of the effect lies in the almost two-dimensional, aniso-
tropic nature of effect pigments [160, 161]. The anisotropic morphology of the par-
ticles explains why their use affects the appearance, particularly, because a change
in processing technology results in a modified standard deviation of flake orientation
[162-166].

For outdoor use, for example in automotive and architectural coatings, the
weathering stability of many effect pigments needs to be improved by an additional
surface treatment [92].
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Pigments with diffractive properties have been known for quite a long time but
have recently been used to demonstrate a new way of measuring and understanding
the appearance for their use in industrial coatings [2, 167]. The diffractive pigments
have been used to analyze the relative orientation of the particles in the coating
layers by evaluating their behavior in liquid (solventborne) and powder coatings. The
interference color seen in Figure 17.16 was measured using a high-resolution goniore-
flectometer and the results analyzed using psychophysical and computational meth-
ods [167].
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Figure 17.16: Left: Example of diffractive pigments used in coatings on a speed shape. Middle: A
close-up view of diffractive pigment. Right: refraction orders in diffraction coatings exhibited on a
spherical surface illuminated by a point-light as rainbow effects of decreasing intensity [167].

It should be briefly mentioned here, that gloss is a relatively little studied visual
property of objects’ surfaces and that the study of gloss re-emerged from research
into other surface properties such as color and texture. Driven by the technological
progress of state-of-the-art experimental techniques and measurements [168], it is
part of the current vision and perception research [169-172].

Below can be found an overview of the many applications of effect pigments in
coatings.

Automotive coatings and automotive refinishes [173-175]: Effect pigments are
used in automotive coatings since more than 50 years. In fact, the first automotive
effect paints based on nitrocellulose date back to the 1920s. Originally, the effect pig-
ments were used to give the paints a metallic appearance. At that time, the paint sys-
tems offered relatively low weather resistance. This was before today’s basecoat/
clearcoat system was introduced on such legendary cars as the NSU RO 80 in the
1960s [176].

It was also at this time that pearlescent pigments, previously used only in the
cosmetics industry, began to be tested for other applications. After the initial appear-
ance problems were resolved, the first pearlescent automotive coatings appeared on
the market. Today, original equipment manufacturers (OEMs) formulate the vast
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majority of their automotive coatings (80%) with effect pigments, depending on the
vehicle model. Of these, 40-50% are mica-based coatings (examples are shown in
Figure 17.17). The application method now most commonly used is the base-/clear-
coat system, with so-called tri-coats [24, 28] being popular because of their strong,
brilliant effect.

Figure 17.17: Pearl white stylings used both with a high gloss as well as with a matt clearcoat [160].

Since effect pigments are now commonplace in original equipment automotive
paints, they are inevitably also used in repair or so-called refinish paints. For both
OEM and refinish coatings, the effect pigments must have good weathering resis-
tance properties and be surface treated [24].

Industrial coatings [177]: Effect pigments are also frequently used in industrial
coatings. For examples in the architecture application please refer to Figure 17.18.
Important areas of application are:

laal

Figure 17.18: Effect pigments used in coatings, shown here in architectural applicants (left to right):
powder coating, dispersion and coil coating application [160].

Can coatings: In can production, coating is often part of the initial production pro-
cess. An entire sheet is treated in a pressure-like process before forming, a fact that
must be taken into account for the pigment/binder ratio in the coating and the for-
mulation of effect pigmentation in can coatings.

Furniture surfaces: With the advance of new trends in furniture design, effect
pigments are increasingly being used in interior design, as well as for kitchen cab-
inets and furniture. The popular silk effect, for example, cannot be achieved with
conventional pigments. For this reason, architects and designers are increasingly
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turning to coatings with effect pigments. This market therefore represents a devel-
opment potential for manufacturers of effect pigments and is likely to lead to the
emergence of new effect concepts.

Bicycle coatings: Since effect pigments can be used to create not only a wide
range of colors but also effects, they are also very popular for bicycles, motorcycles,
and other two-wheelers. Coatings for this market that contain effect pigments are
formulated similarly to automotive coatings and require a similar level of weather
resistance, durability, and high stability.

Other coating systems: In house paints, effect pigments are mainly found in in-
terior and dispersion wall paints [178-182]. Special application processes can be
used to produce various aesthetic effects up to and including glitter. In masonry
paints and other paints for exterior surfaces, effect pigments must offer weather-re-
sistant properties [183].

Light, antistatic coatings: While the following section will focus on functional
pigments, mention should already be made here of the conductive pigments men-
tioned here, which are based on a platelet-shaped substrate similar to that used in
the manufacture of effect pigments. These conductive pigments consist of thin plate-
lets, usually muscovite mica, coated with Sn/Sb oxide. Their use enables the formula-
tion of bright, conductive coating layers. Such coatings are applied electrostatically
to plastics and are used in antistatic floor coverings [184, 185].

17.2.11 High temperature pigments

This pigment class consists of inorganic materials with a broad spectrum of chemi-
cal classes, with the CICPs or mixed metal oxides playing a central role [4, 115].
They are used in coating processes that require high (baking) temperatures, as well
as in coatings with the highest requirements for weather, light and chemical stabil-
ity. These include coatings for exterior applications, such as powder coating and
the coil coating process, which are used for the manufacture of facades and roofing.
It should be noted at this point that the use of many pigments remains severely re-
stricted due to, for example, incompatibility reactions, as the high pH value of sili-
cate paints, for example, precludes the use of ultramarine pigments.

Heat-resistant coatings indicate the use of temperature stable pigments such
as spinel black based on copper chromite (PB 28) [4] as well as metallic pigments
[186], which give furnaces, exhaust systems, and other objects an attractive, me-
tallic glossy appearance.
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17.2.12 Functional pigments

These pigments are used in coatings to influence both the appearance and the prop-
erties of the resulting films of the coatings [187-189].

This class includes corrosion protection pigments based on zinc or strontium
chromate, as well as various metal silicates and phosphates used in primers. Active
and passive corrosion protection pigments are used, with activity referring to their
electrochemical effect. Zinc-based pigments, for example, provide corrosion protec-
tion through cathodic action and are used in so-called zinc-containing primers.

Other functionalities relate to properties such as matting to influence the gloss
level of the final coating, with fine-particle silica, sometimes powdered polypropylene,
often used as a matting agent for this purpose. The particles accumulate on the surface
of the film due to convection and reduce the gloss level, keeping the overall pigmenta-
tion at a very low level [190].

The effect as a biocide or fungicide is realized, for example, by ZnO in coatings.
Antifouling coatings are provided with various pigments to inhibit the growth of or-
ganisms on ship hulls, and in the past copper oxide and tin organics were used.
Their use is subject to strict environmental regulations, and these pigments are also
subject to a lengthy regulatory approval process. The use of finely dispersed silver
in antimicrobial coatings should be mentioned for the sake of completeness.

In fire-retardant coatings, antimony(Ill)oxide (Sh,03) is used in halogenated
polymers, among other things, to minimize to the spread of flames through a chem-
ical process.

Functional pigments are also used to control the rheological properties of
coatings and influence sedimentation and storage stability by influencing viscos-
ity. Representative examples are phyllosilicates such as bentonites and their use
in solvent-based systems [191]. Furthermore, fumed silicas based on SiO, are avail-
able to achieve thixotropic properties in solvent- and waterborne coatings [192].

Infrared-reflecting pigments serve to reflect solar heat radiation and are used in
various applications. The portfolio of these pigments has broadened considerably
over the past few years, which is certainly due to the increased demand for roof and
facade coatings with “cool roof” properties to save energy costs in hot climates, as
well as the desire for additional color shades [115].

Combinations of colored pigments that absorb all visible wavelengths produce
black; therefore, these pigments can be formulated to produce gray colors with
much less IR absorption [193] than those made with carbon black pigments.
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17.2.13 Nano-pigments

A review paper on nano-material technology applications in coatings is available
here [194].

It is worthwhile to make a comment of the use of the prefix “nano,” since with
the emergence and success of nanotechnology about two decades ago, the use of
this prefix became quite “en vogue,” leading to misinterpretations.

According to the definition of the EU Commission, the particle size (1-100 nm)
is the decisive criterion for a nano material where a nano form is present if >50% of
the particles show a diameter in the range of 1-100 nm. This definition of “nano” is
only based on the particle size of the material [195] and does not consider whether
the material poses any risk or hazard. The assumption, that nano material generally
represents a hazard is vague [196-200]. The inclusion of aggregates and agglomer-
ates turns many pigments and fillers into nano materials per this definition — while
concrete requirements are lacking for how to verify this in practice. Since the publi-
cation of this definition in the year 2011, public authorities and the stakeholder in-
dustries have been searching intensively for a straightforward and workable
solution in order to enable a decision on whether there is a nano material or not. In
a project it could be shown, that no universally accepted method exists for making
this decision [195].

Comparing the different properties of “nano” with “standard” pigments of com-
parable chemistry, the special properties of the “nano” types result from the higher
surface-to-weight ratio of the particles. They also provide a greater surface area for
adsorption of resin, resulting in a greater amount of immobilized resin. Assuming
an adsorbed layer of 10 nm, the fraction of resin adsorbed on 300 nm pigment par-
ticles was calculated to be 3% and 22% on 50 nm particles [195]. In some cases, two
glass transition temperatures can be measured. When the particle size of the pig-
ments is smaller than the wavelength of light, coatings pigmented with nanopig-
ments are transparent [194].

Nanopigments, especially nanofillers, are said to improve resistance to scratch-
ing, scuffing, abrasion, heat, radiation, and swelling; reduce water permeability; and
increase hardness, weatherability, modulus, and elongation at break while maintain-
ing toughness.

Their use has gained importance in recent years [22], with various papers re-
porting their applications and benefits. For example, it has been shown that com-
mon pigments such as ZnO, SiO,, TiO,, Al,0s, etc., when added as nanopowders,
can improve paint performance [201]. It was found that only 0.03% ZnO as nano-
powder in an aqueous paint improved the mechanical, corrosion and UV properties
many times [202]. Similarly, the addition of 0.3% nano-alumina improved the abra-
sion and scratch resistance of an alkyd-based aqueous coating by nearly 10% [203].

Dispersing nanopigments can be complex. At small particle diameters, espe-
cially if less than 10 nm, the physical properties of the materials change and can
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lead to a number of complications. Conventional pigment dispersion methods are
often unable to reduce particle diameters to the nanoscale, but some success has
been achieved [194].

Nano-color pigments used in metallic automotive coatings are prepared by
grinding suspensions of the conventional colored pigments in butyl acetate with a
commercially available dispersant containing very small, high-density spheres in a
mill. The mill base is then used to make tinting pastes for matching metallic paints
[204]. Ball mills are also used to disperse nano-aluminosilicate in an acrylic resin
using a commercial dispersant. The dispersion is used in the production of scratch-
resistant clear coatings [205].

The preparation of stable dispersions of nanopigments can also be difficult.
The high surface energy of nanopigments makes them prone to agglomeration. If
this occurs to a significant extent, the benefits of nanopigments cannot be realized.
A variety of methods have been used to address this problem, including surface
treatment of the pigments [206], in situ polymerization in the presence of the pig-
ments, special pigment dispersants, and ultrasonic dispersion.

Submicron and especially nanodispersions with very narrow particle size distri-
butions are much easier to disperse and can remain stable over longer periods of
time if dispersants with low molecular weights and high equivalent weights of the
functional groups are used. The type, number and physical arrangement of the pol-
ymers and/or oligomers are crucial influencing variables to obtain stable as well as
cost-effective dispersions (see also the section on nanopigments).

Progress in the field of nanopigments is enormous and interesting develop-
ments of pigments with different chemistries and properties were reported over the
past years. A few examples can be found below.

A green colored nano-pigment Y,BaCuOs with impressive near infrared (NIR) re-
flectance (61% at 1100 nm) was synthesized by a nano-emulsion method. The UV-
VIS spectrum of the nano-pigment exhibits an intense d-d transition associated
with CuOs; chromophore between 2.1 and 2.5 eV in the visible domain. Therefore, a
green color has been displayed by the developed nano-pigment. The potential util-
ity of the nano-pigments as “Cool Pigments” was demonstrated by coating on to a
building roofing material like cement slab and PVC coatings [150].

Zn0O nanoparticles (ZnO NPs) were obtained by a direct precipitation method.
Transmission electron micrographs demonstrated that the synthesized ZnO NPs were
of a pseudo-spherical shape and the average diameter of the particles is 20 nm. ZnO
polyurethane nano composite (ZPN) coating films were fabricated by uniformly dis-
persing ZnO NPs in varying loading levels 0.1 to 2.0 wt.% in commercial two compo-
nent polyurethane by ultrasonic treatment. The antimicrobial activity of ZPN-coating
films was screened against Gram-negative and Gram-positive bacteria. Corrosion per-
formance, physical and mechanical properties of ZPN-coating films was evaluated.
The resulting perfect dispersion of ZnO NPs in polyurethane coating was revealed by
scanning electron microscopy (SEM). The results showed a slowdown in growth of



206 —— 17 Colorants in coatings

organisms on the ZPN coating surface, and also showed an improvement in the in-
creased corrosion resistance, mechanical resistance at lower concentration, and this
improvement increases with increased ZnO NPs wt.% [207].

The preparation of a series of orange Cr- and Sh-containing TiO, nano-pigments
by the polyol process using triethylene glycol was reported. Field-emission SEM im-
ages proved the formation of discrete, non-aggregated Cr- and Sh- co-doped rutile
nano-pigments with sizes below 100 nm after annealing precursors at 800°C. Zeta
potential of aqueous dispersions of nano-pigments confirmed the feasibility to be
used in the ink-jet printing decoration process [136].

Recent results on the preparation, characterization and color properties of the
V-containing ZrO, inorganic yellow nano-pigment are reported. A series of mono-
clinic V-ZrO, solid solution nanocrystals were prepared by hydrothermal processing
of mixtures of zirconyl nitrate and ammonium metavanadate in water. The high sta-
bility in aqueous dispersion and the structural and microstructural characteristics
of the prepared and annealed nanocrystals up to 1200°C made them good candi-
dates as nano-pigments for digital decoration. The advantages of the hydrothermal
approach against other non-conventional methods for the preparation of V-ZrO,
nano-pigments, such as sol-gel and polyol, are discussed [138].

17.2.14 Structural color and photonic crystals

Structural colors are closely related to the recent fast-growing fields of photonics
[208, 209] and have attracted much attention in a wide variety of research areas
because they arise from complex interactions between light and sophisticated mi-
crostructures. As an example, Figure 17.19 depicts color and flop created by poly-
mer crystalline colloidal array pigments [210].

Their mechanisms are in principle of purely physical origin and differ consid-
erably from the ordinary coloring mechanisms as in pigments, dyes and metals,
where the colors are produced by the energy consumption of light [211-213].

A summary of scientific activities over different research fields from biology, chem-
istry, physics to engineering can be found here [208-216].

As reported in [216], photonic crystals have attracted great interest owing to its
pigment-free, highly brilliant and fadeless characteristics. However, their poor me-
chanical strength as well as low adhesive force between these crystals and the sub-
strate still limits its applications.

Another challenge is the reproducible reproduction of the periodically recurring
units in the exactness physically required for this and to manufacture them on a
large industrial scale [217]. Commercial applications already exist, e. g., in fabrics
[218].
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Figure 17.19: Color effects created by prototype polymer crystalline colloidal array pigments in
coatings and scanning electron microscopy (SEM) cross-sectional images of the structures [210]
(reproduced with permission from PPG).

17.2.15 Colorants for special coating applications

17.2.15.1 Thermochromic pigments
Thermochromic pigments are finding more and more functions/applications, also
in coatings [2, 5].

Chromogenic polymers change their visible optical properties in response to an
external stimulus. Related to the specific stimulus, they are classified as thermo-
chromic (temperature), photochromic (light), electrochromic (electric field), piezo-
chromic (pressure), ionochromic (ion concentration), or biochromic (biochemical
reaction). The chromogenic phenomena enable the integration of sensor and actua-
tor functionality or any kind of information into a material itself [2].

As reported in [55], thermochromism can occur in all different classes of poly-
mers: Thermoplastics, thermosets, gels, inks, paints, or any kind of coatings. The
polymer itself, an embedded thermochromic additive, or a supermolecular system
formed by the interaction of the polymer with an incorporated non-thermochromic
additive can cause the thermochromic effect. From a physical perspective, the origin
of the thermochromic effect can also be diverse. It can originate from changes in light
reflection, absorption and/or scattering properties with temperature [219].
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There are limitations to the use of this technology, not the least of which is the
generally poor UV resistance of thermochromic pigments in sunlight, which generally
limits their use to items exposed to daylight for extended periods of time. Of course,
they are inherently temperature sensitive and therefore items containing these mate-
rials must be protected from any undesirable heat source.

Fiber materials are a special case of thermoplastic polymers and thermochro-
mic cellulose fibers were prepared by incorporating the commercial thermochromic
pigment described in [220]. This thermochromic pigment is a microencapsulated re-
versible switching leuco dye developer-solvent system with diameters of the micro-
capsules ranging from 0.5 to 5 pym and a thermochromic color intensity change
from magenta to colorless at a temperature of 32.7 to 32.9°C.

As far as thermoplastics are concerned, microencapsulated leuco dye devel-
oper-solvent systems and polyethylene and polypropylene masterbatches contain-
ing them are already commercially available from several manufacturers. Although
these masterbatches exhibit excellent thermochromic switching behavior, the use
of microcapsules results in a number of limitations, such as poor thermal and shear
stability, which lead to processing difficulties. Incorporation of these microencap-
sulated leuco dye developer-solvent systems into high temperature polymers, such
as polycarbonate, is not possible. The switching temperature of commercially avail-
able microencapsulated leuco dye developer-solvent systems ranges from —25 to 65°
C. Efforts to extend this temperature range, especially toward higher switching tem-
peratures, have been ongoing for many years [221]. The development of reversible
and irreversible thermochromic organic pigments with higher switching tempera-
ture has been in focus in recent years [55].

In contrast to the thermochromic effect of organic composites, the thermochrom-
ism of inorganic materials, such as metal salts and metal oxides, has been known for
a long time [220-224], where the occurrence of thermochromism in inorganic pig-
ments originates from changes in the crystal structure. For example, the red to brown
color change of copper-mercury iodide, Cu,(Hgl,), is caused by a change from an or-
dered to a disordered structure. In both modifications, the iodide ions form a face-
centered cubic cell with tetrahedral holes partially occupied by the copper and mer-
cury ions. In the low-temperature modification, all tetrahedral holes are definitely oc-
cupied, while in the high-temperature modification, the cations are randomly
distributed over all tetrahedral holes. Another example is mercury(Il) iodide. The
transition from the a- to the B-modification at 127°C is associated with a color change
from red to yellow. For most of the inorganic pigments considered, the thermochro-
mic effect occurs at temperatures above 100°C and is irreversible. Examples of inor-
ganic compounds with reversible thermochromic properties can be found here [55].

An unprecedented one-finger-push induced phase transition with drastic color
change in an inorganic material is discussed in [225]. It is found that the original
color reverses during annealing. Therefore, such metal complexes combine thermo-
chromism and piezochromism in one material and could be called chromogens.



17.2 Colorants in coatings =— 209

The use of poly(3-alkylthiophene)s as thermochromic pigments to introduce
thermochromism into host polymers has been reported [226, 227]. This group of con-
jugated polymers exhibits thermochromism due to temperature-dependent confor-
mational changes of the conjugated m-electron system. Modifications of their
chemical structure is applied to vary the switching temperature of these pigments.

A comparison between the classes of thermochromic additives has been pub-
lished in [55]. As explained by the authors for organic thermochromic materials the
outstanding feature is, that the switching temperature and color can be customized
and that the narrow absorption band allows the generation of multiple switching ef-
fects by the combined use of several thermochromic additives, properties important
for applications as they allow flexible adjustment of the thermochromic properties
for the specific application. The advantage of inorganic pigments is clearly their ther-
mostability above 200°C and light stability, which is even suitable for outdoor appli-
cations. However, most inorganic pigments are toxic for these applications.

Future developments in the field of thermochromic polymers will cover subjects
like improving the organic thermochromic systems with regard to thermal and me-
chanical stability of thermochromic pigments for doping of polymer matrices, in-
creasing the UV and visible light stability of leuco dye developer solvent systems as
well as the extension of the switching temperature range of thermochromic pig-
ments, particularly beyond the current 69°C limit for commercial products [55].

17.2.15.2 Photochromic microcapsules

Photochromic dyes were introduced in the early 1990s. Unfortunately, photochromic
dyes are inherently unstable and change their chemical structure when exposed to UV
light. Because the dye is so sensitive in its excited state, stabilization is the biggest
challenge for dye manufacturers because without stabilization, shelf life is very limited.
However, microencapsulation can overcome this shortcoming. When photochromic
crystals are irradiated with UV light, the dye undergoes a temporary chemical change,
but when the UV source is removed, the molecules re-form their original bonding struc-
ture (Figure 17.20). In this example, the reversal reaction is predominantly thermally
driven (the assistance of heat can be considered an example of thermochromism). In
other photochromic dyes, the reverse reaction is photochemical. Because of their ahil-
ity to exhibit resistance to thermal fading, fulgides are the class that has been most
commonly used for this application [3].

Incorporated into coatings, the photochromic microcapsules can create interesting,
optical effects. Indoors, away from UV light, the design on the fabric is white, but changes
color when exposed to UV radiation in daylight. The palette ranges from yellow to purple
to green. Despite the volatile nature of color formers to light, microencapsulated formula-
tions are marketed in attention-grabbing product labeling and anti-counterfeiting. Other
applications include textiles that develop new patterns when exposed to sunlight, or se-
curity devices that can be observed spectroscopically or with special instruments [3].
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Figure 17.20: Mechanism of photosensitive dyes after [3] (Copyright Wiley-VCH GmbH.
Reproduced with permission).

17.2.15.3 Electrochromic pigments

A large number of inorganic/organic materials show electrochromic properties,
whereby these appear by the fact that color changes of these materials can be ob-
served during an electron transition as well as during redox processes [228-230].
With regard to their use in coatings, Prussian blue or Fe(Ill)-hexacyanoferrate(Il) is
historically relevant, especially since, in addition to its use in varnishes and inks, it is
responsible for the origin of the term “blue print” through its use in photographic
prints. It produces the colorless Prussian white when reduced and is thus an anodic
coloring electrochromic material [2, 231, 232].

17.2.15.4 Phosphorescent pigments

These are materials based on activated ZnS which, for example, produce a green lu-
minescence when activated by copper. Luminous coatings for instruments and
watches are typical applications for these pigments. When alkaline earth aluminates,
mostly based on strontium doping, began to compete with conventional sulfide lumi-
nescent materials 30 years ago, and this also improved the availability of these raw
materials, this stimulated the applications and led to further possible uses [2].

17.2.15.5 Solvent-soluble dyes for coatings

17.2.15.5.1 Solvent dyes

A brief mention should be made of solvent dyes, for whose successful application
in paints, stains and varnishes sufficient solubility in organic solvents is a prerequi-
site [6, 7, 233]. These raw materials are mostly red or yellow azo as well as complex
compounds, which are produced by co-precipitation of acidic and basic dyes. As an
example, Figure 17.21 shows the structure of the yellow, carcinogenic 4-aminoazo-
benzene (Solvent Yellow 2) and, in addition, that of Solvent Orange 1.
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Figure 17.21: Structure of Solvent Yellow 2 and Solvent Orange 1[7, 12].

Azo dyes that are soluble in polar solvents such as alcohols, glycols, esters, glycol
ethers and ketones fall into this category, with the exception of the blue copper phtha-
locyanine derivatives. They are used in transparent protective coatings for metal and
wood. From a chemical point of view, the most important alcohol- and ester-soluble
azo dyes can be divided into three groups, which will not be discussed in further de-
tail here. As a representative example of complex formation by an azo dye with a
metal salt in organic solvent, Figure 17.22 shows, in this case, Solvent Red 8.

Figure 17.22: Structure of Solvent Red 8 [12].

17.2.15.5.2 Azo metal-complex dyes

It is known that solvent dyes based on a 1:2 chromium and cobalt complex without
hydrophilic substituents are readily soluble in organic solvents such as alcohols,
ketones, and esters [7]. However, improved solubility can be achieved by converting
the metal complex sodium salts to salts of organic cations such as long-bed aliphatic
ammonium ions [234,235,236]. Figure 17.23 shows representatively the structure of
bluish red solvent dye [237]. These derivatives find a wide range of applications such
as transparent coatings and wood stains [238].

17.2.15.5.3 Fat and oil soluble dyes

Fat- and oil soluble dyes are used in a wide range of coatings, which includes in
particular the coloring of transparent coatings on aluminum foil. These dyes are
soluble in a variety of waxes, resins and solvents except for water, but no clear dis-
tinction can be made between them and alcohol- and ester-soluble dyes. They are
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Figure 17.23: Structure of a bluish-red solvent dye [12].

azo dyes based on simple components, with the blue anthraquinone derivatives
being an exception. As an example, the structures of Solvent Red 23 (7; R = H) and
Solvent Red 24 (7; R = CHs), are shown in Figure 17.24. These raw materials are typi-
cally distributed as powders or granules. In the case of liquids, they are highly con-
centrated solutions of fat soluble dyes in aromatic hydrocarbons, and in some cases
solvent-free 100% liquid products [7].

Figure 17.24: Structure of Solvent Red 23 (R = H) and Solvent Red 24 (R = CH5) [7].

17.3 Colorants in different coating systems
17.3.1 Waterborne (emulsion) paints

Besides the polymeric binder and water as diluent, colored pigments, and inorganic
fillers are the main constituents of emulsion paints besides solvents, dispersants,
thickeners, preservatives, and defoamers. Different requirements are placed on inte-
rior paints than on exterior paints, like odor neutrality for interior and weather fast-
ness for exterior paints. Interior paints are divided essentially according to the degree
of gloss, into matt, semi-matt, satin, semi-gloss and gloss paints. Exterior paints
are differentiated as masonry paints, elastomeric actings, wood coatings, plasters
or textured finishes, silicate paints, silicone resin paints, and universal or house
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paints. Standard formulations of matt interior and exterior emulsion paints typi-
cally use TiO, and colored inorganic pigments along with fillers like chalk, heavy
spar, talc, kaolin, mica [239].

In general, different pigments are used in emulsion paints in order to fulfil the
application profile, as pigments may enhance the weather fastness of the coating,
preferably by shielding the binder against UV exposure [1, 240, 241].

Without a doubt, the most important white pigments used in waterborne emul-
sion paints today, due to its high refractive index, is TiO,, which is responsible for
their opacity and whiteness. Depending on the type of TiO, used (rutile or anatase), it
also provides chalking resistance. For chalking-resistant coatings, surface-treated ru-
tile should be used, since anatase reacts photocatalytically with oxygen and mois-
ture, leading to radical reactions, decomposition of the binder at the TiO, interface,
and thus to chalking. Surface treatment can be either based on ZrO,, Al,0;, SiO,, or
sometimes ZnO, as mentioned earlier in this chapter.

The alternative white pigments ZnO, ZnS, or lithopone have lower refractive in-
dices. They are only used to a limited extent because of the associated poorer white-
ness, lower hiding power and greater chalking tendency of the coatings. At most,
they are used for the specific anti-fungal formulation of masonry paints.

For the sake of completeness, organic white pigments known as opaque particles
should also be mentioned here. The polymer particles contain air-filled cavities that
remain even when the paint dries. The difference in refractive index between the
polymer and the air causes light to be scattered, which is how the paint provides
opacity. These organic white pigments are marketed as a partial substitute for TiO,.

In addition to white pigments, a wide variety of colored pigments are used. These
colored pigments can contain both organic and inorganic materials. However, due to
their higher lightfastness, better chemical stability, and easier dispersibility, aqueous
coatings in practice predominantly contain inorganic pigments such as iron oxides or
chromium oxide or, in the case of the latter, the non-toxic alternatives.

Organic pigments are normally used in the form of ready prepared pigment
pastes usually only for sharing the colors.

The less expensive inorganic pigments (e.g., iron, cadmium, chromium or
PbOs or lead sulfides, PbMoO,, cobalt blue, carbon black) have much better UV sta-
bility (with the exception of Carbon Black) than the more expensive organic pig-
ments (e. g., phthalocyanine, Azo pigments, quinacridones, perylenes, carbazoles).
However, they do not usually result in the same color brightness. For outdoor appli-
cations, therefore, only the metal oxides are suitable, which in many cases also lead
to good alkali resistance of the coating. For environmental reasons, iron oxides are
the most important colored inorganic pigments used today. The lead and cadmium
compounds, some of which are toxic, are replaced by bismuth vanadate [239].
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17.3.2 Powder coatings

Powder coatings chemistry and its technology was described in detail by De Lange
[39].

A detailed overview on the research progress in powder coatings which also
highlights the activities in the field of pigments was published here [242].

A powder coating is a 100% solid coating applied as a dry powder and then
formed into a film by heat. The typical components of a powder coating are binders
(resins with, if necessary, hardeners and accelerators), colorants (mainly pigments),
additives and, in some cases, fillers [1, 42, 243]. Colorants for powder coatings are
almost exclusively pigments and must meet requirements such as thermal stability
at the curing temperature, suppressed reaction with other components of the for-
mulation and stability to shear forces during extrusion and grinding. The solid
binder melts when heated, binds the pigment, and results in a pigment layer when
cooled [242].

Inorganic pigments (e. g., TiO,, iron oxides, and chromium oxides) largely meet
these criteria. In order to achieve maximum resistance in powder coatings for exte-
rior use, lead pigments must still be used in isolated cases. In Europe, the use of
cadmium pigments is declining. Substitution by organic pigments generally limits
the color spectrum in the red, orange, and yellow range. Metallic and pearlescent
effects are achieved by using aluminum platelets or coated mica.

Organic pigments can be used in powder coatings, but since the crosslinking of
the polymers takes place at high temperatures (>150°C), the heat stability of the or-
ganic pigments is very important.

The evaluation of the condition of a pigment dispersion in powder coatings is
complicated by the lack of a simple and effective evaluation method, especially
during the production process. Kunaver et. al. developed a method for evaluating
dispersion quality in cured powder coatings or in samples taken immediately after
the extrusion process [244]. They investigated differently pigmented powder coat-
ings of yellow and orange—yellow color incl. TiO,, red iron oxide, monoazo (benzi-
midazolone), tetrachloro-isoindolinone and yellow iron oxide as well as dis-azo
yellow and diketopyrrolopyrrole pigments [145]. Quantitative information on pig-
ment dispersion was obtained by plasma etch scanning electron microscopy image
analysis. In order to correlate the differences in extrusion equipment and thus the
energy input of the dispersion process, two different formulations were studied, each
produced with three different extrusion systems and the results are compared with
those obtained by color difference measurements. It was shown, that the plots of pig-
ment size distribution correlate well with the measured color differences and with
the energy input of the different extrusion units used.

Pigments impart color and functionality in powder coatings, whereas the de-
sired effect is achieved by choosing the right pigment, the most important proper-
ties of which are good dispersion and thermal stability. TiO, is an inorganic
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pigment commonly used in powder coatings. There are studies that the surface of
nano-TiO, was grafted with hydrophobic groups, so that the hydrophobicity was in-
creased, which favored its dispersion in the coating matrix. Shi etal [245]. investi-
gated the polyester powder coating modified with 2 mass percent nano-TiO,. The
results showed that the addition of nano-TiO, resulted in a delay of the melting
point, and the starting and peak temperatures of the curing reaction of the system
modified with nano-TiO, were decreased by more than 5°C. The addition of 2 mass
percent nano-TiO, to the polyester powder coatings accelerated the curing process.
Hadavand et al [246]. studied powder coating nano-ZnO with antibacterial proper-
ties. The surface was successfully modified with VTMS. The results showed that the
thermal stability of modified nano-ZnO in the mixing process had excellent compat-
ibility and good dispersion in the polymer matrix. The antibacterial experiments
showed that the efficiency of coatings with modified nano-ZnO was higher than
that of an unmodified one. In order to increase the ohmic conductivity of the resin
system and modify the mobile charge carriers, Trottier et al [247]. introduced the ZnO
and SiO, as pigments into the epoxy polyester resin system. The results were that the
resin matrix was opened; the activation energy for dipole rotation was lowered; the
frequency of relaxation peaks was shifted down; the T, of the powder coating was
increased by the addition of the pigment. Puig et al. [248]. studied powder coating
formulations with different contents of ZMP applied on galvanized steel. The corro-
sion protection properties were investigated by electrochemical methods. The various
results showed that for this type of powder coating, the corrosion protection proper-
ties were improved when 10% or 15% ZMP was added, which was attributed to the
improvement of the barrier properties and the inhibitory effect of the pigment. In the
salt spray test, no differences in corrosion protection properties were observed be-
tween the samples with 10% ZMP and 15% ZMP. Phosphate pigments are considered
highly effective and safe corrosion inhibitors in various coating applications. In the
study of El-Ghaffar et al. [249]., anticorrosive hybrid epoxy/polyester and polyester
powder coatings composites based on phosphate pigments have been formulated.
The prepared powder coatings were applied to cold-rolled steel sheets and investi-
gated for their physical-mechanical properties and evaluated for their anticorrosive
properties using a salt spray chamber for 1000 h. The powder coatings were then
tested for their corrosion resistance. The obtained results showed high-perfor-
mance anticorrosive powder coating formulations for steel protection. There is no
characteristic change in the physical and mechanical properties of the films.

When looking into the future trends in powder coatings, the following subjects
can be identified [250, 251]:

Compared to liquid coatings, the excellent properties and the economic and
ecological advantages contribute to the success of powder coatings. Although there
are still disadvantages associated with the handling and use of the powder form,
these shortcomings have now been further improved or minimized thanks to the
further development of formulation and equipment. These developments are
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contributing to market growth in the powder coatings sector. Furthermore, new
resin systems enable powder coatings to be cured at low temperatures around 120°
C already. These systems will enable the application of powder coating to heat-sensi-
tive substrates such as plastics, wood, etc., further stimulating market growth sup-
ported by new drying technologies such as radiation curing. High-temperature
powder coating will be further optimized for its applications, too. Representative ap-
plications include gas and charcoal grills, exhaust components, fireplace, and light-
ing fixtures. Thin films of 20—70 microns can be produced in a wide range of gloss
levels, color tones and effects, and surface textures. Ultra-thin powder films in the
thickness range of about 20-30 micrometers are currently under development.
These are of interest because they allow better film thickness control as well as
wetting of recesses. Finally, developments in the field of equipment and machin-
ery for processing powder coatings are also contributing to the progress of this en-
vironmentally friendly technology. The application efficiency of powder coatings is
significantly higher compared to liquid coatings, which are often applied with air as-
sistance, reaching values of up to 96%. To achieve these values, it would be neces-
sary to apply liquid coatings by means of electrostatic application, as is common
practice in automotive painting, for example, using high-rotation bells. The coating
speed of powder coatings is being steadily increased by advances in radiation curing.
Dwell times of 30 seconds are common in infrared curing, and 4-5 seconds in UV
curing. Finally, challenges for further development of powder coatings are the
well-known issues of color consistency and weathering stability over >15 years, es-
pecially with regard to architectural and facade applications. This will certainly
lead to new pigment and surface treatment developments. In the case of effect
powders, the focus will be on controlling the appearance and achieving, for exam-
ple, metallic effects at the level of liquid coatings. As described in the chapter on
automotive coatings, this represents a major challenge in connection with the con-
trol over the particle orientation of the effect pigment platelets in the dried paint
film. This is part of current research [167, 252, 253].

Combined with stricter health, safety and environmental regulations, the use of
raw materials and technologies in the paint and coatings industry is changing. One
driver is the REACH regulation (Registration, Evaluation, Authorization & Restriction
of Chemicals). The reduction or elimination of volatile organic compounds (VOCs) is
the main focus here, which is why conventional organic coatings are in the process
of being replaced because they contain a large percentage of VOCs. As a result, pow-
der coatings are enjoying high market growth. Due to the commercial success and
growing popularity of powder coatings, there is a great need for research in this field
[254-257].
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17.3.3 Radiation-curing systems

Radiation curing is a technology that uses electromagnetic radiation, mainly in the
UV range, or ionizing radiation, mostly accelerated electrons, to trigger a chain re-
action that converts mixtures of polyfunctional compounds into a crosslinked poly-
mer network. One challenge in UV curing, especially for pigmented films, is to find
the ideal parameters for the drying process and subsequent performance of the re-
sulting coating film [258].

The main challenge in formulating coatings for UV-curable coating systems is
that the properties of pigments and photoinitiators in a coating compete when ex-
posed to UV light. It is understandable that an ideal pigment should offer UV trans-
parency so as not to interfere with the reaction of the photoinitiators, but also good
absorption in the 400 to 700 nm visible range to ensure good hiding power in the
dried coating layer. With the right combination of photoinitiators that absorb UV
light between 380 nm and 410 nm, and the right combination of lamps and curing
conditions, most pigmented coatings can be fully cured. By using a dual curing
strategy, the limitations can be almost eliminated [259].

A UV-curable coating can be designed to have satisfactory performance charac-
teristics with a given equipment configuration, and identifying the UV-curing pa-
rameters with the greatest influence on the performance of the final coating is
critical.

It is possible to identify these process design parameters: Total energy, irradiance
profile, spectral distribution, and temperature reached by the coating from the infra-
red energy. Once these key parameters are identified, it is possible to define the “pro-
cess window” and cure control and monitoring can then be done by measuring them.

New photoinitiators that provide for strong absorption at longer wavelengths
are allowing formulators to incorporate more pigmentation into their coatings.
Curing white pigmented coatings, for example, which had been a difficult task due
to the strong pigment absorption in the longer UV region, is now accomplished
with advanced photoinitiator blends of substituted phosphine oxides and phenyl
ketones [260].

In [258], the absorption spectra of compounds contained in a pigmented paint
are presented. This is a complicated situation with respect to the absorption behavior
of the photoinitiators as usually at least two photoinitiators are used. One (acyl phos-
phine oxide, e. g., TPO) that absorbs at long wavelengths outside the absorption spec-
trum of the pigment and is responsible for through-curing, and another that absorbs
in the short wavelength range and is responsible for surface curing. A more detailed
description of radiometric methods for designing and monitoring UV processes can
be found here [261].

The raw materials for the formulation of UV-curable ink and coating systems con-
sist of medium molecular weight resins. The main types of resins are radical polymer-
izable unsaturated polyesters, acrylate-terminated molecules such as polyepoxides,
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polyesters, polyethers, and polyurethanes, as well as epoxides and vinyl ethers.
Since most of these resins often have too high viscosity, they are diluted with re-
active diluents to adjust the application viscosity. The reactive diluents used are
mainly mono- or multifunctional acrylates, less frequently methacrylates or non-
acrylate monomers such as styrene, vinyl pyrrolidone, divinyl ether, and a few
others. In cationic curing coatings, vinyl ethers and monoepoxides are used as re-
active diluents. In addition to these essential raw materials of a UV-curable formu-
lation, additives such as surfactants, defoamers, leveling agents, flow regulators,
flexibilizers, UV stabilizers, or fillers (clay, CaCOs, and silica) as well as nanopar-
ticles, which are transparent and can provide higher scratch resistance, are used
depending on the requirements.

In North America, consumption of UV and EB formulated product usage in-
creased from 77.3 to 165.1 (000" metric tons) by volume in the period between 2001
and 2019, with current applications now focused on graphic arts (OPV, inks), wood,
plastic coatings, printing plates, adhesives, optical fibers, and metal decoration. 3D
printing, or additives for it, is mentioned as the application with the highest com-
pound annual growth rate of 14.6% from 2021 to 2021. The growth of plastic coat-
ings is forecasted at 6.3% [262].

Many new applications for radiation-curable coatings are emerging [262], 263].
Current and planned UV applications from the perspective of equipment suppliers
have been frequently reported at the RadTech conferences [262]. In the automotive
industry, for example, applications are coatings on headlight lenses, coatings on
reflectors and coatings on instrument panels.

Pigments are mainly used in radiation-curing printing inks, but in the mean-
time, they are applied in areas such as coil coatings, although technical challenges
like adhesion, flexibility and through-curing for these pigmented coating systems
had to be solved [263]. Further evaluations of UV-curable systems for direct metal
application [264-267] and through-curing of pigmented UV-curable coatings [267]
have been reported.

Recent work investigated the crosslinking of pigmented coating material by UV
light-emitting diodes (LEDs) enabling depth curing and preventing oxygen inhibi-
tion. Initiator systems were found that were able to cure thick layers of several milli-
meters with a conversion of 80-100% [268].

The use of metallic effect pigments in UV printing inks has been known for
years, and in recent years this has also been successfully transferred to plastic coat-
ing and other applications [269, 270].

Driven by the benefits of UV curing and the market growth associated with the
sustainability of this technology, pigment manufacturers are developing specific
product portfolios for this application area [269, 271].
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17.3.4 Coil coatings

Coil coating is the globally established term for the industrial process of continu-
ously coating rolled steel and aluminum strip organically and can be summarized
in the short formula: “Finish first, fabricate later.” In this finishing process, the
coils are coated with a paint or plastic film, rewound and then cut, punched, roll-
formed, etc. at the processor according to their use as roofing elements, refrigera-
tor walls, window profiles etc. [272].

The standard EN-10169:2012—-06 [273] defines the typical process steps: cleaning
and chemical pretreatment of the metal surface, single or double-sided, single or
multiple application of liquid- or powder-coating materials with subsequent film
formation under heat, or lamination of plastic films. The process step embossing is
understood to mean the hot embossing of thick (plastisol) layers to produce a deco-
rative surface structure. Post-treatment here involves the application of peelable
protective films which additionally protect the coated surfaces during storage and
transport and also facilitate difficult forming operations and assembly.

The success of coil-coated sheet is essentially based on the fact that the proces-
sor of this sheet does not have to carry out the coating process and all the associ-
ated costs, such as pretreatment, wastewater and exhaust air treatment, disposal of
residual materials, and investment and maintenance costs for coating equipment
and drying, because the coating is applied directly in the aluminum or steel rolling
mill or in the refining store. The use of coil-coated sheet means that the finishing
steps — in this case the coating of the individual pieces — are transferred to the up-
stream supplier. The processor can concentrate on his core competencies, mechanical
processing and assembly. He no longer needs to worry about coating application.
The coil-coated materials can be further processed with appropriately adjusted pa-
rameters without damaging the coating and thus impairing the service behavior.

The possible applications of pre-painted sheet are very diverse, because it can be
processed using common techniques. Cutting, piercing, forming (bending, roll form-
ing, deep drawing) are the main mechanical operations to which the sheet is sub-
jected. Joining of sheet metal is done by stapling, flanging, folding, screwing, riveting,
clinching, gluing, and by combinations of these techniques. Welding can only be used
to a limited extent, because the coating is generally electrically non-conductive and
decomposes at the high welding temperatures. The main applications of pre-painted
steel and pre-painted aluminum are in the construction and architectural sectors.

An important segment is “white goods.” This includes electrical household and
commercial appliances of all kinds. Today, around 25% of the surfaces of house-
hold appliances are already precoated in the rolling mill. These include the bodies
and doors of refrigerators and freezers, as well as housings for washing machines,
dryers, dishwashers, ovens, microwave ovens, and stove hoods. Panels for informa-
tion technology equipment, heaters, small appliances, and parts of coffee machines
are examples of the general processing of coil-coated sheet metal.
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There is also a wide range of applications in the automotive sector. For automo-
tive applications, weldable galvanized steel sheets are pre-painted with anti-corro-
sion primer, which makes a significant contribution to corrosion protection of the
car body. But coil-coated sheets are also used to replace traditional painting steps
in automotive production, for example for bulkheads, oil filters or similar parts,
some of which are also silenced. Further possibilities, for example sunroofs, result
from the modular construction method now widely used in automotive engineering.
Truck and bus bodies are also made from coil-coated materials. Caravans and bod-
ies for motor homes are almost exclusively made from pre-painted aluminum.
Other examples are parts of rail vehicles and ship interiors.

Coil coating is an efficient process, because it offers the advantages of a contin-
uous process. The efficiency lies in the high throughput rates of large-capacity lines
or the flexibility of comparatively slow lines. On the large-capacity lines, areas of
more than 200 m” per minute can be coated on both sides. With this order of magni-
tude, coil coating occupies a top position in metal painting. The roller application
also ensures almost 100% transfer of the paint. It allows thinner paint coat thick-
nesses to be applied with the same quality compared with piece coating.

The principle of coil coating has also been used for decades for the continuous
coating of packaging sheet, stainless steels or electrical sheet, which is provided
with an insulating lamination. This is partly carried out on the same coil lines.

Coil coating is accompanied by the worldwide standardization of flat prod-
ucts, their test methods and the corresponding component development. In the
course of globalization and the intensive exchange of information, the coopera-
tion of the regional/national trade associations and the two globally active um-
brella organizations, the European Coil Coating Association in Brussels and the
National Coil Coating Association in Cleveland, Ohio, should be emphasized.

Four major market segments are served by these materials, each market seg-
ment primarily uses one or two specific resin types:

— Construction (roofing, panels, garage doors),

— Transportation (truck and bus body parts, automobiles, exterior trim parts, gas
tanks, engine components).

— Consumer goods (“white goods” such as refrigerators or washing machines, of-
fice furniture, shelving,

- Computer components, signs, industrial equipment)

- Packaging (cans, containers, crowns, drums, barrels) [272].

An organic coating is applied after the inorganic pretreatment of the sheet. Usually,
a primer is applied first to the visible side of the sheet and then a top coat. This
coating must be matched to the intended use of the sheet. For example, the coated
surface of sheets that are processed into refrigerator housings must be flexible to
withstand deformation. It must be hard so as not to suffer damage during process-
ing by tools, but also resistant to foods such as ketchup, mustard, mayonnaise or
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orange juice. Parallel to the coating of the visible side, the reverse side is also
coated. Here, too, a primer is applied first, depending on the intended use, and a
functional back coat is applied in the second step. Frequently, however, a reverse
side coating is applied in a single layer. To protect the surface during further proc-
essing, a film is often laminated at the end, which is removed again after process-
ing. Films are also laminated in small quantities as an alternative to the topcoat.

Solventborne coatings contain film formers, additives, pigments, fillers, and
solvents as basic building blocks. The film former gives the coating its system-deter-
mining basic properties such as adhesion, elasticity, hardness, durability, and cor-
rosion resistance. Additives, fillers and pigments provide special properties such as
coloration, hiding power, weldability, and the solvents guarantee the processability
of the coating material. Solventborne coatings typically have a solids content of
40% to 70% and are usually thermosetting systems. During the baking process, the
solvent evaporates and, in a chemical reaction, the polymers crosslink to form a
film on the surface. The reaction is usually accelerated by catalysts.

Plastisol coatings have a solids content of almost one hundred percent. Plastisol
is a paste-like mixture of polymers and plasticizers. Thus, for the PVC plastisols, PVC
is dispersed in the plasticizer and mixed with the necessary additives, pigments and
fillers. The plastisols gel under the influence of heat and form a thick surface film. An
organosol is a mixture of polymer and plasticizer that also contains organic solvents.
For example, the polyvinylidene fluoride polymer used in coil coating is processed as
an organosol. Organosols belong to the group of physically drying film formers,
which solidify by releasing the solvents without any chemical reaction.

Powder coatings and radiation-curing coatings are solvent-free. Here, crosslink-
ing of the basic building blocks is induced thermally or by radiation.

Foils are laminated as finished products directly onto the pre-treated or onto
the already lacquered metal strip. The bond to the metal is produced with the aid of
an adhesive or by hot laminating the film.

Decoration and protection are provided by the topcoat layer. When designing
the coating for coil coating applications, four aspects must be taken into account,
which must be optimally coordinated with each other:

— It must be possible to manufacture the coating consistently.
— When processed on the coil coating line, it must withstand the high mechanical
stresses in the coating process itself. For example, it must not foam excessively.

The shear conditions on the rollers must not cause the pigments to become

even more wetted, because heavier wetting would result in undesirable color

shifts. The coating must be designed in such a way that, during curing, the sol-
vent can first escape from the surface within about 10 seconds before the sur-
face closes. Curing too quickly will result in unevenness on the surface.
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The paint must be both elastic and hard so that the paint surface is not damaged
during further processing by cutting, bending, edging, deep drawing, assembling,
and fixing.

The paint must also be optimized for the final application. Roof and facade ele-
ments, for example, must be resistant to weathering and at the same time meet aes-
thetic requirements in terms of gloss and color tone for years to come. The surfaces
of refrigerators and washing machines should also look good for many years in the
household and must not be permanently discolored by vinegar, coffee, or ketchup.

The coating material is selected on the basis of the requirement profile specified
by the processing and use of the coil-coated sheets.

It is even possible to apply powder coatings to a flat metal strip transported at
high speed, although this is technologically difficult. For this reason, powder coat-
ing is only applied to a very small extent at low strip speeds in coil coating pro-
cesses. The powder-coating layer is applied with the aid of guns, as in industrial
coating. New application methods such as the use of rotating or electromagnetic
brushes have not yet become established. Powder coatings are based on polyester
or polyurethane. They do not contain any solvents and are thermally cured in a con-
ventional or infra-red dryer. During curing, the powder particles first melt and then
combine to form a smooth coating film. In the second step, the cross-linking reaction,
the physical properties of the paint film are formed. The use of powder coatings for
coil coating is interesting in terms of coating thickness, because this technology al-
lows coatings of up to 100 pm to be achieved, which can only be achieved with liquid
coatings and roll application in coil coating with PVC plastisol. The higher layer
thicknesses are interesting for applications in highly corrosive environments.

Almost all colors can be reproduced in the coil coating process, therefore a
wide range of pigments are being used in coil coating formulations [272] in order to
provide the desired color and effect. But as coil-coated coatings are typically cured
by an acid-catalyzed process that can react with some types of pigments and coil-
coating parts are bound by long manufacturer warranties of up to 25 years, pig-
ments with the highest performance are being used.

Only a few high-quality organic pigments are suitable for use in coil-coating
paints, as they must be stable up to 250°C PMT (peak metal temperature [272]).
Therefore, coil coating application can be considered as a domain for inorganic
“high temperature” pigments. These CICPs are preferred where colored objects are
exposed to high temperatures, UV light, or harsh chemical environments either dur-
ing the manufacturing process or in use.

Oxide mixed-phase pigments which are lightfast, weather-, acid-, alkali-, and
temperature-resistant, and also resistant to most chemicals with use in coil coatings
can be found here [15].

An important group of pigments used in coil coatings are ceramic pigments
with high reflectivity in the NIR region [115]. These colored inorganic pigments are
produced synthetically and are specially designed for use in the building sector, for
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the “cool roof”. In particular, they reflect thermal radiation and thus prevent the
rapid whitening of buildings. They also have the advantage that they retain their
high reflectivity even in dark shades and that their color tone changes over time
when exposed to sunlight over years [274].

Inorganic pigments such as PbCrO,s are no longer widely used due to their
heavy metal content, whilst organic pigments have gained in importance, as de-
scribed earlier. They are hydrophobic and more finely divided than inorganic ones.
They have a high, selective absorption capacity, which manifests itself in very pure
shades in a wide range of color nuances. However, their scattering and hiding
power are lower than those of inorganic pigments. Therefore, they often have to be
combined with inorganic pigments to cover the substrate. In addition to lightfast-
ness and weather resistance, the organic pigments considered for coil coating must
also be able to withstand the drying process at temperatures of up to 250°C. This
also severely restricts the choice of pigments.

The interplay of functionality, aesthetics and harmony is in great demand, es-
pecially in architecture. Therefore, inorganic luster pigments, as explained in an
earlier section of this chapter, have gained in importance in the coil coating indus-
try as they can achieve special, appealing and eye-catching effects setting new
trends in coil coatings [272, 275]. Metallic pigments fulfill the requirements of the
coil coating industry and are frequently used by paint manufacturers to generate
color shades like, e. g., RAL 9006. Also, interference or pearlescent pigments are
used in coil coatings and produce a hue shift dependent on the viewing angle [99].

Anti-corrosion pigments are not used because of their coloring effect, but be-
cause - as the name implies — of their special properties with regard to corrosion
protection. They achieve their effect in two ways, physically and chemically: They
extend the diffusion path of water and aggressive substances from the coating sur-
face to the metal substrate. They can ensure good adhesion of the coating material
to the substrate or also prevent the film former from being destroyed by reflecting
or absorbing UV radiation. This passive corrosion protection can be achieved with
the aid of aluminum silicates or mica, among others. Some anti-corrosion pigments
cause a chemical effect through reactions at the interface between substrate and
coating. They create an alkaline environment on the substrate surface in which
acidic compounds are neutralized and others are converted to poorly soluble com-
pounds [276, 277]. As a result, a protective layer is built up on the metal surface.
Pigments with a high oxidation potential retard corrosion [190, 278]. Common anti-
corrosion pigments are zinc phosphate, zinc dust, zinc aluminum phosphate, tung-
states, zirconates, and vanadates.

Conductivity is achieved by carbon black pigments or, in the case of light-colored
coatings, by mica pigments coated with antimony or tin oxide. Pigment carbon
blacks with specific surface areas of up to 1,000 m?/g are chemically resistant, light,
and weather stable and exhibit high color depth and color strength [185, 188, 279].
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17.3.5 Plastic coatings

Pigments are introduced into automotive plastic coating basecoat layers to impart
color, gloss control, and/or UV protection. The amount of pigment utilized depends
upon the color and the hiding power required of the coating.

Solvent-based basecoats are applied in dry film thicknesses from about 13 pm
up to 45 pm, depending on the hiding power of the coating. The hiding power is
defined as the lowest film thickness that covers a black and white or gray and white
coverage diagram. The hiding power depends on the paint due to the composition
of the pigments that make up the paint. For example, if the paint consists mainly of
transparent iron oxides (e. g., red basecoat with a straight tint), the required film
thickness is higher than for a black, carbon black basecoat with very good hiding
power. Poorly covering colors, such as red, yellow and white solid colors, require a
higher film thickness to achieve opacity than metallics and darker shades [260].

Special effect pigments, as described earlier in this chapter, have allowed color
stylists to develop more innovative colors that are richer, have high color intensity
and show sharper hues.

Solvent-based basecoats are typically applied and allowed to flash off (equiva-
lent to solvent evaporation) at room temperature or slightly elevated temperature
for three to five minutes before the clearcoat is applied. This process of applying
one coating over another, with the first coating not in a crosslinked or cured state,
is known as the “wet-on-wet” process.

Waterborne basecoats are used to achieve better orientation of the anisotropic
effect pigment particles used in the effect coating. As already mentioned in the ef-
fect pigments part of this chapter, this is still part industrial and academic research
[252, 253]. The basecoats consist of urethane or acrylate dispersions, which may or
may not be crosslinked. The basecoat is often sprayed on and baked in a so-called
“heating flash” (with infrared, microwave or convection ovens) to remove most of
the water (>90%) before clearcoat application [260].

Standard blacks in combination with TiO,s of the rutile type are used for the
widely used contract basecoats. For the formulation of high-gloss coatings, the en-
tire range of inorganic and organic colored pigments is used. They are selected de-
pending on the intended application and the associated light and weather fastness
with optimum economy. In this respect, there is no difference between plastic coat-
ings and their equivalents on other substrates. The formulation of waterborne or
solventborne pearlescent and metallic effect paints follows the same principles as
for basecoats. Special attention must be paid to the protection of the effect pigments
by the resin matrix [280].

Fillers are able to improve important properties such as adhesion, chemical, or
stone chip resistance. Commonly used fillers include talc (hydrated magnesium sili-
cate), barium sulfate, or chalk (CaCOs). Due to its platelet shape, talc is said to have
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the property of distributing any impact forces acting on it in the layer (energy dissi-
pation) and to protect the film from damage by this mechanism [280].

Pigments and extenders or fillers, in combination with the resin systems, have
a significant influence on the thermal expansion, the glass transition temperature
and the mechanical properties of the paint film. Further technical criteria for the
selection of pigments and fillers are their influence on adhesion and sanding be-
havior. In view of the alkali sensitivity of some plastics, pH-neutral pigments and
fillers are usually selected for the coatings that are in direct contact with the sub-
strate surface. Electrically conductive pigments enable the electrostatic coating of
primers. The first choice of such pigments are carbon blacks with a high dibutyl
phthalate adsorption value. The color of these primers can range from medium to
dark gray. To achieve better color matching at low basecoat thickness, light-colored
primers containing special electrically conductive mica pigments have been devel-
oped [280].

For the overall film performance of all automotive and industrial coatings, the
pigment/binder ratio is of importance. The selection of colored pigments is oriented
to the OEM master color panel and the feasibility of color matching with the car
body.

At this point it should be mentioned that powder coating technology is also
used for plastic coatings [280] and that their application is mainly limited to the
powder IMC technology. As described in the part 4.2. above, film forming and cur-
ing temperatures are about to reach level of 120°C opening new possibilities in the
coating of plastics [250, 251].

17.3.6 Automotive coatings

The performance of an automotive coating can be evaluated from various perspec-
tives, such as the durability of the exterior and interior finishes or the aesthetic char-
acteristics [5]. However, there are limits to the paint properties, process capabilities,
and most importantly, the cost that can be spent to improve the paint finish [22].
Consequently, each automotive company defines its color and appearance standards
to meet or exceed competitor levels and customer expectations. Uniformity — or har-
mony - between all components is particularly important. Exterior painting requires
that add-on parts such as bumpers, spoilers, mirror housings and other trim match
adjacent body panels. Differences in color and appearance are especially apparent in
car models where sheet metal matches very closely [139].

The quality of coatings can be judged by three main criteria: Protection against
harsh environments, durability and quality of appearance. A harsh environment re-
fers to damage caused by falling objects (falling out), UV rays, heat (above 80°C) or
cold (below 20°C), scratches, stone chips (chipping), and the rust from salt or road
deicer. A measure of longevity is a car with rust protection for more than 20 years
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and good paint/gloss appearance for more than a decade. The three parameters
used to determine appearance quality are color, paint smoothness, and gloss [281].

As products enhanced with effect paints become more attractive to potential
buyers, effect paints can be described as a tool used to increase sales and create
brand value. Therefore, it is understandable, that their properties should be main-
tained over the entire product life cycle in order to preserve brand reputation and
avoid customer complaints [282].

In order to meet these requirements, only raw materials that fall into the high-perfor-
mance category must be used in automotive coatings (please refer to Figure 17.5). The
components of paints that form the paint layers on a car include the pigments, resins,
and additives, as well as solvents that impart flowability. Pigments primarily impart color
and gloss; they also help produce the thickness of coatings. Resins, including synthetic
and cross-linking materials as well as hardeners, form the paint film. Finally, ad-
ditives, which act as anti-settling agents, stabilize the paint and make it easy to
process. The factors responsible for the quality of the appearance are the visual
quality (aesthetics), which is determined by the sprayed layer and includes color
and brightness, and is influenced by the presence or absence of metallic flakes; ap-
pearance (smoothness), which refers to the film’s unevenness with wavelengths in
the range of 1-5 mm; gloss, which is relevant to the unevenness with a wavelength of
0.01-0.1 mm; and color and floating behavior, or the film’s ability to exhibit color-
changing properties depending on the viewing angle [139].

As described earlier, it is the effect pigments that provide these color-changing,
unique visual effects, resulting from their chemical composition and physical proper-
ties, with the particle morphology/size and orientation of the effect pigment flakes
playing a crucial role in the expression of color and effect in the dried paint film [99].

Industrial (liquid) paint application processes always make allowance for pa-
rameters like air pressure, pistol type, nozzle size, spraying pistol to object distance
as they control flake orientation within the dried paint layer as well. They account
for the geometry of the paint droplets, the impact speed and the spraying pattern
generated on the substrate. The development of the paint film layer or coalescence
of these polymer droplets loaded inter alia with flaky pigments is biased, another
factor which affects the standard deviation of particle orientation within the poly-
mer matrix. Finally, also the evaporation of (co-) solvents in solvent-/waterborne
paints and the stratification of the polymer film should be mentioned for the sake of
completeness. All these factors explain, why for example car body parts are being
repaired by experienced body painters, as the repair of effect pigmented car surfaces
is a real challenge and reproducibility of all application steps is the key [283].

A lot of effort is put into better understanding the interaction of all influencing
parameters in order to achieve maximum control over the developing color and the
effect in the dried paint layer in advance.

An insight into these efforts provides [139]. It describes main influencing factors
on color tone which are pigment alignment and concentration, where pigment
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alignment is affected by atomization, the viscosity of the paint after coating a sur-
face, disturbance by dust, and the impact velocity of the spray on a surface. The
concentration of a pigment on a surface is also affected by the transfer efficiency of
the spray and the pigments on the substrate. An acceptable surface with a good me-
tallic sheen is achieved when the metallic or mica effect pigments are aligned parallel
to the surface; if this is not the case, the surface will appear dull and have a lower
value (i. e., it will appear darker, as already reported in [99]). In practice, the colored
pigments behave like fine flakes moving in a wet film. Therefore, it is difficult to en-
sure that the pigments are aligned with their largest particle area parallel to the sur-
face. For this reason, various additives are used to ensure that the aluminum flakes
are oriented parallel to the surface and are evenly distributed; generally, these addi-
tives increase the paint viscosity immediately after spraying a surface, thereby pre-
venting pigment movement and disorientation. To ensure surface-parallel alignment
of the aluminum flakes, it is also necessary that the impact velocity of the spray drop-
lets on a surface is high enough; the velocity is influenced by the viscosity and diam-
eter of the paint droplets. If the droplets are too small, the concentration of pigments
in them will also be small, resulting in a low transfer efficiency. When the transfer
efficiency is high, the concentration of aluminum flakes in the coating is high, as is
the gloss level.

Research in the field of effect coatings is ongoing, highlighting the interest of
the (automotive) industry and academia to the same extent. The focus of the work
is on the analysis, control and prediction of the orientation of effect pigment par-
ticles and their influence on the final color and appearance using state-of-the-art
analytics [167, 252, 253].

The automotive industry has for many decades been the driving force behind in-
novative painting concepts must still be regarded as such today. As important trends
in automotive coatings, the use of powder coating as well as the application of alter-
native coating layer sequences such as 3-wet painting must be mentioned. Both tech-
nologies offer sustainability or environmental advantages, such as reduced VOC and
CO, emissions in particular [139].

Powder coatings have been explained in a section above. Their compositions
contain very low concentrations of volatile solvents, on the order of 2%, much less
than any other coating system. The automotive industry uses powder coatings for
wheels, bumpers, hubcaps, door handles, trim and accent parts, truck beds, radia-
tors, filters, and numerous engine parts [284]. A clear powder topcoat has also been
developed; BMW and Volvo are using it on their new car models, and GM, Ford and
Chrysler have formed a consortium to test it on their production lines. Powder coat-
ings are an advanced method of applying a decorative and protective finish to al-
most any type of metal and can be used by both industry and consumers. The result
is a uniform, durable, high-quality, and attractive surface. Powder coating can be
used to produce much thicker coatings than traditional liquid paints without run-
ning or falling off. Items that are powder coated have less difference in appearance
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between horizontally and vertically coated surfaces than liquid coated items. In ad-
dition, powder coatings can be used to achieve a variety of special effects that are
not possible with other coating processes. While powder coatings have many ad-
vantages over other coating methods, there are also some disadvantages to the
technology, one of which occurs when powder coatings are used in conjunction
with particulate metal particles such as aluminum flakes [244]. The reason for this
is that the process of film formation in powder coatings is fundamentally different
from liquid coatings, as the formed coating layer has a significantly higher viscosity
which has a tremendous impact on flake orientation of the effect pigment particles.
Therefore, color matching of parts sprayed with the identical color shade using dif-
ferent paint technologies like liquid and powder is a huge challenge, as described
in detail already.

The 3-Wet Paint process is striving to eliminate or minimize the amount of spray
application processes, space and curing ovens, as this can result in significant mate-
rial and energy savings, like the successfully established wet-on-wet (3-Wet) system
that largely eliminates the primer oven in the painting process [139]. Waterborne 3-
wet paint systems have been developed to reduce VOCs and CO, emissions by two-
thirds. Recently, an aqueous 3-wet paint system was developed with an appearance
similar to that of a conventional 3-layer two-bake (3C2B) paint system by using base
resins with a low glass transition point to promote leveling and then reducing the
melamine content of the paint to minimize shrinkage during curing [285].

To illustrate the innovative power of automotive manufacturers with regard to
new painting processes that enable completely new color shades and effects, three
current developments should be mentioned here.

In [286], a successful transfer of color shades from individual to series produc-
tion was reported, which now enables this OEM to offer innovative red and orange
colors with increased color depth and purity using “tinted clears” within a special
paint layer sequence.

In [287], the development of an economical and ecologically beneficial single-
paint process for the realization of bi-tone designs for automobiles was realized, en-
abling this car manufacturer to meet the bi-tone market trend thanks to this smart
and efficient paint process.

In [288], a sustainable, lean and flexible eco-paint process for truck cabins has
been developed. As challenges which had to be tackled during the development
were: to develop a new pigment and resin strategy to enable high solid contents, to
control the curing behavior and wetness of the scrubbed material and to realize a
wet-on-wet film thickness with more than 70 microns. As a result, an efficient and
flexible, sustainable and environment-friendly paint concept with premium quality
could be realized.

Pigments are used to add color and effects to car exteriors and interiors. In auto-
motive topcoats, mixtures of inorganic/organic pigments, metallics, pearlescent pig-
ments, TiO,, and carbon black are used to create color and effects, plus functional
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pigments (for corrosion protection), supplemented by extenders, nanoparticles and
matting agents. In terms of organic pigments, 5,000 t of organic pigments were used
in the automotive sector, coloring approximately 60 million cars produced in 2006,
as reported in [24].

Besides coloristic attributes, important technical properties of pigments used in
automotive coatings are dispersibility, rheology, flocculation, sedimentation and
storage behavior in the liquid phase followed by light and weather fastness, sol-
vent-, chemical-, heat-, and bleed resistance in the dried film [289].

Among the inorganic pigments, TiO, white is by far the most important. The
photocatalytic activity of TiO, leads to rapid degradation of the organic binder ma-
trix, so the surface of the TiO, particles must be covered with an inorganic coating
to prevent photooxidation of the polymer matrix. This is done by applying layers of
Si0, and Al,O5 [186].

The metallic effect is caused by the reflection of light from the surface of the
aluminum particles. Larger particles are better reflectors, resulting in higher flop
and brightness, while smaller particles show less flop because the amount of light
scattered off the edges as an undirected reflection is increasing. With coarser alu-
minum pigments, the individual particles become more visible, resulting in grain-
iness or texture. Since aluminum reacts with water to form aluminum hydroxide
and hydrogen gas, the aluminum surface must be passivated for use in water-
borne basecoats. Chromium treatment of the aluminum pigments results in very
good gassing stability, but chromium has become a substance of concern for some
automotive manufacturers. Silica treatment results in stable protection of aluminum
particles from hydrolysis even under conditions of shear stress in a circulation line.
Organophosphates can be applied to the aluminum paste or added during the paint
manufacturing process.

Newer effect pigments based on aluminum are so called VMPs manufactured in
a physical vapor deposition process [99]. Although the use of these ultra-thin pig-
ments of <50 nm thickness can be challenging in coatings, they allow to realize
highly reflective coatings with an almost chrome-like appearance [290]. A method
of producing a polished metal effect finish on a vehicle using VMPs was reported
here [291].

More recent effect pigments are based on light interference with layers of mate-
rials with different refractive indices [99, 292], where the layer thickness is of the
order of the light wavelength of about 500 nm [293].

An overview on organic pigment classes used in automotive coatings can be
found in Figure 17.25.
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17.4 Conclusion and future outlook

The paint or coating industry is changing and thus exerts a direct influence on re-
search and development in the pigment industry [294-300].

In addition to quality, technology and commercial factors, the issue of sustain-
ability dominates research, and development activities, leading to increased demand
for high-solids, waterborne, powder coatings, and radiation-curing coating systems.

As described in this chapter, the diverse requirements for the successful use of
the different pigment classes in these systems may well be regarded as a challenge.
For this reason, development work on colorants used in the above-mentioned coat-
ing systems is aimed at synthesizing novel products that open up new color spectra.
At the same time, they must strictly comply with all technical and safety require-
ments for their handling during paint production, subsequent use and the subse-
quent recycling process.

Ergo, product quality may well be mentioned as a constant in this equation,
which is why coatings will continue to be subject to a continuous improvement pro-
cess in the future. The focus here is on further increasing the service life of coated
surfaces in order to reduce environmental impact, waste and raw material and en-
ergy consumption.

The advancing automation and increased use of intelligent technology and artifi-
cial intelligence in the pigment and coatings industry should also be seen in this con-
text, as these support further process improvements and further improve the stability,
quality consistency and reproducibility of the products produced [301-304].

If, at the end of this chapter, we again consider Figure 17.5, which summarizes
the requirements profile for high-performance pigments for automotive coatings,
the criterion “Autonomous Driving” may be listed here as an example. This has
only recently been integrated into this overview and is directly related to the sensor
technology that is finding its way into the automotive industry. This leads to special
requirements for the coatings and colorants used, which can only be mastered with
expert knowledge and high formulation expertise and thus represents a prime ex-
ample of the constant change under the influence of technology, such as 3D print-
ing [305], on the coating and pigment industry.
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Organic Yellow Pigments Organic Blue and Green Pigments

C.1. Generic Names C.|. Generic Names
Azo Pigments Polycyclic Pigments
Berzimidazoions Pigmont Yelow 151, 154, 175 [ Indaritven Pigrmen Blus 60
Dharyid [Pigment Yellow 83
Quinguaingions Pigment Yallow 13
Phthalocyanine Pigments
Melal complear Prgment Yellow 129,150
—  obwPcBue Pigment Blue 15:1, 15:2
Isoindolinone | 01-DUPC Blue (chice) Pigment Blue 1511, 152
soindoline | sCuPCBue Pigment Blua 153, 15:4
Isoindol '
Pigmanl Yellow 109, 110, 129,173 — £-CuPe Bl Pigment Blue 15:6
— mmlm Pigment Blue 16
Quinophtalone [ St Elout Crben
Pigment Yellow 138 L ChinrBrom. CuPc Green Pigment Grean 36

Organic Orange/Red/Magenta/Red-Violet Pigments

C.1. Generic Names
Azo Pigments
—  Benzimidazcions Pigment Orange 36, Pigment Ried 175, Pigment Brown 25
t— NaphiclAS Pigrmart Red 170, 188
L Meisl complex Prgment fied 251
Polycyclic Pigments
] unsabsl —_ :'""": Pigment Viclel 19
& L substit Pigment Red 122, 200
mixing phiase Pigment Orange 4B, Pigment Red 202, 206, 207
— Paryiene Pigmant Orange 43, Pigmant Red 178, 179, 224
Pigment Vicial 20
— Anthraquirone Pigmant Red 168, 177
— Pyrrole Pigment Orange 73, Pigment Red 254, 255, 264
— Carbazals Pigmant Viclat 23

= = important representatives of this group

Figure 17.25: Organic pigments used in automotive coatings incl. C.I. generic names [140].
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Ghita Lanzenddrfer-Yu
18 Colorants in cosmetic applications

Abstract: The color cosmetic market, even though highly dependent on color, is driven
by texture. Pigment and color innovation are predominantly taking place in the field of
inorganic effect pigments, as colorants are regulated within the different cosmetic di-
rectives and toxicological profiles have to be established prior to use. Therefore, the
formulation and the packaging are the relevant innovative factors. Nevertheless, color
cosmetics are driven by fashion and trends. One of the main drivers for sales is social
networks. They are image based and therefore the ideal platform to spread these
trends, boosting sales of color cosmetics recently.

Even though, color cosmetics seem to be very simple in composition, the devel-
opment, production and quality control are far from that. In color cosmetics, all cos-
metic disciplines cumulate: dispersion strategies, emulsion technologies, molding
and extruding of sticks and pencil leads, mixing and compressing of powders, liquid
inks and so on. And almost every discipline requires separate production vessels, re-
sulting in a rather complex manufacturing process.

Keywords: color cosmetics, pigments, dyes, fashion, formulas, application, makeup

18.1 Introduction

Cosmetics globally are a highly profitable market with many players that strive to at-
tain market shares and profits. A continuous growth of the global color cosmetic mar-
ket is forecasted until at least 2023 [1].

The cosmetic market is not only split globally into different cultural surroundings,
but also due to distribution channels such as mass market, prestige market, door to
door selling or social media marketing and influencers worldwide. Additionally, cos-
metics are also sold by beauty therapists and dermatologists; these practices are differ-
ent for every country.

Consumer demands create further diversification of the markets, start-ups are
common and local brands also have loyal consumers. Regulation, even though many
efforts have been made for global harmonization, is still different in the main markets
such as EU, USA and Asia-Pacific. Most prominent examples therefore are ultraviolet
(UV) filters and sun protection factor (SPF) measurements as well as the ban of ani-
mal testing.

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
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18.1.1 Market

Due to the diversity of sales channels, the complete turnover of (color) cosmetics is
difficult to access. This has to be kept in mind when analyzing the data.

The global cosmetics and toiletries market has experienced a steady growth over
the past two decades. It always was positive, even in the years 2008—-2009 with the
financial crisis in place. Usually growth rates range from 3.4% to 5.5% [2, 3]. Color cos-
metics are a vital part of the cosmetic market worldwide. Its turnover volume ranges
from 20,6 bn USD in 2002 [4] to a predicted 75 bn USD in 2021 [5].

Global cosmetic market 2005 German cosmetic market 2019

Others 16% Skincare 27% Others 13,4%

kincare 23,4%

Oral care

Fragrance 15,

Fragrance 11% Haircare 21%

Haircare 22,9%

Color cosmetics 15% Color cosmetics 12,9%

Figure 18.1: Comparison of the segmentation of the global and German cosmetic market in 2005
and 2019, respectively. Numbers are taken from [4] and IKW publishing [6] and show a relatively
stable segmentation, where color cosmetics have a share of about 13-15%.

Color cosmetics generally accounts for approximately 15% of the cosmetic turnover
(Figure 18.1). By comparing the numbers of 2005 with 2019, therefore using finan-
cial reports and other publications [6, 7], the fraction of that category of color cos-
metics remains the same more or less. Notes should be taken on the fact that sun
care products are grouped separately in different markets [8, 9, 12].

With the growth of the cosmetics and toiletries market, color cosmetics has a sta-
ble share of about 15%. Nevertheless, on a national basis these numbers can vary no-
ticeably. The segment of color cosmetics has grown significantly in Germany from
2013 to 2017 with 6.1% [10]. In Europe in 2017, color cosmetics ranged on the fifth rank
with a turnover of 11,17 bn euros [11].

The color cosmetics market usually is further segmented into four categories de-
fined by application areas: face, lips, eye and nail. The size of these segments differs
considerably in the regions considered (Table 18.1).

Growth rates and market shares of the four segments further differ according to
global and fashion trends. Most sensitively react eye, lip and nail category, because
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Table 18.1: Comparison of the segmentation of color cosmetics in different markets in %. Globally
the biggest share is taken by products for the application on the face, followed by lip products. The
different market shares of these categories vary according to cultural preferences and fashion

trends.
N.A. 2004 Asia 2004 | Global 2007 | Global 2012 m
4 2004 (4 4 3 10
25 19 32 36 37 38

Year
e
{5

26 24 25 27 28 29
32 26 21 27 24 16
18 31 18 10 11 16

of their dependence on color. Over the last decade, social media and the role of in-
fluencers gained importance to market makeup and other products as well.

However, product categories do not tell much about the variety of products sold
and product formats; preferences vary intercultural. Small lipstick formats, for in-
stance, are favored in Asia.

As a color cosmetic product consists of two essential parts: the formula and the
packaging/applicator, one has to consider both when discussing trends and like-
ability of the products.

Some products, such as pencils, would be impossible to realize without the ap-
propriate packaging/casing as well as suitable production lines.

As the packaging/casing is an important part of the product, it not only affects
the applicability of the formula but also shows off a certain status or lifestyle. For
instance, nobody would use a body lotion in public, but the use of a lipstick is a
common picture in all locations.

One can discern two groups of color cosmetic products, those which are not af-
fected by fashion styles so strongly (job products and products with a general beau-
tifying action) and those which are highly affected by fashion and trends (fashion
products and products that underline individuality). The first group of products
serves to maintain even skin or enhance expression of eyes; the others convey the
trendiness of the user and give color and optical effects.

Lifespan of those products generally differs accordingly. The so-called job prod-
ucts stay in the market up to 3-5 years. Trend products can change on a rate of 3-18
months.

18.1.2 Regulation

All cosmetic products are regulated either in Europe by the EEC cosmetic directive,
in North America by the Food and Drug Administration (FDA) and in Japan by the
Japanese Cosmetic Ingredient Codex (JICIC).
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A “cosmetic product” shall mean any substance or preparations intended to be
placed in contact with the various external parts of the human body (epidermis, hair
system, nails, lips and external genital organs) or with the teeth and mucous mem-
branes of the oral cavity with a view exclusively or mainly to cleaning them, perfum-
ing them, changing their appearance and/or correcting body odors and/or protecting
them or keeping them in good condition [13].

Additionally, the use of colorants is regulated separately with a so-called positive
list. All colorants for cosmetic use are indicated, assessed and have a color index
number (Table 18.2). The numbers which should be indicated on the final packaging
can vary from the regions Europe, North America and Japan [14].

Table 18.2: Color Index (CI): All colorants are listed on a positive list, where also a detailed
description of application to various body sites is available. As the Cl unfortunately is not used
globally, also FD&C numbers are used as are trivial names. Color Index usually gives no
information about the manufacturing process, coating materials or the substrate on which a dye
has been precipitated on. Cl strictly refers to the chemistry of the colorant [15].

| @]

Organic 10000-10299 Nitrosocompounds
colorants 11000-39999 Azocolorants
42000-44999 Triarylmethanes
45000-45999 Xanthenes

40800-40999 Carotenoids
58000-72999 Anthrachinones
73000-73999 Indigoids
74000-74999 Phthalocyanines
75100-75999 Natural Dyes

Matural colorants

Inorganic 77000-77999 Inorganic colorants
colorants

Pigments of the same chemical group do not have to behave identical when it
comes to dispersion or pay off characteristics. Depending on the production and/or
coating process, characteristics can vary significantly.

As the market for natural cosmetics is growing, the demand for natural colo-
rants also rises. As natural pigments are regarded:

Mineral pigments

Natural colorants

As natural colorants are difficult to transfer into insoluble matter, only have reduced
light fastness and generally less color intensity, their main application is in food in-
dustry [16, 17].
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18.1.3 Tattoo and permanent makeup

If there had been a trend which not had been properly foreseen, this will be tattooing
and permanent makeup (PMU). Within the last decade, millions of people received
multiple tattoos and probably as many used permanent makeups. Both are based on
the same technology, namely using a device that transports pigments UNDER the epi-
dermis of the skin. Therefore, this technique is considered to be invasive and to be
regulated separately from cosmetics. Regulation actually took place in 2009 [18, 19].

Even though there are many publications suggesting differently, tattoo and PMU
colors are based on the same pigments used in color cosmetics. Some adverse reac-
tions have been reported. Most of them are related to (red) pigments. But it is not clear
if they could be caused by the dispersing agent as well [20].

With the tattooing technique in place, pigments generally are viewed differently.
Tattoo colors are shot into the dermis by injection techniques, they can come into
contact with blood, lymph and immune competent cells, accumulate in lymph nodes
and therefore can cause different reactions than those known from makeup. A gen-
eral overview is given by Henrik Petersen and Klaus Roth [21].

Nevertheless, tattooing and PMU should be kept in mind, the following parts will
concentrate on the products conventionally applied on the surface of the skin.

18.2 Makeup in general
18.2.1 The changing demands for a perfect makeup

Even though makeup in a general sense is one of the cultural achievements of man-
kind, I do not want to focus on prehistoric, antique and medieval practices and directly
start from the beginning of the industrial revolution.

First lipstick prototypes were exhibited on the world exhibition in Amsterdam
1883. They were named “wand of Eros” or “stylo d’amour,” thus clearly defining their
use as a seduction agent. Lipstick cases did not exist at that time and therefore the
“packaging” consisted of paper wrapped around the bullet. It is said that the first lip-
stick case was invented in the 1920s in the USA when redesigning a bullet [22, 23].

A milestone in the use of color cosmetics has been World War 1. At that time more
women joined the workforce and had their own money at hand. The use of lipsticks in
that context can be seen as significant as well as for the emancipation of women as
well as for reflecting the cultural changes and attitudes. In the 1920s in Europe color-
ing of the lips in bright red was connected with loose women and therefore not re-
garded as appropriate for a faithful wife. The women’s lib used those colors in protest
and to fight for their rights of equality.

Red still is a color that evokes many emotions. The color red has been some-
thing special since the beginning of time and, in addition to white and black, was
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the first of the colors to be given a name [24]. Red means blood, emotion, beauty,
rule, but also anger and danger. Red is definitely not a color for wimps [25, 26].

Wearing makeup today is neither connected with protest nor social well behavior
but with the expression of moods or personality of a self-confident modern woman.
Makeup has also to do more than deliver color. Women expect to be able to choose
from a huge variety of products that satisfy different requirements ranging from lux-
ury to convenience, from caring to long lasting, from shining to matte.

The variety of products on the market reflects also those requirements. They can
be grouped in needs. Internally directed needs are well-being, self-confidence, mood
orientation and protection. Those characteristics are mainly delivered by the formula
(i.e. contains vitamins, protective oils, UV filters), the texture (feels comfortable, does
not dry out the skin) and last but not least a beautiful casing and presentation of the
product.

Externally directed needs are beauty, attractiveness, femininity, fashion and
perfection. These characteristics are transported by a fashion-oriented brand, huge
color assortment, product claims like “stay on” or “long lasting” and last but not
least a packaging that conveys value and allows accurate application.

Modern consumers use makeup for beautifying aspects of the face. Competition
especially in the social media channels is high. Consumers want to present their
most beautiful self, therefore using special camera settings, unique makeup or even
surgery.

Additionally, modern makeup has to cope with the demands of new visualiza-
tion technologies. As like makeup did in the past when movies were made and then
changed colors from black and white to technicolor: Makeup did not only have to
withstand the lightening conditions it also had to convey a natural look. This nowa-
days is even more important as HD television makes every flaw visible and users
are broadcasting their own videos in the internet.

The Internet is flooded with makeup tutorials and whole industries live from
explaining and promoting makeup [27].

18.2.2 The human face and attractiveness

The human face is stated to be “the most interesting continent of the world” (Georg
Christoph Lichtenberg, 1742-1799). Attractiveness is influencing choices such as dat-
ing, hiring or in judicial conviction. A lot of positive attributes are connected with
physical (facial) attractiveness [28]. Additionally, we humans have an extraordinary
well-developed ability to process, recognize and extract information from other’s faces.
Therefore, making up the face and keeping it attractive is more than fashion it has
many social implications.
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18.2.2.1 Attractive features

Systematic investigations of the features that contribute to attractiveness have gained
interest in the past years. Modern tools for the processing and modifying of images
helped to promote results, too. This research is located in the field of social psychol-
ogy and related disciplines [29,30,31]. One major aspect of attractiveness is symmetry
which is preferred over apparent asymmetry. But assessing attractiveness, a slight
(natural) deviation from symmetry is most attractive [31]. Attractiveness is also influ-
enced by personal, individual preferences that might be rooted in cultural surround-
ings [32].

The measuring of the face, determining the correct parameters and correlating
them with attractiveness, is a tedious task. As most measurements showed no spe-
cific size or proportion in the face to be responsible for determining attractiveness,
the grouping of certain aspects was more successful [33]. There are three main at-
tractive features.

Neonate features: They comprise all features that indicate youth like the even-

ness of the skin tone and the size of the eyes (large).

Sexual maturity: These features are defined eyebrows, high cheekbones, de-

fined chin and mouth.

Expressiveness: Features such as health and emotional stability.

These features are the same in all cultural groups [34]. We assessed effects of makeup,
asking groups of people to judge the attractiveness (and other characteristics that they
connote with a person’s face) according to different makeup stages using a standard-
ized questionnaire.

Some interesting results were found: Lipsticks have a strong individual effect on
the beauty of the person wearing it. Only when the color matches the type of person a
positive effect regarding the attractiveness could be observed. But color independently
people (means women) wearing lipstick were judged as emotionally more stable and
more self-confident [35]. This effect of lipsticks was also found by Cash et al [36].

Foundation and Mascara were found to be products that worked independently
of the type and always had a strong beautifying effect. The socio-psychological as-
pects of makeup are also very important, as wearing makeup can add self-confi-
dence and clearly influences the way people look at the other [36].

18.2.2.2 Mobile and fixed areas of the face

Another grouping divides the face in mobile (communication) and fixed (structuring)
areas (Figure 18.2). To enhance the communicative area of the face leads to culturally
related differences in perception of beauty. Also, making up the mobile areas of the
face is enhancing the evocations linked to these areas [37].
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Figure 18.2: Facial areas can be divided in mobile (red circles) and fixed (blue circle). The mobile
parts are important for communication (eye, lips) and the fixed parts are important for structuring
the face.

18.2.2.3 The Lips

The lips surround the mouth, the most important opening in the face. They are es-
sential for the intake of food one of the most important sense organs of the body.
Feelings connected with the mouth/lips are highly pleasurable (nice food, kisses)
and at the same time is essential for verbal communication. Cultural differences
exist in respect of the attractiveness of lip size.

Considering the many functions of the mouth and the lips (i.e. symbolism of
fertility, expressive organ, communication), it is obvious that the coloring of the
lips can also symbolize many things.

Considering the symbolism of the color red, the coloring of the lips conse-
quently becomes a highly erotic action. The use of a lipstick in public was despised
only some years ago. Also striking red lips signal sexual openness.

For the modern women of today coloring of the lips is underlining individual-
ity: It is reflecting life style as well as fashion (using the right color for the clothing/
trend) or personal moods. The use of special (offending or provocative) colors and
coloring of the lips in a special way stands for expression of protest, provocation or
rebellion against existing (social) rules. Teenagers use to provoke their surround-
ings in that way.
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18.2.2.4 The eye area

In contrary to the mouth, the eye area is rather “silent” when it comes to its expres-
siveness. It does not need bright colors to display its provocative potential on the other
hand makeup seldom consists of enhancing both areas — lips and eyes — at the same
time.

Nevertheless, the eyes also have a strong sensual meaning: Emphasizing the
eye area increases perceived largeness and expressiveness. As the eye is anchored
in innocence (neonate figure), it means that the makeup result is an innocent and
intellectual seduction and emotionally appealing.

Eyes are regarded as a window to the soul and to the intellect, seduction is not
perceived as “vulgar” as when making up the lips. Eye makeup enhances communi-
cativeness and makes the face emotionally appealing. It is the “innocent” seduction
with doe like eyes, slightly enticing.

Dark-circled eyes were the counterpart in the 1968 protests, the sexual revolu-
tion and Woodstock festival. In the 1980s heavily made-up eyes were in fashion
again like cat eyes or smoky eyes often alongside a gothic look. Today, eye makeup
is used to enhance the glamorous look and to answer the yearning of consumers for
catwalk and dramatic looks.

It is interesting to note that eye makeup, especially eye liners, is one item of the
color cosmetics products that also can be used by men, because it does not affect the
perception of the male gender. Prominent examples are Buster Keaton and Johnny
Depp.

Coloring the eyes is more a fashion statement than a sign of protest. As the eye
makeup can be varied in more ways than a lip makeup, one can make the eyes look
larger by using light colors or add intensity of expression by using darker colors.
Eye makeup can be shaded and many colors can be used to achieve the desired ef-
fect — from playful to a mysteriously veiled appearance.

18.2.2.5 The face

As the skin of the face is regarded as the structuring part, no “color” is needed to
enhance its “action” in attractiveness. Most important are even skin tone, the absence
of wrinkles (indicates youth) and pimples (health) as the main attractive features. They
can be influenced - to a certain amount — by cosmetics.

Nevertheless, for facial applications it is extremely important to use the right
hue of the preparations, means that it should match the underlying skin tone. This
can be cool, warm or neutral. It is identified by the small blood vessels that shine
through the skin and either appear blue — cool skin undertone or green — warm
skin undertone. If both colors are visible one speaks of a neutral skin tone.

The identification of the right skin undertone is vital for makeup artists who then
choose the appropriate colors accordingly. This measure enables them to create natu-
ral looking makeups.
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The skin undertone is fixed and does not vary like the skin tone which is deter-
mined by the amount of melanin in the skin and is influenced by ethnicity and UV
radiation.

Blushers, highlighters and contouring products on the other hand are used to
enhance sexual maturity as they are applied to contour the cheekbones, highlight
them or modelling the face. Some experience in applying these products helps to
obtain the desired effect.

18.2.3 The making of makeup

18.2.3.1 Pigments

In color cosmetics the active ingredients are pigments or precipitated dyes. The
choice of pigments should be made according to the intended application format. It
should be also considered whether to use coated pigments or predispersed prepara-
tions that facilitate production and give more uniform finished products. The choice
definitely will be made due to production capacity and milling equipment available.
Figure 18.3 gives an overview on inorganic pigments and organic colorants used in
makeup formulations

| Pigments used for formulations |

Mascara Foundation Lipsticks Eyeshadow Nailpolish

Carbon Black § Titanium Titanium

Iron Oxide Dioxide Dioxide

black Iron Oxides Iron Oxides
Ultramarine
Prussian Blue

Chromium

| Sii—

Pigments Colorants
Effect

Figure 18.3: Inorganic pigments and organic colorants used in the diverse makeup formulations.
Whereas mascara and foundations mainly depend on the use of inorganic pigments, in lipsticks,
eyeshadows and nail polishes a wider variety is used. For lipsticks it is important also to
incorporate food grade colorants, in eyeshadows the pigments should have a small and even
particle size distribution to avoid scratching. In nail polishes the limitations are less as nails are
considered impermeable.
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18.2.3.2 Effect pigments
Effect pigments (often referred to as pearl or interference pigments) are syntheti-
cally derived inorganic pigments. They are based on flaky materials like mica or its
synthetic variants with different layers of an optical dense oxide, mostly TiO,.
Depending on the thickness and multitude of the layers, different optical effects
such as luster, shimmer and colors based on interference or goniochromaticity can
be obtained. By using Iron Oxides for layering, different colors from golden to dark
red can be achieved. Other pigments can be precipitated on the flakes as well giving
an almost complete color palette [38].

The various optical characteristics and the different particle sizes are important
criteria for the selection of an effect pigments (Figure 18.4).
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Figure 18.4: Effect pigments are a vital part of many color cosmetic formulations not only delivering
interference colors and shimmer but also textural effects. Therefore, they should be chosen with
deliberation.

For mica and mica-based pearls, the FDA does not allow the use of particles with a
size larger than 150 pm in the eye area. This regulation meant as a precaution also
has a practical implication. The larger the pigments and the better they adhere on
the eye lid the more mechanical impact they can have due to the continuous move-
ment of the eyelid.

In the manufacturing process of colored products, effect pigments should be
added last as they are sensitive to shear forces. Color matching of the bulk should be
completed before adding effect pigments.

18.2.3.3 Fillers

Whereas fillers are often regarded as cheap ingredients that are formulated into a
product just for cost reasons, they are actually the hidden champions of all color cos-
metic formulations. They enable homogenous application of colors, help formulation
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stability, dispersion of pigments and influence the texture of the finished product.
Usually they do not have color properties but can have optical effects which for in-
stance are used for wrinkle reduction. Their main benefit is for the formulator to help
to adjust the portions of solids in color development. As formulations come in a vari-
ety of colors, fillers are used to balance the solid phase of the formulation when de-
veloping a color range.

Most commonly used fillers that are essential for powder formulations are talc, ka-
olin and mica. Other inorganic fillers are boron nitride, BiOCl, amorphous or spherical
Si0,, silica dimethyl silylate, and barium sulfate. Important organic fillers are natural
and modified starch, nylon-12, polytetrafluoroethylene, polypropylene, vinyl dimethi-
cone cross-polymer, polymethyl methacrylate, and lauroyl lysine.

In the course of the discussion of microplastic, almost all organic fillers have
been taken out of the existing formulations.

18.2.3.4 Dispersion strategies and production methods

In order to produce a uniform and stable color cosmetic preparation the pigments have
to be milled, dispersed and stabilized in the formulation. Often the same cosmetic in-
gredient is used to achieve this task. For instance, this can be achieved with castor oil
for stick formulations or certain emulsifiers in foundations. An overview on different
dispersion systems used in color cosmetics is shown in Figure 18.5.

COSMETIC DISPERSIONS
= solid [ fluid /
solid / solid solid / fluid fluid
solid/ wax solid/ oil solid/ water
loose powders extruc!ed gels fluid tints emulsions

pencils

pressed molded

powders sticks
pastes

Figure 18.5: Overview on different dispersion systems used in color cosmetics.

Milling is used to break down the agglomerated pigment particles in order to obtain a
uniform size distribution and reproducible color. If milling goes so far to break down
primary particle size that will strongly affect the color of the pigment and most often
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is not desired. Therefore, when pigments are purchased in different hues such as iron
oxide red with blue or yellow hue, milling should be done with caution.

Dispersion is important to sufficiently wet the pigment surface in order to prevent
reagglomeration. Often the best way is to use a three-roll mill, which combines mill-
ing and dispersion in one step.

Stabilization is important to slow down the settling of the pigments, or creaming
of the oils, thus leading to a uniform intermediate product that gives reproducible
results and/or can be used for nuancing the colors.

Production methods definitely depend on the formula, batch size and the fre-
quency of production. The production vessel only should be used for colored prod-
ucts as there are dead spots in the machines where tiny amounts of pigments can
settle and contaminate “white” products.

In order to find the right production vessel, equipment manufacturers offer in-
house trials where the formula developers and production people can try out the ma-
chines with their own formulations.

The different methods of production for the diverse product types will be dis-
cussed together with the respective product.

18.2.3.5 Color reproduction

The challenge that affects all products is the reproduction of the color originally se-

lected for the assortment. Fortunately, color cosmetics are not applied to big areas

(in contrast to car lacquers) and also no aged and new product applied at the same

time. Therefore, color reproduction is somehow easier than for technical applications

but nevertheless important.
The color of the final product is determined by the following:

(a) Pigments/colorants itself as they can have color deviations originating from
their production process. Quality control and the assessment of tolerable devia-
tions is essential [39].

(b) Production process: Huge efforts are made on the dispersion process of the pig-
ments to make it reproducible and to get the final shading of the product. As
the quality of dispersion is depending on the shear forces applied, it is common
that the color varies from lab scale to production scale. During the development
process, usually rules are established how to handle these (sometimes dra-
matic) color changes by adapting the pigment composition. It should be noted
here that also — of course — the change of the production vessel (even if it is the
same type and size) can have an effect on the final color.

(c) Formula: There is a significant difference whether the formula is a liquid disper-
sion of the pigments in water, a wax based or an emulsified one. The same pig-
ment composition will look differently in the different systems, due to the
different wetting properties of the dispersion medium. In the wax-based compo-
sition more gloss can be obtained due to the incorporation of oils with a high
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refractive index, whereas in the emulsion system opacity will be added to the
optical aspects. Also changes in the composition can lead to undesired changes
in color.

(d) Storage and aftertreatment: This is very important, as color cosmetics are not
sold in bulk size but in small quantities like mg or ml. Therefore, the bulk has to
be stored, quality checked and then filled into the appropriate casings. The filling
process — for wax-based systems often connected with reheating — again poses
shear forces on the product that in the worst case can lead to color changes.
Thus, it is important to check the color during the whole production process.

(e) Color standards: Storage of the product also can lead to color changes as waxes
tend to crystallize or re-crystallize and emulsion droplets increase in size over time.
Pigments have a high tendency to re-agglomerate or to aggregate in an environ-
ment that suits them best. This is the reason why the perceived color of the product
can change over time. This is extremely important to keep in mind, when compar-
ing a freshly produced product with the color “standard” that has already aged.

(f) Color assessment: Comparing the colors of products usually is done by drawdowns
where the sample and the standard are applied next to each other on a white/
black paper and drawn down with a Japan spatula or a special device [40, 41].
This method is appropriate when comparing products that are also worn in a cer-
tain thickness and “drawdown,” i.e. nail polishes or lip color. For all other prod-
ucts this method only gives a rough estimate whether production resulted in the
right color direction or not. Nevertheless, for experts this method is sufficient to
judge which pigments should be used for color shading.

Comparing the sample and the standard on the lower arm is a method that is closer
to the final application conditions and also due to the application eliminates color
changes to a certain extent that resulted from aging of the product. Sample and stan-
dard are applied on the lower arm in the following fashion (Figure 18.6).

This is extremely important when assessing colors containing high amounts of
pearls or interference pigments that also can change color according to gazing angle.

It is important to consider that the skin of every person is different and also
application methods are highly individual. Therefore, it is best to always have the
same person(s) doing the color assessment or to train a group.

The method giving the most objective data is a colorimetric measurement [36]. It
gives numbers and allows the definition of acceptable areas of color deviations.
Unfortunately, in cosmetics we do not deal with pure pigment dispersions but with
complex systems. Due to high gloss of interference and pearl pigments this method is
not suitable for products containing high amounts of these materials. Furthermore,
the colorimetric measurement has to be established for every formula, thus being a
relatively laborious method that competes with the quick and readily available draw-
down or application tests.
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Figure 18.6: Color assessment on skin. (A) On the volar forearm two products, A and B are placed
as depicted. The light source is coming from the front as shown in (B). With flexing the forearm and
rotational movements color shades can be assessed (specular and aspecular angle). Usually

products A and B are standard and newly produced product. They should be placed as closely
together as possible and the same amount should be used.

18.3 The landscape of formulations

In this article, the formulations that are used in the different application areas or seg-
ments are covered. Dispersion technology usually does not correlate with application
area. For consumers packaging and application characteristics are very important. I
will cover those only when the formula/technology is unique for that application.

18.3.1 Facial products

The decorative products applied on the facial skin are foundations, powders, con-
cealers, blushers and highlighters. In these groups, different technological approaches
are used to obtain the desired effects. Many new products have been developed, which
due to their enhanced skin feel or different application strategies are difficult to group
into the “traditional” application formats. These are camouflage products or water-
based makeup for artists.

Additionally, in the area of professional makeup, concealers and camouflage
products are used. Due to their high load of pigments they differ considerably from
formulas in mass or prestige market.
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Figure 18.7: Skin coverage in different cosmetic products.

Coverage and pigment load are increased with the duty of the product (Figure 18.7).
Tinted moisturizers deliver only little color and coverage, which is highest in camou-
flage products. They contain up to 45% of pigments. Besides pigment load application,
uniform coverage and lastingness are important. Consequently, further ingredients are
incorporated, such as waxes and film formers.

18.3.1.1 Foundations

Concerning the term foundation, there is some confusion. Often all makeup prod-
ucts are referred to as foundation. Makeup and foundation are used synonymously.
Additionally, so-called primers, which are applied on the skin before any makeup
are called foundation. In this article foundations are referred to as products that
have a color that resembles skin complexion.

Foundations usually are liquid to creamy formulations. They are used to give a
uniform layer on the skin. This either can be used as a foundation for further prod-
ucts or are used already as the product that gives the desired skin tone. Normally
foundations are applied after the regular care products have been applied to the skin.
Applicators, brushes or fingers are used for this purpose. Table 18.3 depicts a general
composition of a foundation.

Foundations initially were developed in co-operation with the evolving movie
industry where a product was needed that covered the skin evenly, withstood the hot
lamps unimpaired and showed a natural skin tone when viewed on the film. Today
such products are still found in the theatre or for special effects.

Consumers today expect more than just covering of the skin. They want their
foundation to care (skin moisturization) and have a pleasant texture. The product
should feel light on the skin and last all day.

A foundation composition, respectively, formulation is selected according consum-
ers’ expectations. As a pleasurable skin feel and rather long-lasting action is required
today, much effort should be spent on the selection of the appropriate emulsification
system and oils. In general, oils with a good spreadability and/or volatile oils are pre-
ferred. Less spreadable oils can give better stabilization of the pigment dispersion and
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add a cushioning skin feel. As the range of available raw materials is huge, only a few
examples should be given to get the general idea (Tables 18.4 and 18.5).

Table 18.3: General composition of a foundation. Usually they are emulsified systems and can be
manufactured as oil-in-water, water-in-oil emulsions or silicone emulsions. The latter are very
popular for long lasting products and outstanding texture. Cosmetic foundations generally achieve
their hue due to inorganic pigments such as titanium dioxide and iron oxides. In order to change
the hue of the color also ultramarine or chromium oxide as well as sometimes also organic
pigments are used.

Substance Concentration
Pigments (titanium dioxide, iron oxides) 3-15%
Fillers 0-10%
Waxes or wax-like substances 0-10%
Emulsifier, Co-emulsifier 2-10%
Oils with good spreadability 0-10%
Dispersing aids 1-5%
Moisturizer 2-8%
Gel formers 0,3-1,5%
Film formers 0-2%
UV filters, preservatives, perfume, antioxidants 0-5%
Water 40-80%

Table 18.4: Composition of an O/W foundation with medium coverage. Stearic acid emulsion
systems are long proven systems for pigment dispersions.

Function Ingredient (INCI) %
Emulsifier system Stearic acid 3,0
Glyceryl stearate and PEG-100 stearate 2,0
Oils Mineral oil 1,0
Dimethicone 3,0
Volatile oil Cyclohexasiloxane 3,0
Oil with medium spreadability Caprylic/capric triglyceride 5,0
Oil with high spreadability Isostearyl isostearate 2,0
Dispersing aid Acetylated lanolin alcohol 0,8
Fillers Talc 1,0
Pigments Titanium dioxide Cl 77,891 4,5
Iron oxide yellow Cl 77,492 1,2
Iron oxide red Cl 77,491 0,3
Iron oxide black Cl 77,499 0,2

Interference pearl 2,5
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Table 18.4 (continued)

Function Ingredient (INCI) %
Gel former Xanthan gum 0,8
Stabilizer Magnesium-aluminum Silicate (Veegum®) 1,5
Moisturizer Glycerol 5,0
Propylene glycol 3,0
Neutralizing agent Triethanolamine 0,9
Others Antioxidants, preservatives, fragrance g.s.
Water Water Ad 100

Table 18.5: Composition of a silicone foundation with medium coverage from dow corning, similar
formulation available from Happi [42].

Function Ingredient (INCI) %
Emulsifier system Cyclopentasiloxane and PEG/PPG 18/18 Dimethicone 12,0
Polysorbate 20 0,5
Silicone gum Cyclopentasiloxane and dimethiconol 12,0
Volatile oil Cyclohexasiloxane 4,0
Fillers Nylon 3,0
Cyclopentasiloxane and dimethicone crosspolymer 5,0
Pigments Titanium dioxide Cl 77,891 6,0
Iron oxide yellow Cl 77,492 1,8
Iron oxide red Cl 77,491 0,8
Iron oxide black Cl 77,499 0,3
Stabilizer Sodium chloride 1,2
Moisturizer Glycerol 5,0
Others Antioxidants, preservatives, fragrance qg.s.
Water Water Ad 100

Coverage of the foundation can be modified by varying the pigment load. Titanium
dioxide contributes most to coverage as it has the highest refractive index. In general,
to reduce coverage, more fillers are used as their refractive index is rather low.

Also foundations with medical indication have emerged. Most widely used are
foundations with anti-acne activity, which contain salicylic acid as active ingredient.
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As foundations should achieve an even coverage, products usually have a
lower viscosity. Also for the application with brushes, a fluid foundation is fa-
vored. Packaging usually is a tube or a bottle with or without dispenser.

For the production of foundations, the procedure is followed like for many emul-
sion products. In a vessel the water phase is heated and the pigments are dispersed.
Then the other phases are added, homogenized and cooled.

18.3.1.2 Compact foundations

Compact foundations are offered in a cast or molded form. Cast compacts usually need a
sponge applicator as they are solid. Normally, they are packed in a casing that also con-
tains a mirror and the applicator. They give the product a more valuable appearance.
This product type is preferred by consumers wanting a more sophisticated makeup.

An example of a compact foundation is shown in Table 6. Depending on the for-
mulation (with or without water or volatile oils) also the packaging has to fulfill cer-
tain requirements. The material has to be sufficiently resistant to diffusion of the
volatile compounds and the closing should be tight. The production process demands
certain pre-requisites of the casing material, i.e. when the stick is to be molded directly
into the casing a certain thermal stability is required to avoid deformation. As com-
pacts usually are molded in a separate godet, the formula should be stable throughout
the whole process of assembling the product. The casing of a compact foundation usu-
ally is a multicompartment one, consisting of the godet with the product, a mirror and
a separate compartment for the sponge.

Table 18.6: Source: Composition of a compact foundation [43].

Function Ingredient (INCI) %
Dispersion agent Bis-Hydroxypropyl dimethicone 16,8
Silicone gum Dimethicone/vinyl dimethicone crosspolymer and silica 5,0
Fillers Mica 2,05
Talc 10,0
Polymethyl methacrylate 4,0
Coated pigments Titanium dioxide Cl 77,891 and triethoxycaprylsilane 8,0
Iron oxide yellow Cl 77,492 and triethoxycaprylsilane 1,5
Iron oxide red Cl 77,491 and triethoxycaprylsilane 0,35
Iron oxide black CI 77,499 and triethoxycaprylsilane 0,1
Waxes Beeswax 3,0
Ozokerite 6,0
Oils Squalane 10,0
Petrolatum 2,0
Dimethicone and trisiloxane 25,0
Cyclopentasiloxane and dimethicone copolyol 1,0
Others Preservatives qg.s.

Water Water 5,0




264 =—— 18 Colorants in cosmetic applications

Molded sticks are products preferred by younger consumers or those who like
to have their product at hand easily to refresh their makeup when needed.

Therefore, the bulk can be either molded directly into the packaging or into
special forms and transferred to the casing afterwards like for lipstick bullets.

18.3.1.3 Concealers

Concealers are offered in a huge variety of formats. The range lasts from products
for makeup artist who are working with palettes, to products in mass market, where
mostly pencils are sold. Consumers usually want to cover single spots. Therefore,
pencils or applicators are suitable. The main difference to foundations is, that con-
cealers are used primarily to cover skin discoloration. Usually they are solid, have a
higher pigmentation and come in different colors than other facial products. The
main colors for concealers and their actions in covering skin discolorations are
shown in Figure 18.8.

Violet/ Purple Covers \.I'E|I|DWISE‘I discolorations,
gives frehness
Covers reddish discolorations
Green : i
(pimples, veins)
Covers blueish discolorations
Yellow 1
(veins)
Peach/ Pink Freshens up the skin tone
. Highlights the skin tone (very
Orange / Beige dark circles around the eyes)

- Dk Balge / Biiowin Freshens up the skin tone,
contours

Figure 18.8: Main colors for concealers and their actions in covering skin discolorations.

Concealers and pencils (which are also used to conceal) are applied only to small
areas of the face in order to conceal discoloration or pimples. Therefore, often active
ingredients are incorporated which can be applied right on the spot where they are
supposed to work.

These products depend very much on their casings which also serves as the ap-
plication system at once. Whereas concealers mostly are semisolid formulations ei-
ther emulsion or wax based, pencils only come as wax based varieties. They depend
on a lead that is either extruded and placed in the wooden pencil or molded and cast
in special twist up devices (for details see Eyeliner 3.2.3).

The advantage of injection molded plastic containers for concealers is that they
can be much better designed to the customers’ ideas than pencils [44].
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18.3.1.4 Camouflage products

Camouflage products are highly pigmented and used to cover up dermatological
(vitiligo) or cosmetic (tattoo) flaws. They definitely do not belong to the mass or pres-
tige market but to dermatological or cosmetological applications. The application of a
good camouflage cannot be done within minutes like a makeup, but needs at least 30
min or more. Camouflage products contain up to 45% Pigments and filmformers for
the lastingness [45].

18.3.1.5 Ultra-liquid foundations
When color should be applied to large areas, ultra-liquid formulations are used.
Usually they are formulated without emulsifier. Therefore, the dispersion separates
over time and has to be redispersed by shaking the bottle. Special bottles with
metal balls are doing the job [46].

Another example is the cushion foundation, which originally was developed in
Asia as sun protection. The ultra-fluid composition is placed in a cushion like sponge
and can be applied with another applicator (Figure 18.9). Here the packaging is the
essential part of the product as it is airtight and therefore reduced evaporation of
water [47].

Figure 18.9: Cushion foundation consisting of a packaging that resembles a compact foundation,
but with a liquid formulation.
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18.3.1.6 Loose and compact powders

Powders most likely belong to the oldest makeup products and also served medical
purposes. As talc is the basis for most powders it is important to note, that talc powders
are still the most widely sold powder products. Especially in humid and hot climate,
talc absorbs access water from the skin and gives a cooling feeling. The absorption of
fluids also can be disadvantageous as it leads to “caking” and resulting in an uneven
finish over time.

These are aspects not wanted in facial makeup, where an even skin surface has
to be maintained over a long period of time.

Loose powders are mainly used in order to highlight and even out the skin,
whereas pressed powders often are used alternatively or additionally to foundations.
Their main purpose is to mattify the skin, improve lastingness of the product. The
general formulation of a powder is summarized in Table 18.7.

Table 18.7: General formulation of a powder.

Substance Concentration
Effect pigments 0-25%

Iron oxides and titanium dioxide 0-15%

Fillers 0-20%
Perfume, preservatives, antioxidants, UV Filters, Oils 0.5-4%

Talc Add 100

Huge differences occur in the production process of powders that contain classical pig-
ments and those which do not, as the classical pigments have to be grinded together
with the talc to ensure de-agglomeration and as a consequence a uniform particle size.
The sole use of pearlescent pigments only requires a mixing process and therefore is
much less work intensive. Pearlescent pigments should not be milled or ground as
they break down and lose their luster and color.

Pressed or compacted powders on the other hand need more oily substances and
magnesium stearate as compressing aid to be compacted. When classical pigments
should be applied, coated pigments are used as they adhere better to skin and — de-
pending on the kind of coating — are easier to formulate.

18.3.1.7 Blushers, contouring and highlighting

Blushers like concealers are applied only to restricted areas of the face, but their main
action is to give a healthy glow to the face and sculpture the features. They come to
market as loose or compacted powders, emulsions or wax based molded formulations
and liquids.
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This is a special variety of blushers, which also can be applied all over the face
or — according to color — on the lips. These products are no dispersions but solutions
of water- soluble dyes. Application is a little difficult as they have no hiding capacity
and cannot be blended very well. Therefore, they are most suitable for smaller areas.
For the comfort of wearing of such products, humectants are added. A composition
of a liquid blusher with soluble dyes is given in Table 18.8.

Table 18.8: Composition of a liquid blusher with soluble dyes.

Function Ingredient (INCI) %
Dispersion agent PEG-40 hydrogenated castor oil 0,7
Water soluble dyes Cl 14,700 0,4
C119,140
Cl 28,440
Thickener Xanthan gum 0,5
Neutralizing agent Sodium hydroxide 45% 0,8
Film former Gum Arabicum q.s.
Moisturizer Glycerol 5,0
Others Preservatives, water-soluble UV filters q.s.
Water Water Ad 100

In order to enhance facial attractivity sexual maturity is an important feature (see
chapter 2.2.5), therefore, not only blushers are used. Common are contouring materials
that usually have a darker tone than the skin but no other color. They are placed on
the areas that should be optically reduced. They are used before a foundation is ap-
plied and usually are blended in. Highlighters on the contrary are products that are
applied at the end of the makeup process and are placed on areas that should be
highlighted. They consist of larger amounts of effect or shimmer pigments to achieve
that action. Figure 18.10 shows contouring and strobing as popular makeup trends.

18.3.2 Eye products

The market of eye products consists of mascara, eyeshadows, eye liners, and eye-
brow preparations. More than 50% of the sales volume of these products are related
to mascara makeup. Eye liners and shadows together carry about the same volume
of market. Eyebrow preparations have become very trendy only recently. As only
eye shadows are fashion driven products, it is very interesting to note that the eye
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contouring strobing

Figure 18.10: Contouring and strobing are very popular makeup trends that differ in the areas the
product is applied. For contouring products with rather darker colors are used, i.e., blushers or
concealers, whereas for strobing products high amounts of pearl or shimmering pigments are
applied.

segment mainly is made up by so-called “job” products with general beautifying
effects. The areas of the eye, which can be colored, are shown in Figure 18.11.

Figure 18.11: Areas of the eye, which can be colored.

As the “job” products (mascara, eyeliners) do not offer exciting colors, much more at-
tention is paid to the application and the packaging format of the product as well as
the technological aspects of the formula.

Nevertheless, the eye area is very sensitive. Allergies often manifest first on the
eyelid and also adverse reaction to ingredients can occur here more easily. On the
other hand, contamination of the product has to be prevented, so that no infection
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takes place. This is especially difficult as many products for eye makeup consist of a
format where an applicator is introduced into the mass on a regular basis. This aspect
also is taken care of by the note for shelf life after opening [48]. This is usually 6
months and therefore much lower than for other products.

Products, which are applied in the eye area usually are formulated without
perfume.

18.3.2.1 Mascara

Mascara is a product to be applied on the eye lashes in order to darken and thicken
them. The main color for mascara is black. Other colors such as brown, green or
blue are of minor importance.

Nevertheless, consumer demands are high. Mascara should emphasize the eyes
dramatically by enlarging the lashes to their extremes in order to give an open and
wake look. Mascara should be tolerated well, adhere to the lashes and neither stick
together nor smudge. Smudging means the transfer of the color to the lower lid
which is not desirable. Mascara should dry in a relatively short time, stick to the
lashes all day and come off with regular makeup removers at the end of the day.
Mascaras come to market in a tube with a wand applicator. The applicator, also re-
ferred to as brush, is the point of difference and heavily patented.

Formulations usually vary from “regular” to “waterproofed.” The first one is a
stearate-wax-pigment dispersion with water and the latter one is a wax-dispersion
with a volatile oil. Table 18.9 contains a comparison of regular and waterproofed
mascara formulations.

The regular formulation generally is a TEA-saponified stearate-system with
high amounts of waxes, pigments and film formers. The stearic acid salts also act
as very efficient pigment dispersers. This formulation is in the market more than 50
years with only minor variations. Differentiation of the products takes place by in-
corporation of different waxes or film formers, in most cases, however, via packag-
ing, and/or application, especially the brush.

Waterproof formulations generally are formulated under completely different
rules. Here waxes, film formers and pigments are dispersed in volatile oil, such as
cyclomethicone or isododecane.

As all formulas consist of a considerable amount of waxes, the production pro-
cess requires pigment dispersion at high temperatures (above the melting point of
the waxes). Also filling of the bulk into the containers requires reheating, as the
finished product is a paste like product, which is difficult to fill.

Nowadays also some mascaras are formulated with carbon black. Carbon black
itself is very difficult to disperse due to its small particle size and huge surface area.
In general, much lower amounts of carbon black are necessary to achieve the same
color intensity as with iron oxides. The color of carbon black mascaras however
tends more to black and blue-black than that of black iron oxides.
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Table 18.9: Comparison of regular and waterproofed mascara formulations clearly show that the
main difference lies in the emulsifying system, film formers and volatile fluid.

Function Substances Regular % Waterproof %

Pigments Iron oxide black 10 10

Fillers Talc q.s. 5

Waxes Beeswax 10 8
Carnauba Ozokerite 3 4

7 6

Emulsifier, Co- Stearic acid 5

emulsifier Glyceryl Stearate 5

Neutralizer TEA 1,5

Humectant Propylene glycol 5

Film formers Gum arabic 0,5 2

PVP/Eicosencopolymer

Stabilizer Stearalkonium hectorite 2

preservatives, Antioxidants q.s q.s

Volatile fluid Isododecane Ad 100
Water Ad 100

18.3.2.2 Eyebrow products

Eyebrows are the outer, hairy border of the eye sockets and — like the eyelashes —
serve to protect the eye. They follow the shape of the skull and therefore cannot be
shaped into any shape. But just as our faces are not “ideal,” nor is the shape of the
brow.

Eyebrows are regarded the frame of the face and a decisive factor in attractive-
ness. At the same time, they say a lot about character and personality and are im-
portant in the expression of emotions. As eyebrows consist of hairs, they therefore
can be made up such as mascara, trimmed or colored or even tattooed.

Hair, especially a lot of hair is a sign of vitality that also is valid for eyebrows.
The shape and thickness of eyebrows underlies fashion and cultural trends. Thick
eyebrows are considered a sign of strength of character, fun and success. Women
with thin eyebrows are considered flexible. Fused eyebrows (Frieda Kahlo) are con-
sidered beautiful only in some cultures.

In the past years, eyebrows were reinvented in makeup and a huge variety of
products came to the market in order to shape, thicken and color them [49].

Most important are formats that resemble mascara and pencils. With both prod-
ucts not only color can be applied, but also individual hairs can be “made up.”
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These techniques are especially important for people who have undergone cancer
treatments and lost their hairs. Here tattooing of the eyebrows serves as beautifying
and mood lifting agent.

Figure 18.12 shows the ideal brow of a human face, which is defined with a line
from the outer part of the nostril to the inner corner of the eye and ends at the imag-
inary line from the nostril to the outer corner of the eye (blue arrows). The brow
should have a “kink” at the point where the line of the nostril to the middle of the
pupil passes (red arrow). Deviations are common and often also quite attractive.

Figure 18.12: Ideal brow of a human face.

18.3.2.3 Eyeliner

The traditional version of an eyeliner was called “khol” or “kajal”, which is the
Hindu word for carbon. The use of carbon black dispersion in fact is very old. The
product was applied around the eye and on the inner eyelid mainly for medical con-
siderations i.e. to repel insects and in consequence avoid conjunctivitis. It can be
assumed that the combination with antimony or lead was used in order to obtain a
certain antibacterial activity and also give stimulus to enhance lacrimation, so that
the constant flow eliminated particles from the eye. Lacrimation also gives gloss to
the eye and as a result the eye looks bigger and healthier. At that time with no hy-
gienic standards in force, blindness posed a big threat [50].



272 —— 18 Colorants in cosmetic applications

The classical format is a pencil liner in a wooden format that derived from the
pencil industry and firstly was marketed in 1927 as the so-called dermatograph.
Originally designed for surgeons to draw the line for exact incisions, it was used by
women as a makeup product. This pioneering work was done by August
Schwanhaeusser as he experimented in obtaining a softer lead and maintaining
good sharpening characteristics of the final pencil.

The pencil today is still the most important format. The production process is a
multistep process and cannot be completely automatized [51]. It involves the prepa-
ration of the lead: heating the waxes, addition of the fillers and pigments, dispers-
ing the pigments and cooling down the bulk. After that the bulk is transferred into
a cartouche which is stored for a certain period of time. Afterward the lead is ex-
truded, placed in wooden slats that are glued, sawed to appropriate form, polished,
lacquered decorated, sharpened and capped. The general composition of pencil
leads is given in Table 18.10.

Table 18.10: General composition of pencil leads.

Substance Concentration
Pigments and fillers 30-60%
Hydrogenated palm- or cocglycerides 30-50%
Oils 5-15%
Hydrogenated vegetable oil 2-12%
Ceresin 1-5%
Beeswax 1-5%
UV filters, preservatives, antioxidants 0-5%

In general, extruded leads have a higher pigment load than molded leads, which
also contain more fluid components. Nevertheless, molded leads are of high interest
as a plastic casing can come in different shapes. The lead usually needs no sharp-
ening. For the production process of these products, the appropriate machines and
tailor-made casings are essential and described in patents [52, 53].

Wax based pencil (leads in wooden or plastic casings) contain relatively high
amounts of pigments and due to the production process differ in the hardness of
the leads. Application generally gives fine or wide lines that can be blended easily.
This kind of product also very often is applied in the inner lid of the eye (waterline,
see Fig. 11), where they give different makeup effects.

In contrast, fluid inks give sharp lines that cannot be blended. Ink liners usu-
ally are marketed in a bottle with an applicator system. Those formats are favored
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by more experienced consumers who want an accurate makeup. The general com-
position of cosmetic inks is shown in Table 18.11.

Table 18.11: General composition of inks.

Substance Concentration
Pigments 20-30%
Thickeners 1-5%
Emulsifier, coemulsifier, solubilizer 0.5-2%
Filmformers 2-25%
UV filters, preservatives, antioxidants, neutralizing agents, humectants, chelating 0-5%
agents

Water 60-80%

For the production of those systems usually a base is prepared and the pigments
are added accordingly (similar to nail polishes). The dispersion of the pigments has
to be ensured by either applying high shear force or milling. The choice of the ap-
propriate equipment is one of the challenges when formulating an ink.

Pencil formats for those inks are liked very much but due to the technical con-
siderations of a pencil (which has to have a reservoir) only pigments with small par-
ticle size (i.e. carbon black) can be used.

Eyeliners — pencils and inks — are best tested on the ball of the thumb (Figure
18.13). Here not only pay off, but also accuracy of application and the hardness of
the lead can be evaluated best.

18.3.2.4 Eyeshadow
Eyeshadows are fashion-oriented products. Their task is not only to improve the
looks and widen the eye but also to give a color statement. Therefore, a huge color
variety is very important. Formulations and application formats have to follow fash-
ion trends.

As most eyeshadows are compacted powders, they contain a compaction aid,
i.e. magnesium stearate. Eyeshadows often contain high amounts of pearls and in-
terference pigments. Therefore, attention has to be paid to the mixing process to
avoid the breakdown of the pearls. Thus, a formula which has neither to be milled
nor pressed is useful. This can be obtained for instance with silicone-based gels. A
composition of an eye shadow with a high amount of effect pigments is shown in
Table 18.12.
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Figure 18.13: Test of eyeliners on the ball of the thumb.

Table 18.12: Composition of an eye shadow with a high amount of effect pigments [54].

Function Ingredient (INCI) %
Pigments Effect pigments 23,0
Silicone gel Cyclopentasiloxane and dimethicone copolymer 49,5
Filler Trimethoxysilicate 9,0
Others Preservatives, antioxidants qg.s.
Volatile fluid Cyclopentasiloxane Ad. 100

For eye makeup, it is usual to have palettes, especially for compacted products or
applicators for paste like products. As the formula besides the color does not offer
much space for innovation, the packaging is a relevant part of these products. This
usually is designed individually and with 3-D printing easily accessible. Nevertheless,
for the consumers the application charcteristics are of high relevance, this includes a
suitable application format.

Eye shadow palette with molded or cast powders is a good example how pack-
aging is affecting the perception of the product itself. Due to Internet tutorials the
demand for palettes has risen considerably (Figure 18.14).
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Figure 18.14: Eye shadow palette with various colors.

18.3.3 Lip products

Lip products are mainly wax or fat-based dispersions, sometimes water-based inks
are used. As the skin of the lips is very delicate, attention should be taken when
formulating with coarse pigments or fat components that have phase transitions
points that could lead to unwanted particles. A main issue of lip products is the
application that should be smooth and easy and should be possible with no pres-
sure, summarized as pay-off. Consumers also do not want to have oily films on the
lips that in worst case could make the pigments “feather” into the lines of the lips.

As the skin of the lips not only is thinner than skin on other body parts it also lacks
sebaceous and sweat glands. In order to keep our lips moist, we are licking them un-
consciously many times a day. Therefore, also parts of the formulation gradually are
ingested and therefore all lip formulations should be food grade. Additionally, preser-
vation is an important issue as the product can be contaminated with oral bacteria.

But lips are also very sensitive to intrinsic and extrinsic changes, i.e. herpes
often manifests itself at the lip and also irritating substance can cause unwanted
side effects i.e. preservatives. No melanocytes are present in the basal layer and so
lip-products ideally are formulated to give certain UV protection.

Last not least the casing/packaging is an essential part of the product and
should be kept in mind when developing the formulation.

18.3.3.1 Pigment dispersion strategies
In lip formulations, organic pigments and lakes are used to obtain bright red colors.
Those pigments are more difficult to disperse than inorganic pigments, especially
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iron oxides. In order to obtain reproducible colors, pigments have to be ground and
dispersed very carefully. State of the art for this task is still the three-roll mill.

The normal procedure implies that the pigments firstly are wetted by an oil
(generally castor oil, INCI: Ricinus Communis Seed Oil; Lanolin Oil or other polar
oils), which has a good dispersion ability and good stabilization characteristics on
the finished dispersion (rather high viscosity). Those pre-ground dispersions can be
stored, which allows a rather easy preparation of the final product and also facili-
tates color shading. Alternatively, predispersions can be obtained commercially.

Nevertheless, lip products can be produced with roller ball mills or other mill-
ing equipment without pre-dispersion of pigments. Color shading is done at the end
of the production process. Color shading, if necessary, is done with aliquots of the
preparation in which the additional pigments are dispersed.

18.3.3.2 Lipsticks

The stick is the “classical” format of the lip color and is unsurpassed by any other
application form due to its convenience. Additionally, the lipstick casing transports
a lot of life style. So even if the formula is remaining the same, a different packag-
ing can add value to the product and can make it highly desirable. Therefore, the
lipstick is and will be the most used form of lip color.

The molding process is a crucial step in production of a lipstick and all other
stick products as well. The bulk is (re)heated in a vessel and aliquots are poured
into the casts. Cooling process takes from about only a few to several minutes de-
pending on the product or capacity of the machine. Then the so-called bullet will
be ejected from the cast using air or mechanical devices and transferred into the
casing. The crystallization of the waxes has to be rather quick so that the bullet gets
enough mechanical stability to be ejected. Final hardening of the stick takes about
24 hours or even longer.

A stick usually is molded, that means the mass is heated to a temperature
where it is liquid and then poured into molds or the final packaging. In order to
obtain high-quality products, the cooling of the poured mass is an essential produc-
tion parameter. The solidity of the poured stick evolves even after the production
has completed and last for days to weeks.

A general composition for lipsticks is depicted in Table 18.13, the proportion of
oil/wax/pigment is usually around 4/2/1. The wax composition is of major impor-
tance as it defines stability, oil binding capacity and ease of production.

For the classical lipstick, the composition is of vital importance, as the wax
composition mainly contributes to the structure and stability of the stick. The wax
composition of molded sticks has to contract when cooled down to allow easy re-
moval. The production process of lipsticks needs some consideration. Generally,
the base is heated to the temperature where all solid waxes are molten. Pigments
(generally pre-dispersed) and active ingredients are added successively. Then the
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Table 18.13: General composition of a lipstick formulation. Important for the stability is the choice
of the waxes and oils with good pigment dispersion properties. Micro-waxes belong to ingredients
of petrochemical origin. These cannot be certified under natural cosmetics. Reformulation of sticks
is difficult as micro-waxes add to thermal stability and also are used to replace natural waxes such
as carnauba or candellila wax.

Substance Concentration
Natural waxes, wax-like substances 10-20%
Microwaxes 0-10%
Oils with good spreadability 15-30%
Oils with low spreadability 40-60%
Surface active substance, emulsifier 0-5%
Pigments, fillers, film formers, UV filters, preservatives, aroma, antioxidants 5-20%

bulk is cooled and stored or processed directly afterward. An example for a classical
lipstick formulation is shown in Table 18.14.

Table 18.14: Example for a classical lipstick formulation.

Function Ingredient (INCI) %
Waxes Candelilla wax 2,75
Carnauba wax 1,25
Beeswax 1,0
Ceresin 5,9
Ozokerite 6,75
Microcrystalline wax 1,4
Dispersing aid Acetylated lanolin alcohol 2,5
Sorbitan triisostearate 2,0
Oleyl alcohol 3,0
Bis-Diglyceryl polyacyladipate-2 2,0
Oil with medium spreadability Caprylic/Capric triglyceride 5,0
Oil with high spreadability Isostearyl isostearate 5,0
Isostearyl palmitate 7,5
Fillers Nylon-12 1,0
Pigments Inorganic, organic and effect pigments 8,0
Others Antioxidants, preservatives, fragrance qg.s.

Main dispersing oil Ricinus communis seed oil Ad 100
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18.3.3.3 Emulsion sticks
In a wax-based stick formulation usually a few percent of hydrophilic ingredients
or even water can be easily incorporated. But higher amounts are difficult to obtain.
Even though formulations containing up to 30% of water were marketed, the pro-
duction process is difficult to handle and has to be closely followed. In contrast to
water free formulations the bulk cannot be cooled down, stored and reheated when-
ever needed. The mass has to be prepared directly before molding. As the capacity
of the molding machine generally is the limiting factor; logistics have to be adapted
and the amount of bulk prepared should be processed within a working shift.
Additionally, color stability is the main issue with sticks containing water. Firstly,
organic pigments are extremely difficult to incorporate, ideally colors are developed
using iron oxides and titanium dioxide. Secondly as the mass has to be stirred and
heated over several hours and water is most likely to evaporate, consistency of the
final sticks is difficult to achieve if at all. Water content will vary from the first to last
sticks as will color, thus making it extremely difficult to produce a uniform batch [55].

18.3.3.4 Gloss and pomade

Lip gloss became very popular in the last years. It is not only used to highlight lip
makeup but became a product of its own. It is offered as colorless or colored prod-
uct and can be used alone or as finish for the lip color. It is marketed either in a
tube with a wand applicator or in a squeezable tube or in a combination of both. It
usually comes with a fruity flavor.

The glossy effect is obtained by incorporation of substances with high refractive
index. The base normally consists of a polymer such as polybutene or polyisobu-
tene. For the stabilization only minimum amounts of waxes should be used, more
common is the stabilization with inorganic gel formers like hectorites [56]. Gloss
formulations tend to have a poor lasting effect and therefore have to be applied sev-
eral times.

18.3.3.5 Matte lipsticks

Matte lipsticks and long-lasting colors are very popular since many years. Usually
they are formulated with volatile oils, thus making it difficult to obtain molded
sticks (see emulsions sticks). Therefore, a new generation of formats has evolved,
which is marketed as fluid lipsticks, but technically are pastes.

When developing such formulations some aspects are important: the use of fill-
ers and the absence of pearl or effect pigments, the use of oils with low refractive
index, the use of silicone polymers and volatile oils and the use of film-forming ma-
terials, which can be resins or waxes.

As the application and wear of such products sometimes is not as comfortable
as regular lipsticks, a colorless stick can come with the product and is applied on
top of the color [57].
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18.3.3.6 Lip tint

Fluid compositions are more often used for light color and a natural look on the
lips than for care properties. They do not give a perceivable film on the lips and
therefore are not liked by all lipstick users.

18.3.3.7 Lip liner

Lip liners are offered in form of pencils and the lead consists of a blend of waxes,
oils and pigments. They are used to define the borders of the lips more accurately
and due to their harder consistency, they also help to diminish feathering of lipstick
colors. They are an essential tool, as they help to sculpture the lips. Figure 18.15
shows the effect of different lip liners on the perceived size of lips. The comparison
of different lip colors is depicted in Figure 18.16.

Figure 18.15: Comparison of the effect of different lip liners on the perceived size of lips. Use of
dark (left) and light (right) lip liner with a lipstick in the natural color of the lips. With a dark lip
liner, the lips look bigger, with the light ones, they look smaller.

18.3.4 Nail products

The nails belong to the so-called cutaneous appendages. Like hair, they are re-
garded as inert in contrast to skin. The nail plate consists of cornified cells, like the
hair. But these cells are flat. Table 18.15 shows the water content and the water ab-
sorption capacity of nail plate and stratum corneum. The nail plate itself cannot be
plasticized well by water and therefore also does not swell like stratum corneum.

The amino-acid composition from nail and hair also differs to skin. Due to the
rigid keratin network nails are regarded as better barriers toward penetration than
skin. The nail is primarily composed of a highly cross-linked keratin network that
contains several disulfide linkages. This unique structure results in a highly effec-
tive permeability barrier [59]. Table 18.16 compares the amino-acid content of differ-
ent keratinous substances. The amino acids with the biggest differences from nail
to hair or to stratum corneum are depicted in this comparison [58].
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Figure 18.16: Comparison of different lip colors from top to bottom: light pink pearlescent, classic
red, very dark red.

Table 18.15: Water content and absorption capacity of nail plate compared to stratum corneum [58].

Water content Water absorption capacity
Nail 7-12% Up to 25% of the dry matter weight
Stratum corneum 5-15% A multitude of the dry matter weight

The nails are nourished by the nailbed and the nail fold, where the nail origi-
nates. Traumata to those areas often result in damaged nails. Nails also betray a lot
of the health status, for instance psoriasis also can be seen in the nails when small
holes occur.

Nails are a very important feature of the hands. Evenly smooth nails convey
health and youth, whereas long nails are proof of wealth and a life of leisure. Also,
nail color is a topic of fashion and lifestyle. Therefore, it makes sense to treat nail
colors together with facial makeup.
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Table 18.16: Comparison of the amino-acid content (in %) of different keratinous substances [59].

Amino acid Nail Hair Stratum corneum
Histidine 1.0 0.9 1.5
Arginine 6.4 6.5 3.8
Aspartinic acid 7.0 5.4 7.9
Threonine 6.1 7.6 3.0
Proline 5.9 8.4 3.0
Glycine 7.9 5.8 24.5
Valine 4.2 5.5 3.0
Leucine 8.3 6.1 6.9
Hemicysteine 10.6 15.9 1.2
Organically bound sulfur 3.2 4.5 1.4

Also finger nails are a very interesting part of the body. They are developed in
the 9 week of gestation (at the same time as teeth), and convey information about
genetic health. Considering that makeup should also improve the mating success,
nails are an important factor.

Interesting is, that nail lacquers are grouped under makeup together with facial
makeup, in contrast to hair colorants. The idea behind that might be, that in color-
ing of the hair chemicals are used that react on the hair whereas for coloring of the
nails products are used that stay on top. Therefore, the application of more colo-
rants and other substances are allowed which are restricted on normal skin.

18.3.4.1 Nail lacquers

Nail lacquers generally consist of nitrocellulose which is dispersed in a mixture of
alcohols, mainly isopropanol and other solvents. Nitrocellulose is highly explosive
and therefore production of nail colors is done under strict safety conditions which
are not necessary for ordinary cosmetic products. The general composition of nail
lacquers is depicted in Table 18.17.

Nitrocellulose is still the best film former for the formulation of lacquers, de-
spite its time of usage. As it is highly explosive when dry, it is stored and used in a
predispersed form. Typically used solvents are isopropanol, butyl-, ethyl- and pro-
pyl acetate. Further substances are added like toluenesulfonamide/formaldehyde
resin or epoxy resins in order to improve gloss and adhesion of the film to the nails.

As gloss and elasticity of films generally are opposing characteristics, a good
mixture of additional film formers like polyacrylic acid esters or polymethacrylic
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Table 18.17: General composition of nail lacquers [60, 61].

Substance Concentration
Nitrocellulose 10-20%
Solvents 35-40%
Plasticizers 5-10%
Thickeners 0,5-5%
Filmformers and resins 0.5-5%
Pigments, fillers, UV filters q.s.

acid esters and plasticizers such as camphor, dibutylphthalate, acetyl tributyl cit-
rate, castor oil, diisobutyl adipate or butyl octyl adipate has to be found.

As thickening agents for those systems, bentonite gels frequently are used like
stearalkonium hectorite. They are important for the stabilization of the system as
they slow down syneresis, the sedimentation of the pigments. Generally, UV-ab-
sorbers are added to prevent the yellowing of the nitrocellulose.

For the production of nail lacquers generally the solvents are placed in the pro-
duction vessel first. Predispersed nitrocellulose then is added. Finally, film formers,
resins, plasticizers and thickeners are then added to give the base. That base can be
stored and used to produce the final color. To that base the pigments are added ac-
cording to the desired color. The pigments used for nail lacquers most often are pre-
processed and used in chip format to reduce dusting. At the end the residual ingre-
dients are added [62].

18.3.4.2 Gel nails

In order to overcome classical disadvantages of nail lacquers like chipping and
poor lastingness, so-called gel lacquers have been developed. Derived from nail
modeling, this trend has settled in the market of professional and non-professional
manicure. These nails can either be achieved by modeling while using acrylates or
urethane acrylates (a monomer and a starter) or by using so-called gel lacquers
(where everything already is mixed together). The use of acrylates usually is limited
in the professional applications as experience and certain working conditions are
necessary. The curing of the polymers takes place at room temperature and is initi-
ated by a so-called liquid, where monomers are incorporated [63]. Urethane acryl-
ates usually come in premixed formats. They are cured using light: UV, LED or day-
light) [64]. It is noteworthy that also in this area the innovation is not in the pig-
ments but in the formula, which is derived from coatings industry [65].
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18.4 Outlook

Even though pigments are the active ingredients in makeup formulations, they are
only partially important for the product. At least the same impact is achieved by the
right choice of fillers, waxes, polymers and oils. Together they achieve the desired
properties. At the moment we can technically incorporate (almost) every pigment
into every cosmetic formulation. Especially in the case of light cured nail varnishes,
so-called gels, the pigments have to withstand polymerization reaction and UV or
blue light irradiation.

As consumer perspectives are changing toward “sustainability” meaning that
consumers prefer natural ingredients over synthetically derived molecules, they ex-
pect their cosmetic products also to deliver these values. Legislation additionally
adds further restraints for instance for the use of volatile organic compounds like
cyclomethicones. The industry meanwhile offers a lot of oils which can be used as
silicone alternatives, but in the end give a completely different product. As most
organic fillers are classified as microplastic, they are not further used in new devel-
opments. The problem arises for gel formers on acrylate or polyurethane basis, for
which often no alternative is available. Mineral waxes such as Ceresin, Ozokerite or
Microcrystalline Wax, which have been widely used in lipstick formulations have
been replaced. From the standpoint of a formulator, these actions not always make
sense, but honor the changing demands of consumers. It should be noted, that also
dispersion aids like castor oil are restricted. This leads to the use of other dispersing
agents.

Natural products such as talc, mica and kaolin also are scrutinized. Besides
heavy metal content the consumers also ask for the areas where the minerals are
mined or the working conditions of the laborers. These factors therefore influence
the selection of the materials and suppliers, respectively. The same is true for natu-
ral oils, which should be GMO free and grown sustainably.

Packaging and applicator are relevant for makeup. They are essential parts of
the cosmetic product. But the changing expectation of consumers will lead also
here to more “refills” or reuse of certain formats, wherever that makes sense from a
microbiological standpoint.

Traditional pigments will be used for all the known cosmetic applications.
Further, inorganic pigments such as iron oxides and titanium dioxide will be fa-
vored over organic pigments. But for lipsticks and especially nail varnishes, these
pigments will continue to be important. First trends emerge in natural makeup that
strictly stick to mineral pigments. In order to achieve different colors, they are also
relying on effect pigments.

As pigments and colorants are regulated separately in the cosmetic directives
worldwide and the toxicological profile is examined closely, it is not expected
much innovation to take place in that area. Innovation for cosmetic formulations
therefore will come from application format and application characteristics.
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Gerhard Pfaff
19 Colorants in plastic applications

Abstract: This review article is a summary of the current knowledge in the field of
plastic coloring. Plastics belong as well as paints, coatings, printing inks, and cos-
metic formulations to the most important application systems for colorants, both
for pigments and dyes. Colorants have to meet increasing demands in plastic appli-
cations due to the growing number of polymers with specific properties. Crucial fac-
tors besides the plastic type are the processing method and the required fastness
level. Among the most important polymers for coloring with pigments and dyes are
polyolefins, polyvinyl chloride, polyurethane, polyamide, polycarbonate, polyester,
and elastomers. Different processing methods are used for coloring of the individual
plastics. The coloring processes need to be coordinated in accordance with the
steps of the plastics processing leading to the final product.

Keywords: colorant, dye, pigment, plastics processing

19.1 General aspects

Plastics belong to the most important application systems for colorants, both for
pigments and dyes, whereby pigments have the much higher importance for color-
ing of plastic materials. Due to the growing number of different plastics on the mar-
ket, colorants have to meet increasing demands in this application field [1,2,3,4].

In making a sensible choice of pigments and dyes, the crucial factors besides
the plastics are the processing method and the required fastness level. The intrinsic
color of the plastic used is besides the colorant an important factor, which has to be
regarded for the desired coloration. A wide variety of additives such as antioxi-
dants, UV absorbers, HALS stabilizers (Hindered Amine Light Stabilizers), plasticiz-
ers, slip agents, antislip agents, blowing agents, antistatic agents, flame retardants,
fillers and laser marking substances are added to plastics depending on the poly-
mer type and the application.

As chemicals, colorants can synergize or interfere with needed reactions during
the compounding process of polymers. Chemical reactions with some of the additives
may happen to stabilize the polymer during the various process steps, especially during
thermal treatment. Certain colorants can interfere with these reactions. Furthermore, pig-
ments and dyes often influence the final thermal and UV stability of the material blend.

This article has previously been published in the journal Physical Sciences Reviews. Please cite
as: G. Pfaff, Colorants in Plastic Applications Physical Sciences Reviews [Online] 2020, 5. DOI:
10.1515/psr-2020-0104
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Mechanical properties like the impact strength can be altered depending of the chemical
nature of the colorant used. The addition of titanium dioxide pigments, for example, can
severely affect the impact strength of many products. In cases where the base polymer
requires very high fabrication temperatures, the colorants also must be stable under
these conditions. Temperatures up to 315 °C are possible during some of the manufactur-
ing processes.

Most plastics e. g. polyolefins and polystyrenes and their derivatives such as
ABS (acrylonitrile butadiene styrene) and SAN (styrene acrylonitrile) are supplied
by the manufacturers in ready-to-use form. Most of the necessary additives are al-
ready incorporated in the polymer before it is sold. On the other hand, in the case
of other polymers, e.g. PVC, the end user has to add the additives and colorants.
Fluid and high-speed mixers are suitable devices for the incorporation of the addi-
tives. Gravity mixers or tumble mixers are also possible to use. The mixtures are
homogenized on mixing rolls, kneaders, planetary extruders, twin-screw kneaders,
or twin-screw extruders and further processed.

The processing methods are very much governed by the desired end product.
Injection molding, injection blow molding, extrusion blow molding, calendaring,
foaming, and coating as well as production of flat films, blown films, profiles, and
fibers by extrusion are typical processes used. Injection-molding machines or sin-
gle-screw extruders do normally not have the shear forces necessary for the disper-
sion of a colorant in the polymer melt. This step is done very often by specialized
producers of masterbatches. Specially equipped twin-screw extruders, kneaders, tri-
ple-roll mills, or bead mills in a suitable carrier material are used for this purpose.
The colorant concentration of masterbatches and other preparations depends on
the end product, the wall thickness and the desired concentration in use. In prepa-
rations, the colorant is present in a well-dispersed form with the appropriate choice
of polymer. Uniformly, homogeneously, and reproducibly colored plastics are
therefore possible to produce under normal processing conditions.

Pigment and dye preparations are offered in solid form as granules and powders
or as pastes. They normally contain between 5% and 50% colorant. Such preparations
are typically suitable for only a few plastics depending on the type of carrier material
used. General-purpose preparations are possible to produce, but are of minor impor-
tance compared to the preparations tailored to specific plastics.

Dispersion of the colorant particles in the polymer plays an extremely impor-
tant role. Good dispersion of the colorants in a preparation and subsequently good
distribution in the end product needs an increase of the flowability of the prepara-
tion above that of the plastic to be colored. This can be achieved by using carrier
materials with a low molecular weight (wax), a copolymer, or an increased plasti-
cizer content.

Color concentrates are of major importance for the coloration of plastics. These
concentrates are defined as color preparations that contain two or more colorants
and produce a defined shade when mixed with a specific amount of the uncolored
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polymer. Colorant mixtures that have been mixed previously in the correct ratio to
give desired shades are used for this purpose in some cases. High-speed mixers are
mostly used to produce such mixtures.

As already stated, pigments have the higher relevance for the coloration of plastics
compared with dyes. Therefore, the focus is placed in the following on the use of pig-
ments in plastics. Both inorganic and organic pigments are used in plastic materials.
Most inorganic pigments have larger particles than organic pigments. They cause sig-
nificantly less dispersion problems compared with organic pigments. Mixtures with or-
ganic pigments are possible without any negative influence on the overall properties.
Organic pigments have grown in popularity and application since the 1990s due to the
desired replacement of cadmium and lead containing inorganic pigments, which came
more and more under environmental scrutiny. Inorganic pigments are limited in many
cases to the coloring of opaque materials. Organic pigments, however, can be applied
in either opaque or transparent polymer systems.

Whether it is better to use organic or inorganic pigments in a particular colora-
tion case depends on technical and economic considerations and also on regulations
in individual countries. Organic pigments are preferred if a transparent coloration is
desired and high color intensity, especially for thin-walled articles such as films and
fibers, is needed. Organic pigments are also usually applied for multicolor printing
on films. If high opacity, high light and weathering fastness are required, inorganic
pigments are the colorants of choice. The advantages of inorganic and high-quality
organic pigments are often combined. The inorganic pigment with the lower color
strength is usually present in excess in such cases in order to achieve the desired
opacity, whereas the organic pigment used in smaller amounts produces primarily
the color intensity of the pigment mixture and the brilliance of the shade.

Dyes are generally used with transparent plastics. They are usually added at
low levels for tinting purposes. Since dyes are primarily used in transparent materi-
als, their formulation systems are typically very simple. As with pigments, dyes
must be selected to match the polymer and additives in connection with the proc-
essing temperature required.

Table 19.1 contains a comparison of the three different types of colorant playing
a role for coloring of plastics.

In doing the right choice of pigments and dyes for coloring of plastics, crucial
factors besides the polymer material itself and the dispersion behavior of the color-
ant are the processing method and the required fastness level.

Plastic raw materials are offered and processed in powder or granulated form.
Several processing methods have been introduced for the successful coloring with
pigments or pigment preparations. Plastics in powder form are often premixed with
pigment powders in fluid mixers. The pigments are dispersed by this method while
the plastic is being processed.

Typically, concentrates or masterbatches will be used instead of raw inorganic or
organic pigments or dyes during the compounding procedure. Advantages of a
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Table 19.1: Characteristics of different colorant types.

Colorant Loading level in Solubility in Coloring Special challenges
the polymer the polymer effects
system system
Inorganic High Insoluble Opaque Dispersion of the pigment
pigments particles in the polymer
Organic Medium Insoluble Opaque, Dispersion of the pigment
pigments transparent particles in the polymer,
thermal stability, cost
Dyes Low Soluble Transparent Compatibility with the
polymer system, thermal
stability

masterbatch can include improved color development, higher productivity, and faster
process cleanout. These concentrates are produced in most cases by specialized manu-
facturers. This approach allows the use of a simpler and more economical compound-
ing process.

Masterbatches are typically colored using granular pigment preparations or paste
preparations, e.g. pigment plasticizer pastes. Granular pigment preparations are ad-
vantageous for automatic metering by volumetric or gravimetric metering units and
metering pumps. Such granules are, however, of only limited suitability for coloring of
plastics in powder form. The polymer-pigment distribution in the final plastic is often
insufficient in such cases. In addition, there is a risk of separation particularly with
pneumatic conveying.

A disadvantage of the masterbatch approach is the difficulty to adjust specific col-
orants if color adjustments are required to meet quality standards. A possibility to over-
come this problem is the use of several individual single-pigment concentrates.

A manufacturer of a polymer compound can select from several methods when
blending pigments, dyes, polymers and additives to get a masterbatch. The decisive
factor here is that the final product meets the color needs of the end-use application
and/or the corporate color design requirements [5].

A first method of compounding is adding color via concentrates or a masterbatch
at the related processing step (molding or extrusion). A two-component approach is
used, whereby a natural polymer and a concentrated additive masterbatch is metered
and blended at the press. The two components must be blended carefully to achieve a
homogeneous mixture. Performing checks and adjustments are necessary to achieve
the desired final color quality.

A second method requires that a supplier blends the base polymer and the
color concentrate together before supplying the mixture to a fabricator for plastics.
It is important to prevent any segregation of the two components prior to molding
and extrusion steps.
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A third method is the use of a precolored product, where the needed colorants
and additives are precompounded into the base polymer through a melting process.
The so obtained compounds are sold as single-component products. The precolored
approach requires that the supplier provides a product that is already formulated and
color matched to meet the demands of the end user. This is achieved by using the col-
oring additives in a melt-mixing process to guarantee final appearance and consis-
tency. It is necessary that the fabricator has an acceptable and consistent processing
window to achieve the final coloristic quality.

Instrumental methods for measuring color quality of plastic parts are available,
which are accepted by plastic compounders and final users. On the basis of an ap-
proved light source, AE values are often declared in specifications as the color con-
trol target. Upper and lower limits are fixed on key values, such as red/green value
(A value), blue/yellow value (B value), or lightness value (L value). Unacceptable
color excursions can be avoided by this means. Injection or compression molded
chips of suitable thickness are preferably used as samples for testing. Such color
chips may be given to customers to confirm or document color as well as instrument
values. Blown films can be used to check acceptable dispersion levels. The frequency
of sampling depends on the quality systems and statistical methods used by the com-
pounder. Certificates of analysis are often required by the final users in order to prove
that agreed specifications are met. However, the best method to assure the quality of a
plastic compound is the combination of visual evaluation by a trained human eye with
sophisticated instrumental techniques.

Solvent fastness of the pigments in the plastic, particularly under the processing
conditions, is of high importance. Migration problems such as blooming and bleeding
are based on the complete or partial “dissolving” of the pigment in the polymer at its
processing temperature. Recrystallization is also attributable to pigments, which have
a certain “solubility” in the plastic. As a result, a change in transparency or opacity in
transparent colorations and in the depth of shade in white reductions is observed.

As mentioned above, the use of pigments in a number of plastics is restricted
by high processing temperatures. The residence time (duration of thermal stress) is
an important parameter here. Important factors are the pigment concentration as a
function of the heat resistance and the ratio of colored pigments to white pigments.
The limit concentration, i. e. the ratio of lowest possible amount of a colored pig-
ment to titanium dioxide, has to be determined in a test for the thermal stability.

The light fastness of a pigment depends strongly on the polymer used. It can be
low for a certain plastic after exposure to light. In other polymers, however, the pig-
ments are almost not affected by light and the fastness is high. The light fastness
can always be stated only for the entire pigmented system. Standards exist for de-
termining the light fastness of colored pigmented plastics in daylight and in xenon
arc light, i. e. in accelerated exposure equipment, and for determining the weather-
ing fastness. Due to their strong inherent scattering, lead-containing stabilizers or
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antimony trioxide (used as flame retardant in PVC) can influence the light fastness
of the plastic system as strongly as titanium dioxide in white reductions.

Inorganic pigments and other colorants applied in plastic articles used for pack-
aging food or cosmetics must be not only migration-fast and extraction-resistant but
also physiologically safe. Higher fastness requirements can only be met in many cases
by more expensive pigments. A compromise between the fastness requirements and
the price of a specific pigment often needs to be found.

In pigment preparations, the pigment is present in dispersed form, which with
appropriate choice of carrier material enables the plastic to be colored uniformly, ho-
mogeneously and reproducibly under normal processing conditions. Dispersibility of
the pigments for the plastics industry is tested by the filter test according to EN
13,900-5 [6]. In this test, a specific amount of pigment in prepared form is forced
through a fine screen pack by an extruder and the pressure rise upstream of the
screen pack is measured. The calculation is done by the formula

(final pressure P,[bar| — initial pressure P;[bar])
(weight of pigment|g])

Pinal =

P; in this formula is the melt pressure of the polymer without pigment, P, is the melt
pressure after the pigment is added. The tolerance in this test is 2 bar/g pigment.

Recrystallization of the polymer can be attributed to the pigment used with its
specific solubility in the plastic. It can be seen primarily in a change of transpar-
ency or opacity in transparent colorations and in the depth of shade in white reduc-
tions. Lack of recrystallization stability is a problem, e. g. for the manufacture and
processing of pigment-plasticizer pastes and in various polymers at elevated proc-
essing temperatures.

Some organic pigments can cause warping of certain thick-walled, large-area,
non-axially symmetrical injection-molded parts such as bottle crates, where they
act as nucleating agents for partially crystalline polymers. The light fastness re-
quirements of plastic colorations are met by many organic pigments, but are simi-
larly dependent on the ratio of colored pigment to titanium dioxide. The stability of
the plastic used should also be taken into consideration here.

The compatibility of the pigments with the polymer system being colored must
be considered in all application cases. Furthermore, the influence of the pigments
on the physical and mechanical properties of the plastics used must be eliminated.

There are only a few colorants that meet all requirements mentioned here, as
well as any additional ones imposed, and which are also particularly cost-effective.
In general, higher fastness requirements can be met only by more expensive pig-
ments. In the plastics sector inorganic pigments are included prominently in these
considerations. Whether it is better to use organic or inorganic pigments in a partic-
ular case depends on technical and economic considerations and regulations in the
individual countries.
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19.2 Coloring of polyolefins

Polyolefins are quantitatively the largest group of plastics and their importance for
coloration with pigments and dyes is accordingly high.

Polyethylene (PE) was firstly discovered accidentally in 1898 by the German
chemist H. Pechmann [7]. The industrial history of polyethylene started in the early
1930s in Great Britain. Two researchers, E. W. Fawcett and R. O. Gibson, began in the
laboratories of I.C.I. in Winnington to investigate the phenomena occurring in the
field of high pressures including effects of high pressure on chemical reactions. Fifty
reactions were investigated without any success, but one failure resulted, through a
series of coincidences, in the discovery of polyethylene. The decisive experiment was
carried out with ethylene and benzaldehyde under conditions that were not fully con-
trolled. A white waxy coating on the inside of the autoclave was found at the end of
the experiment — polyethylene. It took until 1939 that PE was manufactured industri-
ally on a small pilot plant [8].

Polyethylene and polypropylene (PP) are the main representatives of the polyole-
fins. Other polyolefins with an industrial importance are polymethylpenten (PMP),
polyisobutylene (PIB), and polybutylene (PB). Polyolefins belong to the semi-crystal-
line thermoplastics. They are characterized by easy workability, good chemical resis-
tance, and electrically insulating properties. PE and PP may be divided depending on
the starting materials (monomers) and the density (processing temperature) in the
following types:

LDPE = Low Density Polyethylene

LLDPE = Linear Low Density Polyethylene
HDPE = High Density Polyethylene

PP = Polypropylene

The respective processing temperatures, which determine the criteria for pigment
selection, are as follows:

LDPE = 160-220 °C

LLDPE = 220-240 °C

HDPE =190-300 °C

PP =200-300°C

The flow properties of a polymer at a certain temperature are defined by the density
and the molecular weight of the material. They are characterized by the melt flow
index. Polyolefins scatter very little light when they are partially crystalline. They
therefore tend to appear lighter on coloration, depending on the processing temper-
ature. Another lightening effect is observed in stretched and foamed polyolefins.
Injection molding and extrusion are the typical techniques used for the processing
of polyolefins.
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Polyethylene and polypropylene have the highest technical importance among
the copolymers. They are elastomers and are produced in a number of varieties.
HDPE and PP are manufactured as powders, while LDPE is generated from the melt
preferably in the form of lenticular granules. All types, however, are supplied primar-
ily as granules. Any thermoplastic transformation of a polymer powder or granulate
is performed in the presence of additives.

Polyolefins have a low glass transition temperature. Pigments, which are partially
soluble in polyolefins tend therefore to migration. Like in other media, this tendency is
dependent on pigment concentration and temperature. The type of the polyolefin, es-
pecially its density and molecular weight, has a significant influence on the migration
behavior of a pigment. Pigment migration occurs in LDPE to a much larger extent than
in other plastics like HDPE or PP [9]. HDPE and PP may therefore be colored problem-
free by organic pigments, which migrate in LDPE. The trend among pigments to mi-
grate in LDPE, which includes both bleeding and blooming, increases with increasing
melt flow index and decreasing molecular weight of the polymer, respectively.
Additives such as lubricants or antistatic agents may also play a role.

Some organic pigments cause distortion in certain types of polyolefins, espe-
cially in HDPE. Such pigments can act as nucleating agents in the semi-crystalline
HDPE. They initiate crystallization, which creates stress within the polymeric prod-
uct. These pigments may also enhance the shrinkage of polyolefins, particularly in
the direction of the flow.

Thermal stability of a polyolefin can be influenced by the added colorants, addi-
tives, and impurities. Heavy metal ions for example, especially copper, manganese,
and iron adversely affect the thermal stability of polyolefins, while sulfide-containing
inorganic pigments have a distinctly improving effect. The response of a system to
additives or impurities is tested by measuring the loss of tensile strength after expos-
ing the polymer to heat. The polyolefins are stored for that purpose at temperatures
close to the melting point of the crystallites. Pigmented and pigment-free samples are
tested under these conditions and compared for brittleness.

Light fastness of pigments in a polyolefin or in other plastics is measured using
the entire pigmented polymer system with all its additives. Blending of plastics, es-
pecially of PP and HDPE, with HALS stabilizers has increased the importance of
such measurements in regard of the protection of plastic materials against light and
weather influences. Attention to the combination of pigments and stabilizers in pol-
ymers is necessary as well, because the effectivity of these agents is inferior in the
presence of certain pigments.

The dispersion behavior of a pigment in a polyolefin is of great importance.
This is particularly true for the coloration of extrusion films and of HDPE or PP rib-
bons made from stretched blow films or sheeted extrusion films.

High processing temperatures associated with a high degree of softening are the
reason why only limited shearing forces are necessary for the dispersion of pigments
in polyolefins. Pigment preparations, usually in combination with polyolefins as a
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carrier, are often used for coloring polyolefin plastics. Poor dispersion causes filler
specks, holes in films and other problems, which can be avoided by using pigment
preparations.

Pigment powders are still in use for special applications, e. g. in thick-walled ar-
ticles, such as extruded sheets, hollow objects, or in injection-molded products, but
color concentrates gain more and more importance also in these areas.

Paste preparations consisting of pigments and polyolefins are also used. They
contain 20-70% pigment. Three-roll mills, agitated ball mills, or dissolvers are used
by the manufacturers of such preparations. The preparations are employed primar-
ily to produce bottles, injection-molded articles, or extrusion sheets.

19.3 Coloring of polyvinyl chloride

Vinyl chloride was discovered by H. V. Regnault in 1838 and its polymerization to poly-
vinyl chloride (PVC) succeeded for the first time in 1912 by F. Klatte. Industrial-scale
production of PVC started in 1927 [10, 11]. PVC belongs to the most versatile plastics.
Several methods for the manufacture of PVC are available. PVC can be thermoformed
on all conventional processing machines if a slight thermal damage is taken into ac-
count. Processing is easy and the material can be bonded, bent, welded, printed, and
thermoformed. A distinction is made between bulk, suspension and emulsion PVC on
the basis of different polymerization methods.

Three methods are mainly used for the manufacture of polyvinyl chloride. The
suspension polymerization is used for high-volume standard grades. High-quality
products such as graft polymers and copolymers, pastes and paste extender resins
are produced by this method. The emulsion polymerization is used primarily to man-
ufacture special paste-making grades. The mass or bulk polymerization is a solvent-
free two-stage process. The PVC produced using this polymerization technique can-
not be processed unless it is compounded. Mass or bulk polymerization is becoming
increasingly less important and no new capacities for this method are being created.

The dispersion behavior of pigments in PVC, as in other plastics, is a property
that determines its use. Processing parameters are changing for economic reasons
and are less and less suitable for achieving a good degree of pigment dispersion.
This concerns in particular the processing temperature, which is increasing up to
200 °C and above.

Exact and reproducible coloration of PVC in the laboratory and in the plant is
anything but simple. It can be achieved only if specified working conditions are
kept and special equipment is used.

Pigment-plasticizer pastes are used in many cases for coloring of PVC. Because
of the mixing or embrittlement gap in the PVC-plasticizer system, such pastes have
little or no suitability for un-plasticized PVC compounds.
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Organic pigments can be dispersed readily in plasticizers, for example with the
aid of triple-roll mills. The throughput here is low because of the lack of smooth-
ness of such pastes. This is the reason why attrition mills with a higher efficiency
are used more and more.

The pigment content in plasticizer pastes is typically between 20% and 40%. The
addition of special dispersing agents to some of the pigments in the manufacture of
such pastes has brought benefits. Such additives promote accelerated wetting of the
pigment and enable the pigment content of the pastes to be raised and the dispersing
process to be shortened. Since some pigments differ considerably in their dispersion
properties from others, when using pigment-plasticizer pastes, it is highly advisable
not to disperse together mixtures of pigments necessary for adjusting the shade. Pastes
containing only one pigment should be mixed homogeneously to adjust the shade.

Diluents, mainly volatile aliphatic or aromatic hydrocarbons are often added to
PVC pastes to lower the viscosity. They do not have a gelling effect and are evaporated
before the gelation starts. Pigments applied together with such diluents are required
to have adequate resistance to the solvents used at the processing temperatures.

PVC spread-coating pastes are normally manufactured in high-speed planetary
mixers that can be evacuated. The best procedure consists in adding the plasticizer
first, stirring in the pigments or pigment pastes and adding finally the solid components
in portions. For the pigmentation of plasticized PVC compounds, on the other hand, it
is necessary to mix the pigments with the PVC before adding the plasticizer. Pigment-
plasticizer pastes can however be added to the PVC at the same time as the plasticizer.

Pigments for articles that are permanently used outdoors, such as garden furni-
ture, facade claddings or roller shutter profiles, need to have high weathering fast-
ness. There is no problem for inorganic pigments regarding this requirement, but
only a few organic pigments have sufficient fastness to long-term weathering. The
way to stabilize the PVC plays an important role in this context.

Coloring the wide variety of PVC grades requires the compatibility of the pig-
ments with the polymer and all its additives. Chemical reactions with inorganic or
organic pigments may not occur. Exceptions are some lake pigments, which might
decompose in the emulsifier-containing emulsion and release the organic dye as a
result of hydrolysis. Such a process is often accompanied by changes in shade and
fastness properties.

Another prerequisite is that the pigments used have little or no effect on the
physical and mechanical properties of the polymer. A change in rheological proper-
ties of PVC plastisol or of PVC melts during processing must be kept in mind.

The influence of organic pigments on the electrical resistance of PVC cable in-
sulations is another aspect that needs to be considered. Such an influence is caused
not by the pigment itself but by ethoxylated surfactants, which are added as auxilia-
ries in the manufacture of these pigments, especially of azo pigments. Some pigment
manufacturers offer special product ranges with verified dielectric properties to avoid
possible problems.
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Pigment preparations are frequently used in the PVC cable industry for colora-
tion. The pigment content is often selected in such a way that one part by weight of
the preparation is used to color 100 parts by weight of the polymer compound. The
shades and color codes for cables and insulated lines are specified in standards in
various European countries.

19.4 Coloring of polyurethane

Polyurethane (PUR) belongs to the most versatile plastics. Reasons are the wide var-
iation of the starting materials and the possibility to use practically all processing
methods known in the plastics sector.

PUR was firstly discovered by the German chemist O. Bayer in 1937 by polyaddition
of isocyanates and alcohol [12]. A third basic principle for structuring of macromole-
cules was found therewith after the already known polymerization and polycondensa-
tion. It took nearly 10 years before the discovery of PUR could be used for practical
purposes. One of the first applications was PUR foam followed by hard (insulating ma-
terials) and semi-hard variations of PUR.

Virtually the same pigments as for plasticized PVC are recommended for color-
ing of thermoplastic PUR. Pigment migration processes are comparable in both
cases. This kind of knowledge is particularly important for coloring of PUR leather-
cloth, for which a high pigment concentration is normally used.

Pigment preparations are also marketed for coloring of thermoplastic PUR. Their
carrier materials range from vinyl chloride or vinyl acetate copolymers to low-molec-
ular polyethylene and to PUR itself.

PUR foams, especially for integral foamed parts for vehicles and the furniture in-
dustry, are also important for coloring with pigments. The required heat resistance of
the pigments for this sector is in some cases very high. For PUR foaming by the high-
pressure method, in which isocyanate and polyol are sprayed through narrow nozzles
under high pressure, it is necessary for the pigments used to be fully dispersed in
order to prevent production problems due to blocked nozzles. Normally pigment
preparations are used here, too. Their carrier material is in most cases either involved
in the reaction of the isocyanate in PUR formation or it takes part in foam formation.

19.5 Coloring of polyamide, polycarbonate, polyester,
and polyoxymethylene

Other plastics with an important market size are polyamide (PA), polycarbonate
(PC), polyethylene terephthalate (PET), and polyoxymethylene (POM). The pigmen-
tation of these polymers takes place similar to that described above. In the case of PA,
high-temperature-resistant pigments are required for injection molding and extrusion.
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A further limitation concerning the choice of pigments for PA is the weakly alkaline
and reducing character of the polymer melt. If organic pigments are to be used, prelim-
inary testing of the pigments in the polyamide grade should be performed. The use of
inorganic pigments in this group of plastics is comparably unproblematic.

The range of organic pigments suitable for coloring of PA, PC, PETP, and POM
varies according to the requirements. From a comprehensive point of view, however, it
is necessary to find a compromise between price and performance of the pigment to be
used.

19.6 Coloring of polystyrene, styrene-copolymers,
and polymethyl methacrylate

Polystyrene (PS), a highly rigid and surface-hardened thermoplastic, is a transparent
and almost colorless polymer. PS has a typical slight yellow tinge, which is easy to
compensate by adding transparent blue colorants. Polystyrene becomes soft in the tem-
perature range between 80 °C and 100 °C. It is processed between 170 °C and 280 °C, up
to a maximum of 300 °C, without color change. PS is processed by the methods which
are typically recommended for thermoplastics. The list of products consisting of col-
ored polystyrene includes extrusion made sheets, profiles, and films. Foaming plays a
role for some of the applications.

The mechanical properties of PS may be improved significantly by copolymeriz-
ing the monomer with one or more out of a variety of rubber-like materials (graft
polymers). Impact resistant PS contains mostly between 5% and 25% natural rub-
ber, which is not dissolved but dispersed in PS. Natural rubber and other dispersed
additives scatter much of the incident light due to a difference in the refractive indi-
ces between the polystyrene and the added material. As a result, opaque products
may be obtained. The degree of opacity in the individual cases depends on the
amount of rubber added. Impact resistant PS types are processed in the range from
170°C to 260 °C. Copolymers with acrylonitrile and butadiene have a high impact
strength and excellent fastness to aging.

Polymethyl methacrylate (PMMA) is a plastic material, which is extremely stable
to aging and to weathering. It is transparent and has a comparatively high hardness.

The transparency respectively the opacity of a polymer, e. g. polystyrene and sty-
rene/acrylonitrile copolymer as transparent materials or ABS as an opaque material,
has significant influence on its coloration. In discussing the coloration of polymers
whose glass transition temperature is far above room temperature, special rules have
to be considered. It is rarely possible for dissolved molecules to migrate in such a
case, thus these polymers may be colored mostly with pigments. Nevertheless, also a
few soluble dyes can be used for coloring of these polymers. Some of the dyes are
even acceptably lightfast and afford brilliant shades, especially in combination with
opaque inorganic or organic pigments.
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The requirements regarding heat stability are stringent for colorants which are
used to color these plastic materials. Not all organic pigments tolerate the high end
of the processing temperature range between 280 °C and 300 °C. Some types, how-
ever, withstand moderate temperatures between 220 °C and 260 °C. This also ap-
plies to a limited number of dyes.

Depending on the temperature, some organic pigments dissolve more or less in
these types of plastics. The color almost invariably changes as the pigment dis-
solves, frequently accompanied by a change in the fastness properties, especially in
the response of the system to light.

Completely dissolved pigments should be considered as dyes and be tested as
such. This concerns features such as the extraction properties in the finished arti-
cle. In PS, SAN, and other transparent plastics with a high glass transition tempera-
ture, they afford transparent, glass clear colorations.

Pigments dissolving reasonably well at low concentration and at the temperature
at which their medium is processed, are frequently employed to advantage at higher
concentrations. This phenomenon can be explained by considering the influence of
the dissolved versus the undissolved portion of pigment. The coloristic properties of
the polymer will be enhanced if the undissolved pigment particles dominate over the
dissolved portion in determining the coloristics of the system, often resulting in high
brilliance. According to the laws of physical chemistry, organic pigments (and dyes)
dissolve at a rate which is largely dependent not only on the pigment particle size
but also on the available time. PS and its copolymers are normally processed as pel-
lets, which may be colored by colorants in form of powders, granulates, or pastes.

Pigments and pigment blends in powder form are incorporated in their medium
by means of slow mixers. Organic pigments are often insufficiently wetted by mol-
ten PS or its copolymers and accordingly difficult to disperse. It is possible, how-
ever, to facilitate dispersion by initially applying an adhesion agent, i. e. a wetting
agent, in concentrations up to 0.3% relative to the granulated plastic. PS, being a
brittle and hard material, may cause metal abrasion after a certain mixing time,
which gives a dull effect to otherwise clean, brilliant shades. Fluorescent colorants
may even lose their fluorescence.

The advantage of using pigment preparations in paste form, which afford easy
color matching by blending the corresponding pastes, is affected by the fact that a
higher content of liquid component may have an influence on the mechanical proper-
ties of the plastic and can lead to stress corrosion cracking. In addition, it should be
noted that the applicability of pastes is restricted by physiological reasons.

Polystyrene shows a certain yellowing behavior in exterior exposure due to UV
radiation. In order to shield this plastic from degradation under the influence of UV
light, it is also supplied in form of blends with UV absorbers. This extends the life-
time of the final products noticeable. Grades containing UV absorbers are slightly
yellowish, a disadvantage, which may be corrected by the addition of transparent
blue colorants such as soluble dyes or ultramarine blue.
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19.7 Coloring of elastomers

Elastomers are characterized by their rubber-elastic behavior. The softening temper-
ature of elastomers lies below room temperature. Elastomers in the unvulcanized
state, i. e. without cross linking of the molecular chains, are plastic and thermo-
formable. In the vulcanized state, they deform elastically within a certain tempera-
ture range. Vulcanization transforms natural rubber into the elastic state. A large
number of synthetic rubber types and elastomers are known and offered on the
market. They have a number of improved properties compared to crude rubber.
Some of them have substantially improved elasticity, heat resistance, low-tempera-
ture stability, weathering and oxidation resistance, wear resistance, resistance to
different chemicals, oils, etc.

Pigments for coloring rubber compounds must fulfill a number of requirements.
In particular, they must not contain rubber poisons. Even small amounts of copper
and manganese may impair vulcanization of the rubber significantly and cause ac-
celerated aging of the vulcanized rubber. Pigments for coloring rubber may there-
fore not have a content of more than 0.01% of these two heavy metals. In the case
of copper phthalocyanine blue pigments, somewhat higher quantities of non-com-
plexed metal are accepted but not more than 0.015%.

Pigments used in elastomers are also required to have a specific heat resistance.
This property is investigated on five colored test samples with different pigment con-
centrations in the range from 0.01% to 1% together with 10 times the amount of
chalk. The colored samples placed side by side are vulcanized hot for 15 minutes at
140 °C and evaluated coloristically against untreated comparative probes.

For many application cases, the pigments used are also required to be migra-
tion-resistant. The suitability test is done as before with 5 different pigment concen-
trations. To test the fastness to bleeding, the unvulcanized colored samples are
brought into defined contact with a white milled sheet of specific composition and
vulcanized wet for 20 min in open steam at 140 °C. Half of the samples is often cov-
ered with a wet cotton cloth during this process to determine whether the cloth, the
rubber or both are stained by bleeding.

Blooming of colored samples is tested by rubbing the colorations of different con-
centrations with a white cloth immediately after they are produced, after 6 months’
storage at room temperature and, if necessary, also in an accelerated test after 24 h
storage at 70 °C.

Weathering fastness of pigments for natural rubber is of virtually no signifi-
cance because the material itself has poor weathering fastness. On the other
hand, some high-quality synthetic elastomers with high weathering fastness re-
quire a correspondingly stable pigment.

Rubber compounds are colored with pigments in powdered form or with granu-
lated pigment preparations, referred to as masterbatch in the rubber industry.
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19.8 Coloring of thermosets (thermosetting plastics)

Thermosets are formed by cross linking, respectively, curing of reactive linear and
branched macromolecules. They can be manufactured by polycondensation, poly-
merization or polyaddition. Thermosets can therefore be processed once only with
the application of heat and pressure to form semi-finished products or finished ar-
ticles and cannot be recovered. This means that their processing is irreversible.
Combinations of formaldehyde with phenol, resorcinol, etc. (phenolics), urea, ani-
line, melamine and similar combinations (aminoplastics) belong to the most famil-
iar thermosets.

Phenolics have a dark intrinsic color. They are processed predominantly with a
high filler content (up to 80%) leading to limits for their coloration.

Thermosets are processed by compression molding, transfer molding and injec-
tion molding or by extrusion, depending on their structure. The pressing tempera-
tures are between 150 °C and 190 °C. The pigments used have to be stable under
these conditions. Dyes are also used for the coloration of thermosets.

The colorants are incorporated into the resins before cross linking to ensure ho-
mogeneous coloration. This process step can be done in the molten resin, for exam-
ple in a kneader at about 90 °C, or in dissolved or liquid resins by the liquid resin
method. Ball mills are typically used for coloring pre-wetted powder molding com-
pounds that have not yet been cured.

Casting resins based on epoxy resins, methacrylate or unsaturated polyester
are also thermosets. Epoxy resins are cured with amines or phthalic anhydride.
Curing is not influenced by organic pigments. Moisture, on the other hand, delays
curing. The pigments used must therefore be largely dry.

Unsaturated polyester and methacrylate casting resins are normally cured
with organic peroxides. The polyester casting resins are dissolved in monostyrene.
Temperatures up to 200 °C are reached in their polymerization. Thick-walled ar-
ticles in particular are often exposed to heat for a long period of time. The heat
resistance of organic pigments used has to correspond to these conditions.

Methacrylate resins are produced from monomeric methacrylic acid methyl ester.
A significantly lower temperature is employed during their polymerization. Heat re-
sistance is therefore only of minor importance for the pigments in this medium.

High light and weathering fastness are frequently required, e. g. for car bodies.
These fastness properties can be severely impaired by the type and amount of the per-
oxide catalysts. Therefore peroxide-resistant pigments have to be used in such cases.
At the same time, they must not affect the curing process, i. e. they must neither accel-
erate nor delay it. Organic pigments can behave completely different under the neces-
sary process conditions. Their behavior depends on the method of curing and type and
amount of peroxide used. Disazo yellow pigments for example, such as Pigment
Yellow 17 and 83, have no effect at all, whereas copper phthalocyanine green delays
curing severely and copper phthalocyanine blue prevents it altogether.



302 — 19 Colorants in plastic applications

19.9 Spin dyeing

Spin dyeing of chemical fibers is a technique that may be classified somewhere be-
tween the areas of textiles and plastics. In contrast to textile coloration, the material
which has to be extruded is colored before the fiber is produced. The requirements
to be met for pigments in this process are therefore comparable to those known for
the coloration of plastics. Heat stability is the foremost concern in connection with
pigment selection for spin dyeing. A prerequisite for pigments processed with this
technique is a high insolubility in the solvents used.

The requirements with respect to pigment dispersibility are high. Special care
should be taken to ensure that the size of remaining pigment agglomerates does
not exceed 2-3 pm. Particles, which are larger affect adversely the tensile strength
of the fiber and frequently cause failure through breakage, especially as the fiber is
stretched. In practice, pigment powders rarely afford such a high degree of disper-
sion. There is accordingly no guarantee for the quality of such a dispersion. It is
therefore often inevitable to replace pigments by pigment preparations in spin dye-
ing processes.

Three different methods are available for spin dyeing of polymers:

Melt spinning: This technique is used for thermoplastic materials, such as poly-
ester, polyamide, or polypropylene. The polymer is melted in the extruder and then
pressed through a spinneret. It solidifies by cooling as it falls vertically through a
shaft to the bottom of the extruder. Pigments used must have an excellent heat sta-
bility. The spinning temperatures are in relation to the melting points of the poly-
mers (Table 19.2). As a rule, pigment preparations for this application are based on
a carrier material, which is identical or similar to the polymer which is to be ex-
truded. Figure 19.1 shows the principle of the melt spinning technique.

Wet spinning: This technique is characterized by spinning a filtered viscous
polymer mass, dissolved in a suitable solvent, into a precipitation or coagulation
bath. Polyacrylonitrile, polyvinyl acetate, cellulose acetate, and other polymers are
processed by this method. Thermal requirements for pigments used are less strin-
gent than for melt spinning. A precondition for the pigments is that they are fast to
the solvents and chemicals used.

Dry spinning: The polymer, dissolved in a suitable solvent and filtered, is pressed
through spinnerets and, in an oxygen-free atmosphere, pulled by vacuum through a
heated shaft, where polymer solidifies as the solvent evaporates. The requirements of
this process regarding the heat stability of pigments are much less stringent than in
melt spinning. Similar to wet spinning, pigments must be fast to the solvents and
chemicals used. Examples for polymers processed by this method are polyacryloni-
trile, triacetate, and polycarbonate.

Special coloration techniques have been introduced for a number of thermoplas-
tics such as polyester. Instead of using pigments, dyes are employed, which dissolve
in the polymer melt. The dyes used are sufficiently heat stable and sublimation-fast
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Table 19.2: Melting points and spinning temperatures of different polymers.

Melting point (°C) Spinning temperature (°C)

Polyester 255 285
PA 6 (6-polyamide) 220 250-280
PA 66 (nylon) 245 275
Polypropylene 175 240-300

Spun polymer + colorant

Spinning pump

Spinning nozzle

Spinning duct

Winding

Spin oil godet — @®

Draw godet > :
Stretching

Figure 19.1: Scheme of the melt spinning process.

to tolerate the processing conditions. These techniques have certain advantages over
traditional methods based on organic pigments. They avoid, for example, fiber failure
through breakage during stretching, plugging or the filter, and other faults.

19.9.1 Polyacrylonitrile

Polyacrylonitrile (PAC) decomposes already at 220 °C, which is below its melting
point (about 290 °C). PAC can therefore not be processed by melt extrusion. Dry and
wet spinning techniques are used for this polymer. The list of appropriate solvents
includes dimethyl acetamide, dimethyl formamide, dimethyl sulfoxide, and aqueous
solutions of inorganic salts. Methods of primary importance for spin dyeing are those
based on solutions of inorganic salts. Pigments used in special applications such as
window blinds, awnings, and tents, should be dispersable in the appropriate solvents
and meet the respective demands regarding light fastness and weathering fastness.
Less lightfast pigments are acceptable for the use in clothing, decorative, and home
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textiles. Examples for such applications are upholstery, curtains, and carpeting.
Polyacrylonitrile is commonly used for these purposes because it is by far the
most weatherfast of all synthetic and natural fibers. Pigment preparations are
also supplied for the coloration of PAC.

19.9.2 Polyethylene terephthalate

The thermal requirements for pigments, which are targeted for the melt extrusion of
polyethylene terephthalate (PETP) are particularly severe. The individual conditions at
the various stages of polymer coloration have to be considered. Pigments, which are
added during the so-called condensation process in a glycol dispersion prior to trans-
esterification or condensation in the autoclave, are exposed to temperatures between
240°C and 290 °C for 5-6 h. These harsh conditions are only tolerated by inorganic pig-
ments and very few organic pigments with a polycyclic structure. Representatives of
these organic pigments are quinacridone, copper phthalocyanine, naphthalene tetra-
carboxylic acid, and perylene tetracarboxylic acids.

The choice of pigments which are to be added to a ready-made polyester is much
less restricted. At this stage, a pigment will only be exposed to heat for about 20-30
min in the mentioned temperature range. This is possible by mixing the granulated
polyester with a pigment preparation, or by transferring the molten pigment concen-
trate to the melting zone of the spin extruder, for instance via a side-screw extruder.
The carrier material of the pigment preparation is equally subject to compatibility re-
strictions. The use of dyes for the coloration of polyesters by melt extrusion is possible
as well. Dyes used have to be melt-soluble, sufficiently heat resistant, and sublimation
proof during spinning.

19.9.3 Polyamide

Pigments, which are targeted for polyamide spin dyeing need an extreme heat sta-
bility and must also be chemically fast to the highly reducing medium of the poly-
mer melt. Spinning temperatures are between 250 °C and 290 °C, depending on the
type of polyamide. As in the case of polyester extrusion, only very few polycyclic
pigments are suitable for this application. Pigment preparations are also available
for the spin dying of polyamide.

19.9.4 Viscose

Viscose, the alkaline solution of sodium cellulose xanthate, is produced by treating cel-
lulose with sodium hydroxide solution and carbon disulfide. Viscose is colored in the
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form of cellulose xanthate prior to extrusion. Aqueous pigment preparations in paste
form are used. The pigments are expected to fulfill the typical fastness requirements. In
addition, they should be fast to strong acids, alkali, and reducing agents. Pigments,
which affect the so-called maturation of the viscose or the coagulation and regenera-
tion in the spin bath or in one of the after-treatment baths cannot be used.

19.10 Other manufacturing methods for colored plastic objects
19.10.1 Injection molding

Injection molding is a prototype technique for polymer processing [13, 14]. The re-
spective material is liquefied with an injection molding machine. The thus created
melting is injected under pressure in a form called injection tool. The material
passes in the tool from the liquid back to the solid state by cooling or cross-linking.
After opening the tool, the finished part can be removed. The cavity of the tool de-
termines the form and the surface structure of the finished part. Today, parts in the
weight range from a few tenths of grams to a scale of 150 kg are possible to produce.
Injection molding allows the cost-effective production of large numbers of directly
usable polymer parts. An advantage besides the economic production is that it re-
quires almost no finishing. It is used typically for mass production and achieves
highest cost efficiency on long-time production.

During the injection-molding process, the colored or not colored thermoplastic
polymer in form of a granulate trickles into the aisles of a rotating screw. The granular
parts are transported towards the screw tip and melts through the heat of the cylinder
and the frictional heat from cutting and shearing of the material. The melted polymer
collects at the screw tip. In the following injection phase, the melt is pressed under
pressures of 500 to 2000 bar through an open nozzle into the forming cavity. The tool
is with 20-120 °C cooler than the plastic mass (200-300 °C). The polymer melt is there-
fore cooled down in the tool and solidifies if freezing point is reached. At the end of the
cooling time the mold opens and the final article will be removed. Figure 19.2 shows
schematically the process of injection molding.

19.10.2 Extrusion blow molding

Blow molding is a method for the manufacture of hollow articles from thermoplastic
polymers. It is a special variant of the injection molding process [15]. The plastic
melt prepared in an extruder is discharged in this case through a die gap. A two-
part mold in the open position closes to the pipe form, cutting the top and bottom
ends. At the same time compressed air is blown through the bottle neck and ex-
pands the soft material against the cooled walls of the mold. When the cooling time
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Figure 19.2: Scheme of the injection molding process.

is over the mold opens and the bottle or container is removed. Figure 19.3 illustrates
the process of extrusion blow molding in a schematic way.

Figure 19.3: Scheme of the extrusion blow molding process.
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19.10.3 Calendaring

The calendaring process is mainly used for the production of PVC, PP, and rubber
films [16]. The investment costs for this polymer technology are relatively high. It is
used therefore only if the produced volumes are high. Shaping of the polymer takes
place through a series of rolls. Calendars with four or five heated rolls, feeded by a
kneader, a twin-screw extruder and/or mixing rolls are used to manufacture the films.
Lamination of substrates is likewise possible. Typical examples here are plastic films,
linoleum, textiles, or paper.

19.10.4 Extrusion

Extrusion is a continuous or semi-continuous process used to produce objects of a
fixed cross-sectional profile. The extrusion technology can basically be applied for met-
als, ceramics, and plastics. In all these cases, the starting material in form of solid to
viscous masses is pushed under pressure continuously through a die of the desired
cross-section. Objects are created having the profile of the die. Different variants of the
extrusion process are used: hot extrusion, cold extrusion, warm extrusion, friction
extrusion, and micro-extrusion. The production of thermoplastic objects through ex-
trusion is technically of high importance [17].

Extrusion is used for the production of many different plastic articles, e. g. window
frame profiles, other profiles, pipes, films, tapes, wires, cables, or laminates. The rota-
tion screw takes polymer in powdered or pelletized form out of a hopper, melts the
material on the way through the heated barrel, homogenizes it and finally presses it
through the die. There are many different extruders like single-screw, twin-screw, or
planetary extruders on the market. Figure 19.4 shows schematically the process of plas-
tics extrusion.

19.10.5 Blowing of films

Blowing of films, also referred to as blown film extrusion, is a technology used for
the manufacture of plastic films for the packaging industry. The process consists of
extruding a tube of molten polymer through a die and inflating the material to sev-
eral times of its initial diameter to form a thin film bubble. The bubble collapses in
the following to form a lay-flat film or a bag [18].

Films made from polyethylene are normally produced by the blown film extrusion
process. The usual variations of this process differ in the extrusion direction of the blown
tube (upwards, downwards, or horizontal) and in the way the formed bubble is col-
lapsed. A blown film plant consists of an extruder with cross or straight head, cooling
ring, bubble guides, pinch and collapsing rolls, spreader rolls and finally a wind-up unit.
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Figure 19.4: Design of an extruder plasticating unit.

Figure 19.5: Scheme of the injection stretch blow-molding process.
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19.10.6 Injection stretch blow molding

Injection stretch blow molding is a special variation of the blow molding process
mainly used for the production of plastic bottles. In a first step, preforms are pro-
duced with an injection molding machine (Figure 19.5). In a second step, these pre-
forms are blow molded to cavities (bottles). The preforms are stretched vertically by
a mechanical stamp during this step. At the same time, the preforms are blown hor-
izontally to the full volume. The process is highly suitable for low volumes and
short runs. There is only limited restriction on bottle design. Cylindrical, rectangu-
lar, or oval bottles are possible to produce [19].
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Thomas Rathschlag
20 Colorants in printing applications

Abstract: This review article is a summary of the current knowledge in the field of
colorants in printing applications. Printing inks belong as well as paints, coatings,
plastics, and cosmetic formulations to the most important application systems for
colorants, both for pigments and dyes. Colorants have to meet increasing demands
in printing applications due to the considerable number of printing methods and
consequently of a large number of specific printing formulations. Crucial factors be-
sides the specific properties of a certain printing ink are the processing method and
the required quality of the final printed product. Amongst the most important print-
ing methods are letterpress printing, offset printing, flexographic printing, gravure
printing, screen printing, and digital printing. Different processing methods are
used for coloring of the individual printing inks. The coloring processes need to be
coordinated in accordance with the steps of the printing processes leading to the
final product.

Keywords: colorant, dye, pigment, printing inks, printing methods

20.1 General aspects

Printing inks are liquid or pasty preparations consisting of colorants, binders, sol-
vents and additives, which are processed in high-speed printing machines. Printing
inks are similar to lacquers and paints, but dry typically faster and have a substan-
tially smaller layer thickness after the application. Table 20.1 contains the composi-
tion of printing inks. The relation of the printing process, the ink viscosity, the dried
ink film thickness and ink consumption is shown in Table 20.2.

Printing inks are used in all printing processes such as letterpress, offset printing,
flexographic printing, gravure printing, screen printing or digital printing. While sheet-
fed as well as rotary printing presses were the most common printing equipment in the
last 50 years, digital printing processes got nowadays more and more importance.

Typical sample applications are books, newspapers, magazines, catalogues, pack-
ing materials, wallpapers, cash notes, stamps, and labels. Printing inks were delivered
in the past by printing ink producers exclusively to printers and to specialized dealers,
but not to the final consumers. Today, digital printing inks can be bought by electron-
ical medias in several open purchase portals as well.

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
T. Rathschlag, Colorants in Printing Applications Physical Sciences Reviews [Online] 2021, 6. DOI:
10.1515/psr-2020-0162
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Table 20.1: Composition of printing inks.

Components Content in the
printing ink (%)

Binder 10-40
Pigments, dyestuffs 1-40
and fillers

Solvents 10-80
Additives 0.01-10

Table 20.2: Relation of printing process, ink viscosity, film thickness and ink
consumption.

Process Viscosity (Pa*s) Dried ink film Ink consumption
thickness (um) (g/m?)
Letterpress 3-50 2-4 1.5-3.5
Offset lithography 4-80 1-2 0.7-1.3
Flexography 0.050-0.500 1-3 1-2.5
Gravure 0.040-0.300 2-8 2-7

In Germany the per capita consumption of printing inks and varnishes in 2016
was approximately 3,7kg [1]. The market for printing inks and printing aids in
Germany is estimated to approximately 294.000 tons for 2017 with a turnover of ap-
prox. 790 million EUR. Germany represents the largest single market in Europe [2].

20.2 Printing inks
20.2.1 Composition of printing inks

In order to print on flexible and rigid substrates for packaging and goods for the
daily life, it is necessary to adapt the printing ink to the structure of the substrates.
Therefore, various ink systems with different formulations are available at the
market.

Scale printing inks are highly transparent printing inks, particularly designed
for the multicolor printing process (three-, four-, seven-colors printing process). The
colors are selected in that way, that they can work effectively in the multicolor
printing process with the chosen printing application to perform the desired color
effect. In order to achieve a maximum of print quality, ink suppliers and printing
houses have to work according to standardized processes. Industrialized countries
standardized the optical features of the three colors yellow, magenta and cyan in
so-called color scales for offset and letterset printing.
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On the basis of the theory of colors, colored images are achieved with the multi-
color printing process using the standardized basic colors yellow, magenta (bluish
red) and cyan (greenish blue). The four-color printing process is supplemented by
black and the also used seven-color printing process by orange, violet and green.
The color scale series are summarized in Table 20.3 [3].

Table 20.3: Existing color scale series.

Series

Description

European Colour Scale
(Euro-Scale, European Colour Standard for
Multicolour Printing)

Multicolor printing
CiE 30-89, Tl.1-3
DIN EN ISO 11,664-4:2011-07

European Colour Scale for Letterpress
(set of printing inks for letterpress)

Letterpress
CIE 30-89, Tl.1 + CIE 12-66;
1SO 2846-1;

European Colour Scale for Offset printing
(set of printing inks for offset printing)

Offset printing
especially sheet fed offset CEI 30-89, Tl.1;
CIE 13-67; 1SO 2846; DIN 16539:1971-10

European Colour Scale for Sheet-fed Offset Printing
(European Colour Standard for Sheet-Fed Offset
Printing)

Sheet-fed offset printing
CIE 30-89, Tl.2, Novelty CIE-67

European Colour Scale for Heat-Set Web Offset
Printing (European Colour Standard for Heat-Set
Web-Offset Printing)

Heat-set web offset printing
CIE 30-89, TL.3

European Colour Scale for Newspaper Offset
Printing (European Colour Standard for Newspaper
Web-Offset Printing)

Newspaper offset printing
CIE30-89, Tl.4

20.2.2 Binders and solvents

20.2.2.1 Binders
Suitable binders for printing inks are

— in general, a mixture of resins, solvents and additives.

— mostly transparent

— compositions especially designed for the needs of the different printing appli-

cation processes.

Table 20.4 gives an overview on the different binder systems for the printing pro-
cesses including resin bases, solvents and application areas.
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Table 20.4: Overview on binders for printing processes.

Printing process

Resin base

Solvents

Application area

Offset

Letterset/Offset,
conventional

(a) fatty, drying oils of
vegetables

(b) alkyd resins of fatty
drying oils of vegetables

mineral oil-fractions

230-260 °C (heat-set oils),
260-320 °C (cold-set oils),
vegetable oils

book-, packaging-,
label-, magazine-
printing

UV-offset (@) polyester-AY di-, tri-, tetra-, hexa- book-, packaging-,
(b) epoxy-AY functional AY label-, magazine-
(c) PU-AY printing
(d) polyether-AY
(e) full-acrylated-types
(e) mixtures ofa — e

UV-0PV’s free-radical: free-radical: protection and

- free-radical (@) polyester AY, di-, tri-, tetra-, gloss

— cationic (b) epoxy AY, hexa-functional AY improvement of
(c) PU AY, cationic: displays, folded
(d) full-acrylated types - vinylether monomers, carton boxes,
cationic: - alcohols/glycols book covers,
(@) cycloaliphatic di-epoxide, labels
(b) caprolactones

Flexo

UV-flexo (@) polyester-AY mono-, di-, tri-, tetra-, hexa-  flexible packaging

(b) epoxy-AY

(c) PU-AY

(d) full-acrylated-types
(e) mixtures of (a) — (d)

functional AY

on foil and paper/
board, food and
label applications

Water-based

(a) STY- AY or

AY disp.,

(b) PU disp.,

(c) alkyd disp.,

(d) mixtures of (a) - (c)

water, water-alcohol
mixtures, water-glycol
mixtures

flexible packaging
on foil and paper/
board, food and

label applications

Solvent-based

(a) NC,

(b) NC + plasticizer or/and
aldehyde/-ketone resins,
(c) polyvinyl-butyrale,

(d) PA, mixturesofa—b

ethanol, ethylacetate,
methoxy-/ ethoxypropanol

flexible packaging
on foil and paper/
board, food and

label applications
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Printing process Resin base

Solvents

Application area

Gravure

Water-based

(a) STY- AY or AY-disp.,
(b) PU disp.,

water, water-alcohol
mixtures, water-glycol

flexible food
packaging on foil

(c) alkyd disp., mixtures or paper

(d) mixtures of (a) - (c) substrates
Solvent-based  (a) NC, ethanol, ethylacetate, flexible food

(b) NC + plasticizer or/and methoxy-/ ethoxypropanol packaging on foil

aldehyde/-ketone resins, (most used quantities) or paper

(c) polyvinyl-butyrale, substrates

(d) PA, mixtures ofa - b
Publication pentaerythritol toluene magazines,

ester of rosin advertisements
Screen

Water-based

(a) AY-emulsions/disp.,
(b) PU-AY-emulsions/disp.,
(c) PU-emulsions/disp.

water, water-glycol mixtures

plastics, paper/
board, textile

Solvent-based

(a) alkyd Resin,
(b) CAP/AY,

(c) AY,

(d) pentaerythritol
ester of rosin

(a) alcohols, ester, ketones,
(b) aromatic solvents,

(c) mineral spirits,

(d) glycol ethers

plastics, paper/
board, textile

uv

(@) polyester-AY

(b) epoxy-AY

(c) PU-AY

(d) polyether-AY

(e) full-acrylated-types
mixtures ofa — e

mono-, di-, tri-, tetra-, hexa-
functional AY

plastics, paper/
board, textile

AY = acrylates; STY = styrene; OPV’s = overprint varnishes; PA = polyamide; PU = polyurethane;
Disp. =dispersion; CAP = cellulose acetate propionate

Binders are important for
— covering the pigments during the grinding process to achieve a narrow particle

size distribution or to dissolve dyes

— ink transfer
— protection of the printed ink film against chemical or mechanical influences.
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20.2.2.2 Solvents

There is a differentiation for solvent-based ink systems between real solvents, able
to dilute the resins, which will be used in a binder and non-solvents, which are in
use for blending the real solvents. To perform a constant ink drying without prob-
lems, it is necessary that the real solvent for the resins in a binder will evaporate
later than the solvents used for blending. Solvents are also necessary for the adjust-
ment of the viscosity/efflux time of the printing ink. Solvents, which are used for
physical drying inks in gravure-, flexo-, screen-, or tampon-printing determine the
drying of the inks by their evaporation time. Solvent-mixtures (co-solvents) are
often used for the improvement of the solubility strength.

Solvents used in printing processes are summarized in Table 20.5.

Table 20.5: Overview on solvents used in printing processes.

Printing process Used solvent Application

Gravure Volatile Food packaging

Flexo Volatile Food packaging
Publication Aromatic, sometimes aliphatic Magazines

Screen Medium volatile Displays

Tampon Medium volatile PP-cups

Letterset Light and medium mineral oils Books

Offset Light and medium mineral oils Labels, folded carton boxes

In addition to organic solvents in printing inks containing only solvents, water is
also used in water-based and reactive thinners in UV-curable printing inks.

20.2.3 Pigments

Inorganic pigments find only limited application in printing processes because of
their weaker color strength and in most cases smaller luster effect in printing ink
applications [3, 4]. On the other hand, organic pigments are used in a broad man-
ner. Nowadays, more than 50 different organic pigments are in use for high quality
printing purposes. Among these, special pigments with a high light fastness and
resistance towards chemical substances are preferred. The most expensive organic
pigments based on chinacridones, dioxazines, indanthrenes or isoindolinones be-
long to the class of polycyclic pigments.

To use pigments in printing inks, they have to be ground down to primary par-
ticles, which are usually significantly smaller than 10 pum, in order to achieve best
brilliance and color strength. Because of the broad variety of possible pigments, the
focus in this chapter will be on those pigments with the highest sales potential and
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the usefulness according to the so-called European Colour Standard for Multicolor
Printing Scale.

A standardization of the color tones for the process colors Cyan, Magenta,
and Yellow, and in addition Black for the offset printing, was already specified
in the DIN 16539 in 1956. These colors are also called scale colors or Euro col-
ors. With various mixtures of these colors, most different colors can be techni-
cally achieved.

Pigments are offered to the market as powders, solids or liquid pigment prepa-
rations and slurries. Table 20.6 contains the color indices of inorganic and organic
pigments suitable for high quality printing inks. The most important properties of
pigments used in the ink industry are shade, color strength and fastness, but also
dispersibility, rheological behavior and transparency. These properties have their
origin in the chemical composition and particle size distribution, the particle shape
and the surface characteristics.

Table 20.6: Color indices of inorganic and organic pigments suitable for
high quality printing inks.

Shade Color indices Name

White P.W. 6 Titanium dioxide

Black P.BL.7 Carbon black

Yellow P.Y. 1 Monoazo yellow
P.Y.3 Monoazo yellow
P.Y. 12 Diarylide yellow
P.Y.13 Diarylide yellow
P.Y. 14 Diarylide yellow
P.Y.74 Monoazo yellow
P.Y. 81 Diarylide yellow
P.Y. 83 Diarylide yellow
P.Y. 95 Diazo-condensation
P.Y. 97 Monoazo yellow
P.Y. 111 Monoazo yellow
P.Y. 155 Bisacetessigarylid
P.Y. 181 Benzimidazolone

Red/Magenta P.R. 2 Naphthol AS
P.R. 48:1 BONS:Ba
P.R. 48:2 BONS:Ca
P.R.53:1 B-Naphthol:Ba
P.R.57:1 BONS:Ca
P.R. 81 Triarcylcarbonium
P.R. 112 Naphthol AS

P.R. 122 Chinacridone
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Table 20.6 (continued)

Shade Color indices Name
P.R. 146 Naphthol AS
P.R. 166 Diazo-condensation
P.R. 169 Triarcylcarbonium
P.R. 176 Benzimidazolone
P.R. 184 Naphthol AS
P.R. 185 Benzimidazolone
P.R.188 Naphthol AS
P.R.254 Di-keto-pyrrolo pyrrole
P.R. 264 Di-keto-pyrrolo pyrrole
P.R.266 Naphthol AS
Orange P.R.268 Monoazo
P.R.269 Naphthol AS
P.0.5 B-Naphthol
P.0.13 Diazopyrazolone
P.0. 16 Diarylide yellow
P.0. 34 Diazopyrazolone
P.0. 43 Perinone
Purple P.V3 Triarcylcarbonium
P.V.19 Chinacridone
PV 23 Dioxazine
PV 27 Triarcylcarbonium
Blue P.B.1 Triarcylcarbonium
P.B.15:3 Cu-phthalocyanine blue;
B-modification
P.B.15:4 Cu-phthalocyanine blue;
B-modification
P.B.16 Phthalocyanine blue
P.B.60 Indanthrone
P.B.61 Triarcylcarbonium
P.B.79 Phthalocyanine blue
Green P.G.7 Cu-phthalocyanine green
Brown PB 5 BONS:Cu
Fillers PW 24 Aluminum hydrate
PW 19 Aluminum silicate, kaolin
PW 21 Blanc fixe
PW 18 CaCO0s, chalk
PW 26 Magnesium silicate, talc
PW 27 Si0,, silica
Metal effect Metal 1 Aluminum based
pigments Metal 2 Copper/zinc based
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20.2.3.1 Inorganic pigments

20.2.3.1.1 White pigments

Pigment White 6 (titanium dioxide) is the most common white pigment for printing
applications showing the highest hiding power of all white pigments. Two crystal-
line modifications of TiO,, anatase and rutile, are used depending on the demands
in the application.

Examples:
Rutile: Kronos 2066 (Kronos International), Billions TR 52 (Lomon Billions)
Anatas: Hombitan A 300 (Venator Germany GmbH), A-100 (Pangang Group)

20.2.3.1.2 Black pigments

Among the black pigments, carbon black (Pigment Black 7) has the greatest signifi-
cance for printing inks. Carbon black pigments are produced in most cases accord-
ing to the channel black or the furnace black process.

Examples:

Channel Black: Special Black 4 (Orion Engineered Carbons)

Furnace Black: Regal 330 R (Cabot), Black Pearls E (Cabot), Raven 820 (Birla
Carbon), Special Black 350 Black (Orion Engineered Carbons)

20.2.3.2 Organic pigments

20.2.3.2.1 Yellow pigments

Diarylide yellow pigments (Pigment Yellow 12 and Pigment Yellow 13) are intensely
colored, transparent colorants showing high resistance to solvents and ink compo-
nents. These pigments are used in all technically relevant printing inks. They are
particularly important for the yellow process ink in the multicolor printing process.

Examples:
Pigment Yellow 12: Permanent Yellow DHG (Clariant), Sunbrite Yellow 12 (Sun
Chemical),

Vibfast Yellow 4004-T (Vibfast Pigments PVT,LTD).

Pigment Yellow 13: Permanent Yellow GRO1 (Clariant), Diacetanil Yellow GR 1314 C
(Ferro Performance Pigments Belgium NV), Sunbrite Yellow 13 (Sun Chemical)

Pigment Yellow 74 as an arylamide yellow (monoazo yellow) pigment, is sold in
form of fine particle-sized, non-laked grades. It offers a light fastness, which is 2-3
times higher than that of the coloristically comparable Pigment Yellow 12. The good
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light fastness is the reason why Pigment Yellow 74 is often used for package print-
ing. As a yellow pigment according the European Colour Standard for Multicolour
Printing, the shade of Pigment Yellow 74 is a little too greenish and has to be tinted
with suitable more reddish shaded yellow pigments.

Pigment Yellow 83 as a diarylide pigment, is a reddish shaded yellow pigment
with high color strength combined with excellent light fastness (pure tone 6-7 on
wool scale). Pigment Yellow 83 is established as standard pigment in the reddish-
yellowish shaded segment.

20.2.3.2.2 Red pigments

The pigment class of Pigment Red 57 covers the laked process of different organic
acids with Ca-, Ba- or Mn-salts. The common characteristic of so-called BONS pig-
ments is the use of beta-oxynaphthol acid as coupling agent. The most popular pig-
ments of this class are the litholrubines.

Examples:

Pigment Red 57:1 belongs to the laked BONS pigments. Ca-laked pigments are also
known by their trivial name “4B-toner”. The light fastness of the pure tone on the
wool-scale is 4-5. The color shade corresponds to the Magenta of the European
Color Standard for Multicolor Printing for the 3- and 4-color set.

Pigment Red 184 (P.R.184) belongs to the Naphtol AS pigments. It is used when al-
kali-, acid- or soap- fastness does not permit the employment of P.R. 57:1. The color
shade corresponds also to the Magenta of the European Color Standard for Multicolor
Printing for the 3- and 4-color set according to the European Color Scale 12-66. The
light fastness for the pure tone is around 5-6 on the wool-scale.

20.2.3.2.3 Blue pigments
Pigment Blue 15:3 belongs to the Cu-phthalocyanine-blue pigments(B-modification)
and offers a pure turquoise shade. For a better dispersibility in printing ink binders,
resin-modified grades are available. Low-priced pigments of excellent light fastness
and resistance against alkali and sour chemicals are also available. The light fast-
ness for the pure tone is 7-8 on the wool-scale. Pigment Blue 15:3 corresponds to
the Cyan of the European Color Standard for Multicolour Printing for the 3- and 4-
color set according to the European Color Scale 12-66.

Pigment Blue 15:4 belongs also to the Cu-phthalocyanine-blue pigments(B-mod-
ification). The major advantages are the better flow properties in comparison to
Pigment Blue 15:3, e.g. in the publication printing process [5].
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20.2.3.3 Miscellaneous colorants

20.2.3.3.1 Dyes
Dyes are used only in subordinated quantities due to a lower fastness compared
with organic colored pigments.

20.2.3.3.2 Organic soluble dyes

Due to the fact, that the light fastness is poor, the use of organic soluble dyes in liquid
printing inks is limited. The “laked process” is carried out with tannin or phenolic
resins.

Salts of basic dyes (Fanal® types from BASF): The salts are manufactured by for-
mation of cationic tri-aryl-methane or xanthen coloring dyes with inorganic complex
acids. They offer moderate light fastness and brilliant color shades with high color
strength. The range of Fanal® types includes blue, violet and pink color shades.

Alkali types (Reflexblue® from Clariant): the internal salts of basic dyes are pro-
duced by the installation of sulfonium groups in the dye molecules.

20.2.3.3.3 Solid dyes

Viktoria Blue-B-Base and Nigrosin-B-Base can be cracked through fatty — or rosin
acids. Solid dyes are in use as oil- or toluene-soluble oleates or resinates in black
news inks and, in smaller extents, for illustration printing inks, as a tinting dye.

20.2.3.3.4 Metal-complex-dyes

These dyes are known as Zapon- or Neo-Zapon, predominantly chromium complex
pigments, with solubility in alcohols, esters and ketones. In water they are almost
insoluble [3].

20.2.3.4 Effect pigments

20.2.3.4.1 Metal effect pigments

Metal effect pigments are usually either aluminum or zinc/copper flakes and vary
in shades from silver to gold, depending on the composition of the metal used. The
silver colored powders can also be toned with organic pigments to produce gold or
copper shades using transparent yellow or red pigments [6].

20.2.3.4.2 Special effect pigments (pearl luster pigments)
Special effect pigments (pearl luster pigments, pearlescent pigments) consisting of
thin transparent platelets and containing at least one high refractive layer are used
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in printing processes due to their possibility to supply multiple reflection and iri-
descent effects [7].

20.2.3.5 Luminescence pigments

20.2.3.5.1 Daylight fluorescence pigments

Daylight fluorescence pigments are used in all printing inks where brilliant fluores-
cent shades are required. The main applications are in packaging, greeting cards,
wrapping paper, and posters. They are generally not very fast to light because they
consist of dyed resins, which are then pulverized to resemble a pigment.

20.2.3.5.2 Fluorescence pigments

Fluorescence pigments are organic or inorganic compounds, which could be accel-
erated by the exposure of energy and emit the absorbed energy as “light”. The ac-
celeration is possible via electrons, X-Rays, ionic or UV radiation and is also
possible via the short-wave part of the daylight. The accelerated radiation is always
of more energy power than the emitted light. The emission of light is possible in the
visible, as well as, in the UV and IR spectrum of the light. Fluorescence pigments
are used for marking of goods or security coding [8].

20.2.3.6 Functional pigments

20.2.3.6.1 Conductive pigments

The most important electro-conductive pigment is carbon black. The specific resistiv-
ity measured at 300 bar pressed test specimen lies between 10" and 102 Qcm. Silver
is the classic pigment for conductive varnishes for printed circuit boards. Silver
coated copper powder is more and more used because of the high price for silver.

20.2.3.6.2 Magnetic pigments

The most important magnetic pigments are y-Fe,0s;, cobalt-containing y-Fe,03,
Fe30,, cobalt-containing Fe;0, and CrO,. The magnetic particles are needle-shaped
and have an average length of 200-600 nm [9].

20.2.3.7 Fillers

Fillers (or extenders) are commonly used in inks to reduce the overall cost or to
achieve special properties. Extenders are sometimes used to reduce the color
strength and change the rheology and printability of the inks. Important raw mate-
rials are aluminum hydroxide (aluminum hydrate), magnesium carbonate, calcium
carbonate, blanc fixe (precipitated barium sulfate), talc and clay [10].
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Aluminum hydroxide (Al(OH);, PW 24) is used as a filler mainly in letterpress
and offset inks. It also finds application as a white filler for tinting of printing inks
when ground with binders. Blanc fixe (PW 21), which has a better hiding power
than aluminum hydroxide can also be used for this application.

Calcium carbonate (chalk, CaCO5;, PW 18) is a widely used filler, which is ap-
plied in form of finely ground powders or precipitates. In some cases, e.g., in com-
bination with waxes or fatty acids, calcium carbonate powders with a hydrophobic
coating are used. Specific mat effects can be achieved with the addition of chalk to
paste printing inks.

Silicon dioxide (silica, SiO,, PW 27) is used in many printing ink formulations.
It is applied as an amorphous, highly dispersed powder. The surface of the silica
particles is hydrophobically coated for special applications.

Bentonite (PW 19) with the main component montmorillonite is used in form of
uncoated and coated powders. It is characterized by special thickening properties,
which are applied in different formulations, even in small quantities. China clays
also belong to this group.

Magnesium silicate (talc, PW 26) influences the dispersibility of pigments as
well as the rheological properties. It works as a tack-reducer in offset inks.

Testing methods for fillers in printing inks are summarized in Table 20.7.

Table 20.7: Testing methods for fillers in printing inks.

Testing method Remarks Test conditions

Sieve analysis Mesh size 0.063 and 0.045 mm DIN EN ISO 787-7: 2010-02
Particle size analysis Sieve analysis DIN 66,165-1: 2016-08
Specific surface BET method DIN IS0 9277: 2014-0
determination method

Specific surface Nitrogen adsorption according the DIN 66132: 1975-07
determination method single point determination method

after Haul and Diimbgen

Oil value (g/100¢g) DIN EN ISO 787-5: 1995-10

pH-value aqueous suspension DIN EN ISO 787-9: 2018-03

20.2.4 Additives

Additives are defined as substances, which are added to paints, lacquers or printing
inks in small quantities in order to achieve specific properties for the liquid application
media or for the final coatings and prints. Additives are used for the manufacture of
liquid coatings, powder coatings and printing inks as well as for their application [11].
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20.2.4.1 Waxes

Waxes are used to impart an improved slip, scuff and block resistance to ink films.
Dispersions and emulsions of polyethylene, polypropylene, paraffin, vegetable
waxes or fatty acid amides are dispersed in a vehicle or solvent. PTFE or polyolefin
waxes are also available as powders, which can be directly mixed into inks.

20.2.4.2 Plasticizers

Plasticizers are products of natural or synthetic origin. They are used for the im-
provement of

- elasticity by plasticizing of the dried ink-film

— adhesive strength properties, especially on metal surfaces

In solvent-borne nitrocellulose-based food packaging inks, plasticizers like citric
acid ester or lactic acid ester are in use. Further product classes in use are esters of
benzoic acid (benzoates), esters of the adipic and sebacic acid (adipates), phospho-
ric acid esters (phosphates), chlorine containing and soft resins (e.g. alkyd resins).
Phthalic acid ester like DOP (dioctyl phthalate) or DBP (dibutyl phthalate) are no
longer in use, because of their mutagenic risk potential.

20.2.4.3 Driers

Driers are soaps of cobalt, manganese and other metals formed with organic acids
such as linoleic or naphthenic acid. They catalyze oxidation of drying oils and thus
are used in inks that dry by oxidation. The heavy metal ions contained in most
driers (cations of Pb,Mn;Co; Zn) involve a toxicological risk.

20.2.4.4 Antioxidants
Antioxidants are based on oximes, substituted phenols, aromatic amines and naph-
thol. They prevent or retard

— pre-mature oxidation procedures by admission of oxygen in the ink container

— skin formation and gelling in the ink container

20.2.4.5 Wetting and leveling agents

Wetting and leveling agents work on the base of non-ionic, anionic, cationic, or am-

photeric compounds to pre-wet the surface of the substrate, which has to be

printed. An overview of wetting agents used in printing inks is given in Table 20.8.
Effective interfacial substances based on silicones are used as leveling agents.

Fluor additives are the most effective wetting agents. Their disadvantage is the ten-

dency to stabilize foam in waterborne applications.
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Table 20.8: Wetting agents used in printing inks.

Class Chemical substance

non-ionic Alkyl-poly-glucoside

anionic Alkyl-carboxylate

cationic quarterneric ammonia compounds
amphoteric alkyl-dimethyl betaine

20.2.4.6 Neutralizing agents

A salt forming reaction with functional groups like -COOH in acrylates is usual to
create a water-soluble or water-dilutable resin-solution; emulsion or dispersion.
Ammonia, amines or amino-alcohols are widely used for this purpose.

20.2.4.7 Bactericides
Fungi or bacteria preventing auxiliaries are used for protection against degenera-
tion of the binder system in water-based formulations and the odor, which can be
formed during storage.

20.2.4.8 Crosslinker

Crosslinker are used to increase the resistance properties in 2-component solvent-
or water-based ink formulations. Polyisocyanates are working in solvent-based as
well as in water-based systems, while polyaziridines or carbodiimides are used in
water-based application systems.

20.2.4.9 Photoinitiators
The task of photoinitiators is the acceleration of free-radical or cationic polymeriza-
tion of acrylic-or cycloaliphatic epoxidized oligomers and resins in UV-inks in com-
bination with reactive diluents. The market is looking for liquid and pulverized
products with good incorporation properties. After polymerization, the photoinitia-
tors should form only fragments of low residual odor. In general, two major photo-
initiator types exist for free-radical polymerization.

Norrish-I-Typ

Photoinitiators of this type have the ability to form radicals after initiation. There
is no need to add co-initiators. The combination of Norrish I and Norrish-II-photoini-
tiators is probably possible.

Norrish-II-Typ

There is the need of a combination of benzophenone with an amine functional
co-initiator to accelerate the complete curing of free-radical UV-systems.

Cationic photoinitiators may consist of onium salts, ferrocenium salts, or diazo-
nium salts. UV cationic polymerization of cycloaliphatic epoxy resins is the result of
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the formation of a strong acid. The polymerization of the epoxy monomer (initiation,
chain reaction) works via a ring-opening of the epoxy moiety to form a reactive cat-
ionic species, which attacks and opens the next epoxide monomer.

20.2.4.10 Defoamers
Defoamers are based on interfacial substances like silicones, mineral oils, and poly-
glycols. They have to fulfill different tasks, especially activity against

— micro foaming

- macro foaming

- instability during storage (in can)

The printed surface often has to be over-printable. Mixtures of defoamers are com-
mon. An ideal defoamer for all cases does not exist.

20.2.4.11 Complexing agents
The task of complexing agents consisting of EDTA or tartrates is the formation of in-
soluble Ca-salts. EDTA works very well in buffer systems within a fountain solution.

20.2.4.12 Miscellaneous additives
Important miscellaneous additives are lubricants, thickeners, gelling agents and
preservatives.

20.3 Application methods
20.3.1 Printing ink sequence

The printing ink sequence is chosen according to the printing forms and the associ-
ated printing inks, for example, in the Multicolor Printing Process of scale printing
inks (e.g. black, magenta, cyan, yellow). A suitable sequence is very important, es-
pecially in the wet-on-wet printing (e.g. in two or four-color sheetfed offset presses).
If required, the printing inks must be adjusted to a certain printing sequence.

In practice, different sequences are used. Cyan, yellow, magenta and black are
typically printed one after the other. In the wet-on-wet printing process on two-color
offset machines, the first printing process sequence might be black and yellow and
the second one magenta and cyan in order to avoid a Moiré effect. In the gravure and
flexographic printing process the printing sequence is always yellow, magenta, cyan
and black.
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20.3.2 Letterpress printing

Johannes Gutenberg was in the period around 1450 the inventor of a casting equip-
ment for movable types performed by a lead alloy, the so-called letterpress. Letterpress
printing is based on hard printing elements. These can be uniformly inked with rubber
rollers. Pasty printing inks are rolled uniformly to layer thicknesses of a few micro-
meters, typically to 1-3 pm. Long ink devices are used together with 10 to 20 rubber
and metal rollers to achieve suitable print qualities. The ink composition has to be
adapted to the equipment in order to attain a relatively slow drying process and to
avoid hardening in the inking device [3, 12].

Letterpress was the dominant method for printing on paper until 1970, but since
that time it has been more and more replaced by offset printing. The main factors for
this replacement were the relatively high manufacturing costs for the letterpress forms,
the laborious preparation of the printing press and certain difficulties with ink trapping
in multicolor wet-on-wet printing. Applications in which letterpress printing is still
used are stamping, embossing, hot embossing, perforation, and numbering. Special
equipment is needed for all these procedures, particularly raised patterns.

Letterpress printing typically uses offset printing inks. To achieve optimal printing
results, these inks usually have to be modified somewhat by adding printing aids.

20.3.2.1 Newspaper web offset printing

Newspaper offset printing (cold-set printing) is more and more used instead of news-
paper letterpress printing due to quick and cost-effective plate making processes and
improved image reproduction. The printing inks used for newspaper web offset print-
ing method dry by penetration. They contain hard resins dissolved in high boiling
mineral oils.

Ink additives for black newspaper offset printing are dark viscous mineral oils,
bitumen and asphalt. Infrared dryers are used to enhance the drying step allowing
thicker print layers and leading to more brilliant printing results [13].

High-grade colored printing inks contain organic pigments and often lighter min-
eral oils. Cold set printing machines, which are in use to produce newspapers and
paperback books can achieve more than 65.000 cylinder revolutions per hour. The
components of high-grade black and colored printing inks include organic pigments
and sometimes also lighter mineral oils and hard resins.

As with sheet-fed offset, there are usually four inking systems set up consecutively
in web offset, while the paper web, unlike the individual sheets used in sheet-fed offset,
is always printed on both sides. This perfecting printing process means that the paper
web runs through the rollers and impression cylinders at speeds of up to 50 km/h.

To avoid deposition of partially dried ink on the metal parts of the equipment, the
ink should not yet be dry when it is succeeded on the former of the printing device.



328 —— 20 Colorants in printing applications

Newspaper offset inks do not contain binder components undergoing oxidative
cross-linking. As Offset newspaper inks are free of such substances they can be
used in regard of recycling without any problems. De-inking is used to remove the
inks from waste paper.

Further demands for cost-effective newsprints, e.g. for color pictures, have led to
the use of alternative processes, like water-based flexographic newspaper printing.

20.3.2.2 Indirect letterpress and dry offset printing
Dry offset (Letterset) is an offset printing process which combines the attributes of
letterpress and offset. With this technology a special plate prints directly onto the
blanket of an offset press. The blanket then transfers the image onto the paper sur-
face. The whole process is called dry offset because the plate is not dampened as it
usually would be in the offset lithography process.

For the printing of plastic tubes, plastic capsules and other preformed contain-
ers (e.g. plastic beakers), UV-hardening inks are in use.

20.3.3 Flexographic printing

Flexographic printing, also known as flexography or flexo, is mainly used for pack-
aging prints. The process goes back to the older aniline-dye rubber printing. A
breakthrough of the flexographic process was achieved in the 1960s when photo-
polymer plates came in use and pigmented inks could be applied. Inks for flexo-
graphic printing are characterized by fast drying [3, 12].

Modern flexographic printing presses have a high-speed rotary functionality,
which can be used for printing on almost any type of substrate, including metals,
plastic, cellophane, paper, board and other packaging materials. The process is
also applied for printing on non-porous substrates for food packaging.

The printing process utilizes raised, inked elements of a rubber or photopoly-
mer printing plate, which presses directly against the material that is to be printed.
This part of the process is comparable to letterpress printing.

The printing form consists of flexible rubber or elastic photopolymers. Inking-
up of the printing form proceeds with an etched or engraved anilox roller consisting
of steel. Its surface is either chromium-plated (chromium oxide) or of ceramic mate-
rial, whose cells are filled with printing ink.

The ink-excess is squeezed off the anilox roller by blade or (in older machines)
with a rubber roller. The flexographic printing process is schematically shown in
Figure 20.1.
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Figure 20.1: Scheme of the flexographic printing process.
(source: Coatema Coating Machinery Gmbh).

20.3.3.1 Solvent-Containing flexographic printing inks

Low viscosity printing inks are applied for solvent-containing flexographic printing.
These inks dry quickly by a fast evaporation of solvents. Flexographic printing
presses as a part of a compact inking system use today often laser-engraved ceramic
anilox rollers transferring a well-defined quantity of ink to the flexible printing form.
Chambered doctor blades have replaced the open ink fountains of former times.
Printing speeds of about 500 m/min are achieved depending on the equipment and
ink formulation.

Flexographic printing inks and packaging gravure inks consist of very similar
components. They differ in the solvent amount, which has an influence on the dry-
ing step. Different distances from the doctor blades to the printing nips are there-
fore used for the two processes. The quantity of solvents with lower evaporation
rate is higher in the case of flexographic inks. Hot air dryers are commonly used
during the flexographic drying process.

There is also a price advantage over gravure printing. Among other things,
cliché production is cheaper than prepress. This is particularly important for bulk
goods such as packaging. The flexographic printing process is therefore becoming
increasingly important in this area.

20.3.3.2 Water-Based flexographic printing inks

Solvents in printing inks are more and more replaced by water due to environmental
aspects. The replacement has proceeded already completely for porous, absorbent sub-
strates like paper or board. The compositions of water-based systems contain only very
small quantities of solvents, in some cases smaller than 1%. Excellent printing results
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can be achieved even with ink systems without any solvent. Printing with water-based
inks on non-absorbing substrates such as polyethylene and polypropylene has made
significant progress. The solvent content is below 5% even for these inks. Printing of
wallpaper is possible likewise when using optimized adapted inks. Printing rates of
200-400 m/min are possible, depending on the substrate type.

Water-based and solvent-based inks are dried using a similar equipment. In
order to increase the speed of drying, infrared dryers combined with a cold-air
blower can be used. This is practiced especially during printing of non-absorbing
films. The joint application of mainly acrylic solutions and dispersions, which are
solubilized by ammonia or amines, has a beneficial effect on the drying process
and on the fastness properties of the finished print. The neutralizing agents are
evaporating together with the water. Table 20.9 shows typical formulations of
water-based flexographic inks.

Table 20.9: Typical formulations for water-based flexographic inks, suitable for paper,
corrugated board and foil.

Component Percentage
(A) Pigment concentrate Joncryl SCX 8078 (BASF) 29.1
Novoperm-Yellow HR 02 (Cariant), PY 83 34.7
Tego Foamex 805 (Tego Chemie) 1.0
Water 35.2
(B) Ink Pigment concentrate A 43.2
Joncryl 617 (BASF) 44.0
Tego Foamex 805 (Tego Chemie) 0.5
Water 12.3

Water-based flexographic compositions can also be used for newspaper printing.
The achievable quality is lower in most cases compared with newspaper letterpress
printing.

20.3.3.3 UV-Curing flexographic printing inks

In the field of UV-curing flexographic inks, two major classes are distinguished -
free-radical and cationic printing inks (Table 20.10). Mixtures of components of
both reaction mechanisms are known as hybrid formulations. UV curing flexo-
graphic inks show a superior printing behavior on paper and films compared with
water-based inks. Higher gloss and better fastness can be achieved. Similar com-
positions for UV-curing offset inks are used, but the printing viscosity of UV-cur-
ing flexographic inks is generally lower (Table 20.11).
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Table 20.10: Comparison of free radical and cationic curing.

Feature Free radical Cationic

Cure speed High Moderate to high
Initiation Light Light and heat

0, sensitivity Yes No

Shrinkage Large Negligible
Adhesion Moderate to good Excellent

Post cure Limited Strong

Chemical resistance Good Moderate to good
Humidity sensitivity No Yes

Acid/base sensitivity No Yes

Table 20.11: Free-radical systems — composition of a pearl luster UV-flexo ink.

Weight (g) Component

15-30 UV-flexo resin binder, e.g., Ebecryl 810 (Allnex)
15-25 Glyceryl propoxy triacrylate, e.g., OTA 480 (Allnex)
10-20 Dipropylene glykol diacrylate, e.g., DPGDA;

also possible 1,6 Hexandiol diacrylate, e.g., HDDA

5-15 Hexafunctional aliphatic urethane acrylate, e.g., Ebecryl 5129 (Allnex)
0.5-1 Silicone additive, e.g., Dowsil 57 (Dow)

20-25 Iriodin® pigment, e.g., Iriodin 123 (Merck KGaA)

5-15 Photoinitiators (mixing)

20.3.3.4 Offset coating
The finishing of surfaces, which were printed with offset inks, is nowadays quite
important. Therefore, so-called chamber doctor blade systems are in use to transfer
either water-based offset — or UV-varnishes. These systems are also suitable for the
even transfer of effect varnishes pigmented with silver or bronze pigments as well
as with pearl luster pigments.

Advantages of chamber doctor blade systems are:

— The ink amount in the chamber is extremely small. There is an ink circulation
between an ink reservoir and the chamber.

— The chamber blade system is very easy to clean because of the circulation sys-
tem. In the chamber blade system, the anilox roller did not dip from the top into
an ink tray. The chamber is assembled to the side of the anilox roller. This is ben-
eficial for replacing the air in the anilox roller cells by the ink/varnish. The ink/
varnish flow is more smoothly.

The most advanced system for overprint varnish (OPV) the ink tray is encapsulated
by two doctor blades and the anilox roller.
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20.3.4 Gravure printing

Gravure printing is a widely used printing process especially applied to print large
volumes of magazines and catalogues. Special printing forms are used, into which
the printing areas have been engraved [3, 12, 14].

20.3.4.1 Rotogravure

Rotogravure goes back to copper plate engraving and etching. Printing forms used
for this process consist typically of copper cylinders plated with chromium. The
printing areas are composed of tiny cells. These cells are filled with a low viscous
printing ink. An excess of printing ink is wiped off from the cells before the cylinder
hits the surface of the substrate. Gravure printing is suitable for the print of large
copy numbers, usually more than 500.000 copies. Cylinder preparation is cost-in-
tensive, but it is compensated by high printing speeds because the drying step runs
very fast. A rapid evaporation of solvents in combination with the use of suitable
binders is necessary to transport the ink from the ink tray to the substrate surface.

20.3.4.2 Publication gravure
Publication gravure is the method of choice when a large number of magazines and
catalogues are to be printed. Most of these prints are done in multicolor technology.
Typical printing speeds are in the range of 15m/s with paper widths of 4,32m [3, 15].
Binders for publication gravure printing are often based on hard resins dis-
solved in toluene. The toluene used in publication gravure printing is recovered by
adsorption on activated carbon and desorption with hot steam. The ink formula-
tions contain pigments (8—15wt-%), resins (15-20 wt-%), toluene (60—70 wt-%),
and additives (0.5-5 wt-%).

20.3.4.3 Packaging gravure

Packaging gravure involves the use of different printing materials. Typical require-
ments are a high degree of flexibility in relation to varying quality demands. Printing
speeds of up to 400 m/min are employed depending on the size of the print job and
the surface to be printed.

Ethyl acetate and alcohols are used as solvents instead of toluene and aliphatic
solvents [14]. The process for packaging gravure as it is used for paper, plastic films,
aluminum foils or laminated stock is shown schematically in Figure 20.2.

Binder compositions vary widely and have to be adapted to the different require-
ments. Cellulose nitrates, polyvinyl butyral, polyurethanes and other binders are used
together with plasticizers, alcohols and aliphatic esters to achieve optimized printing
results. The most important binder components used for packaging gravure are based
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Figure 20.2: Scheme of the gravure printing process. (source: Coatema Coating Machinery Gmbh).

on cellulose nitrate. They contain specific plasticizers, acrylate resins, polyurethane
resins, and polyamide resins with ethanol and ethyl acetate as solvents.

Solvent-free or low-solvent compositions are more and more used for environ-
mental reasons and occupational health. Water-based inks are used for printing of
polyolefin and aluminum foils as well as for wallpapers.

20.3.4.4 Gravure transfer inks
Transfer inks are used in a favorable manner in gravure printing. Water-based inks
containing selected disperse textile dyes are printed on special papers. The printed
image is transferred to the textile material by pressing. Temperatures of about 200 °C
are necessary for this step. The dyes are absorbed by the textile fibers. Production
and storage of the paper prints are relatively cost-effective. Another advantage of
this process is the possibility to achieve high-quality textiles without greater time
expenditure.

Typical formulations for gravure transfer inks contain dispersed dyes (10-12 wt-%),
acid acrylates together with neutralizing agents (15 wt-%) and water (73-75 wt-%).

20.3.4.5 Special gravure inks

There are special applications where the printed product must be stable over the
long term against light and other influences. Examples for this are printed wallpa-
pers, decorative wood surfaces, and PVC floor coverings. These materials, when
printed, must withstand high process temperatures in many cases. Especially water-
based printing inks are gaining more and more importance in these applications.
Stabilized pigments and special binders are used to fulfill the demands for light and
solvent interaction. Inorganic pigments have clear advantages concerning stability
properties in these applications.
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20.3.4.6 Intaglio printing
Intaglio printing, also known as line intaglio or steel-plate gravure, uses the same
principles as traditional copper plate engraving. Cylindrical polished printing forms
made from Ni-Cr alloys and plated with chromium are applied. The intaglio process
can be used advantageously for the mass manufacture of high-quality printed prod-
ucts, e.g., for stamps and banknotes. During the printing process, the printing ink
is transferred from a cutout rubber cylinder via a roller inking device to the surface
to be printed on. A reverse-rotating plastic roller is used to wipe off the excess ink.
The printing ink is directly placed on the paper using a high contact pressure.
An aqueous, alkaline solution is applied for cleaning the wiping cylinder after each
revolution. Brushes and doctor blades are used in addition to achieve optimum
cleaning. Air drying is the last step of cleaning before the next revolution can start.
Selected pigments are necessary to achieve high printing speeds together with the
adapted binder systems. The tack of the ink is further adjusted by the addition of
fillers leading also to an optimized printing viscosity. Drying of the printing ink on
the substrate proceeds by oxidation and evaporation of the solvents. The dried ink
remains raised on the paper, which is different to gravure printing.

20.3.5 Screen printing

Screen printing is used for difficult surfaces such as glass, ceramics, metals, and
several plastics. Three different types of devices are commonly in use-

(a) roll against roll

(b) flat against flat

(c) flat against roll

The technique for screen printing uses woven mesh to support an ink blocking sten-
cil. The attached stencil forms open areas of mesh allowing the transfer of the ink
as a sharp-edged image onto a substrate. A roller or squeegee is moved across the
screen stencil during the printing process in order to pump the ink paste through
the threads of the woven mesh in the open areas. Most mesh is produced of man-
made materials such as steel, nylon, and polyester. Multi-color designs on textile
items are often generated using a wet-on-wet technique. The screen can be re-used
several times after cleaning or reclaimed if the design is no longer needed.

Prints achieved with screen printing have relatively good weather stability.
Examples are plastic sheets with sizes up to several square meters, transparencies,
posters made of paper as well as labels for glass bottles, bottle crates, ampoules,
candies, and tablets.

Screen printing is also used in the manufacture of printed electrical circuits.
Typical examples of this are track conductors and discharge resists. Conical or cy-
lindrical objects can be printed using special devices. Rotary screen-printing devices
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work with a screen that is stretched over a special cylinder (web printing). Printing
speeds of 100 prints/h (manual printing) up to 4000 prints/h (fully automatic rotary
screen devices) can be achieved (Figure 20.3).
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Figure 20.3: Scheme of the rotary screen-printing process.
(source: Coatema Coating Machinery Gmbh).

The composition of the printing ink depends on the substrate, the process and the
required stability. The printing inks flow easy and produce thicknesses on the printed
material greater than those achieved with other techniques. They are based on
physical and thermal-hardening compositions. Oxidative, UV-hardening, or two-
component inks are in use.

Plastic surfaces are often printed using acrylates as binders. Combinations of
acrylates with other resins or polymers are possible likewise. Difficult surfaces can
be printed with vinyl chloride copolymers, as in the case of gravure printing. The
used organic solvents are commonly higher-boiling compared with those typically
used for gravure printing. Screen printing inks that are compatible with water are
getting more and more importance and offer comparable weather stabilities in
most cases.

20.3.6 Offset printing

Offset printing is a commonly used printing process where the inked image is trans-
ferred from a plate to a rubber blanket and then to the printing surface. Mutual
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repulsion between water and fatty printing inks is a basic principle of this process.
The printing areas on the plate take on the fatty oleophilic inks. On the other
hand, the nonprinting areas on the same plate are wetted by water. This leads to
the rejection of the ink in these regions. A special situation exists with waterless
offset printing, where a layer of silicone rubber is used instead of the ink-repelling
aqueous wetting agent.

Offset inks are characterized by viscous and tacky properties. It must be
avoided that they dry already in the inking device. The sensitive printing plate is
protected by the elastic rubber blanket. The blanket also adheres to rough surfaces
permitting the offset print of even embossed and rough materials.

Pigments used for offset printing are dispersed and ground before they are added
to the printing ink. Devices used for these process steps are dissolvers, bead mills,
and three-roll mills. Fine pigment dispersions are obtained in this way. It is also pos-
sible to use finely divided pigment particles precipitated from aqueous solutions.
They are directly inserted in the oleophilic phase by a flushing procedure without in-
termediate drying. This is how the formation of agglomerates can be prevented.

Brochures, calendars, posters, and many business papers are printed in most
cases using sheet-fed offset printing. 20.000 sheets/h can be produced on modern
devices.

Printing of absorptive surfaces is using the penetration of the thin oils into the
paper where drying proceeds. Final hardness of the print is achieved after several
hours.

Materials to be printed possess different absorptive abilities. Unsuitable compo-
nents in the wetting agent or strong water absorption through the ink should be
avoided to achieve perfect printing results. Sticking of the drying prints can be ex-
cluded by dusting them with finely powdered chalk or plant starch [3].

Formulations for sheet-fed offset inks typically contain organic pigments (12-20
wt-%), hard resins (20-25wt-%), soft resins and drying oils (20-30 wt-%), mineral
oils with a boiling point of 250-300 °C (20-30 wt-%), and additives (5-10 wt-%).

Printing inks based on a similar base are used for sheetfed offset and letterpress
printing.

Types and quantities of raw materials are selected in accordance with the inter-
actions to be expected in the offset ink. Hard resins are beneficial to achieve the
tack for a good ink transfer in the equipment and sharp print images. Their use also
leads to prints with an appealing gloss on the surface. Phenol- and aldehyde-con-
taining resins have the greatest significance among the hard resins. Using such
adapted resins offers mineral oil solubility in the desired range.

The mineral oils are important for dissolving the resins and keeping the ink in a
liquid state in the printing device. It is important that these oils are quickly sepa-
rated from the resin on printing materials with high absorption ability and pene-
trate into the surface of the material to be printed. Of great importance are also the
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solution properties of the oils. They are dependent on the content of aromatics,
naphthenes, and paraffin.

Special sheet-fed inks are also applied, in which vegetable oils or their deriva-
tives are used instead of mineral oils. Comparable printing results can be achieved
when using such renewable raw materials. Those inks are actual preferably in use
for tobacco and food packages.

Soft resins and drying oils can be used as dissolution chemicals for hard res-
ins. These substances are linked under the influence of dryers and oxygen. Fatty-
acid-modified isophthalic acid polyesters are commonly used as soft resins. Linseed,
soybean, tung, castor, and safflower oils find application for the drying oils. Dryers
in form of oxidation catalysts and waxy lubricants are used as additives to achieve a
sufficient mechanical resistance. Figure 20.4 shows a scheme of the offset printing
process.
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Blanket cylinder

Impression aylinder ™~ Printing substrate

Figure 20.4: Scheme of the offset printing process. (source: Coatema Coating Machinery Gmbh).

20.3.7 Miscellaneous

20.3.7.1 Sheet-Fed metal decoration printing

Printing of metal plates and other non-absorbing materials is difficult because the
solvents of the binder cannot penetrate into the surface. Resin-dissolving agents are
therefore added to perform the oxidative drying of the printed surface. The drying
step is usually carried out within a few minutes in a special oven. A more recent
development is the use of UV-LED curable printing inks in a printing process called
sheet-fed metal decoration printing.
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20.3.7.2 UV-Curing offset printing + UV-OPV
UV printing ink systems commonly contain unsaturated acrylates, photoinitiators,
pigments and additives. Exposure to UV radiation is the final step of the printing
process. UV-curing offset inks are also used in continuous form printing when the
prints are further processed in a laser printer.

A lithographic ink is most often prepared in two steps, the preparation of a pig-
ment paste followed by mixing of the paste (25wt-%) with free-radical hardening
UV-varnish (75 wt-%) (Tables 20.12 and 20.13).

Table 20.12: Example for a free-radical hardening blue flexo ink.

Weight (g) Component

30 Polyester-Tetraacrylate, e.g., Ebecryl 657 (Allnex)
25 Aromatic hexafunctional urethane acrylate, e.g., Ebecryl 220 (Allnex)
0.15 Genorad 16 (Rahn AG); Stabilizer

1.5 Clay(BASF)

25 Heliogen Blue D 7081D (BASF)

0.5 Genorad 16 (Rahn AG); Stabilizer

4 Omnirad 500 (IGM)

4 Benzophenone Flakes (IGM)

3 Omnirad EDB (IGM)

1 Omnirad ITX (IGM)

1 Glyceryl-Propoxy-Triacrylate, e.g., OTA 480 (Allnex)

(to adjust final viscosity)

Table 20.13: Example for a free-radical hardening UV-varnish.

Weight (g) Component

42 UV-flexo resin binder, e.g., Ebecryl 657 (Allnex)

15 Aromatic hexafunctional urethane acrylate, e.g., Ebecryl 220 (Allnex)
10 Ebecryl 1608 (epoxy-acrylate) (Allnex)

5 Ebecryl 860 (epoxidized soybean oil-acrylate) (Allnex)

0.1 Stabilizer

13 CaCo,

5 Omnirad 500 (IGM)

2.5 Benzophenone (Rahn AG)

2 Omnirad EDB (IGM)

(5) Glyceryl-Propoxy-Triacrylate, e.g., OTA 480 (Allnex)

(to adjust final viscosity)
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UV-curing printing OPV’s (overprint varnishes) are of interest for the mechani-
cal protection of printed surfaces, printed by UV-offset, conventional offset and let-
terpress inks, because of their high stability and good gloss properties [15].

20.3.7.3 Heat-Set web offset printing

Double-sided advertising brochures, catalogs and magazines in four- or five-color
printing are often produced using heat-set web offset printing. The printing ma-
chines can achieve more than 65.000 cylinder revolutions per hour [3].

Heat-set web offset printing uses a horizontal web guide and heat-drying print-
ing inks. After the last printing unit, the paper web is fed into the dryer. There are
temperatures of approx. 250 °C, which causes the paper web to heat up to approx.
120 °C. In the subsequent cooling roller unit, the paper is suddenly cooled to 20 to
30 °C on bright chrome-plated roller surfaces, which causes the inks to harden.

Volatile compounds such as mineral oils are removed from the exhaust air by
after-burning. High-gloss printing images are achieved after this step.

Formulations used for heat-set web offset inks typically consist of organic pig-
ments (15-25wt-%), hard resins (25-35 wt-%), soft resins and drying oils (5-15 wt-%),
mineral oils with a boiling point of 200-300 °C (25-40 wt-%), and additives (5-10
wt-%). The compositions used are similar to those of sheet-fed offset inks. However,
the ratio of oxidatively drying resins and oils is lower in the case of heat-set web off-
set inks.

20.3.7.4 Fountain solutions

In the conventional offset printing, the fountain solution serves for separating the
printing and not printing portions on the pressure plate. It consists to a predominant
part of water. The pH value should vary between 4.8 and 5.5. The fountain solution
usually contains printing plate protective agents, wetting agents, isopropanol and
other antimicrobial effective materials. As printing plate protective agent gum ara-
bic is used. The wetting agents and the isopropanol serve for the reduction of the
surface tension. Isopropanol-free, the fountain solution contains frequently glycol
as alcohol substitute [16].

Typical formulations for wetting agents or concentrates consist of the buffer
system (4-8 w-%), alcohols (5-20 wt-%), surfactants (0—1wt-%), hydrophilic poly-
mers (1-7 wt-%), complexing agents (0—2 wt-%), preservatives (0—4 wt-%), anticor-
rosion additives (0—-2 wt-%), and water (56—90 wt-%).

An effective regeneration of the printing plate can be achieved by using buffer
systems producing a slightly acidic pH-value. Such buffers also protect the plates
against alkaline media. The wetting power is improved by the addition of alcohols
and surfactants. Hydrophilic polymers with alcoholic groups are used to render
the printing plate permanently hydrophobic. Ethylene diamine tetra acetic acid
and other complexing agents are part of the ink composition in order to deactivate
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interfering ions. Fungal growth is inhibited by preservatives in the fountain solu-
tion. Metallic parts of the printing equipment are prevented from corrosion by the
addition of anticorrosion additives in the formulation.

20.3.7.5 Digital printing

The digital printing process makes it possible, that print images could be trans-
ferred from a file or data stream directly from a computer to a printing press. The
use of static printing forms is not necessary. Laser and ink-jet technology are the
most common applications. Digital printing inks could be solvent-based, water-
based or UV-based.

Beside dye-based inks, pigment-based inks are in use. Pigment-based inks meet
meanwhile highest resistances and therefore permanent printing onto substrates
based on paper/board, textiles or plastics is possible without problems [17]. A scheme
of the digital printing process is shown in Figure 20.5.
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Figure 20.5: Scheme of the digital printing process. (source: Coatema Coating Machinery Gmbh).

20.3.7.6 Security printing

The intention to prevent items like passports, cheque-cards or banknotes against any
kind of forgery is the reason, why security printing often combines different printing
methods like intaglio-screen-or offset-printing in a product to be manufactured.
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When used as the final layer, UV-curing lacquers offer a high mechanical and
chemical protection. The use of special printing stocks and of specific pigments pre-
vents undesired copying of sensible features.

20.4 Quality control and test methods

Quality control of prints plays an important role in the printing industry. Several
test methods are used for the characterization of the ink and the printed films:

— Scanning electron microscope: topography of the printed film

— Quartant abrasion tester: abrasion resistance

— Brookfield viscosimeter: viscosity of the ink

— Kriiss system: contact angle measurement

— Static and dynamic coefficient of friction: slip and anti-slip properties

— Fourier transmission infrared measurement: functional groups

— Gravimetric measurement: determination of water vapor permeability

Fastness properties play an outstanding role. They are strongly influenced by the
pigments and binders used in the ink.

Fastness standards are described in national and international regulations, e.g. in
ISO 2835:1974 (Prints and printing inks-assessment of light fastness) and 2836:2005—
10 (Prints and printing inks-assessment of resistance of prints to various agents).
Important fastness properties that are measured include the fastnesses to water, to sol-
vents, to alkali, to soap, to detergents, to wax, to spices, to edible fats and oils, and
to cheeses

Light fastness is measured in a quick-exposure device described in ISO 2835:1974.
One half of the sample is covered whereas the other half is exposed to filtered xenon
light until a definite change in color can be observed. As a reference, an eight-level
blue wool scale is exposed simultaneously. The following system of leveling is used
for the characterization:

8 outstanding

7 excellent

6 very good

5 good

4 quite good

3 moderately

2 poor

1 very poor
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20.5 Regulatory compliance

Important laws and Regulations for chemicals in printing applications are:

1.

9.

10.
11.

12.

Regulation (EEC) 1907/2006 for the registration, evaluation, permission and re-
striction of chemical materials (REACH), to the creation of a European agency for
chemical materials, for the change of the guideline 1999/45/EG and for the aboli-
tion of the regulation (EEC) 793/93 of the advice, the regulation (EEC) 1488/94 of
the commission, the guideline 76/769/EWG of the advice as well as that guidelines
91/155/EWG, 93/67/EWG, 93/105/EG and 2000/21/EG of the commission.
Guideline (EEC) 88/378/EG for the security of toy.

Security of toys, European standard EN 71 part 3:2013 + A2:2017: Migration of
certain elements.

Cosmetic guideline (EEC) 1223/20009.

(EG) 1935/2004 — EU framework for food contact materials (FCM).
GMP-Guidance (EG) 2023/2006 (in force since 1.8.2008) — Good manufacturing
practice: "Materials and articles intended for food contact”.

Toxic Substances control act (TSCA).

OSHA (US-Occupational Safety and Health Administration)

The Hazard Communication Standard is aligned with the Globally Harmonized
System of Labelling of Chemicals (GHS).

Colorants for polymer, 21 CFR parts 175,176,177,178.

Colorants for polymers: 21 CFR part 178.3297.

Swiss Ordinance of the FDHA on materials and articles intended to come into
contact with foodstuffs SR 817.023.21.

Nestle guidance note on packaging inks (August 2016).

The use of pigments for finishing colored printed packaging, for example for food-
stuff, should be in accordance with the physiology without hesitation. The pigment
producers have to obey regulations and guilty laws.
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21 Colored pigments

Abstract: Colored pigments are inorganic or organic colorants, which are insoluble in
the application media, where they are incorporated for the purpose of coloration.
Their optical action is based on the selective light absorption together with light scat-
tering. Colored pigments do not include pigments that are colored but which are not
used because of their colored character but because of properties such as corrosion
protection and magnetism. White pigments, black pigments, grey pigments, effect
pigments, and luminescent pigments also do not belong to the colored pigments.

Keywords: colored pigments, Color Index, mineral colors, natural colored pigments,
synthetic colored pigments

21.1 Classification

Colored pigments are inorganic or organic colorants, which are insoluble in the appli-
cation media, where they are incorporated for the purpose of coloration. Their optical
action is based on the selective light absorption together with light scattering. Colored
pigments do not include pigments that are colored but which are not used because of
their colored character but because of properties such as corrosion protection and mag-
netism. White pigments, black pigments, grey pigments, effect pigments, and lumines-
cent pigments also do not belong to the colored pigments.

Inorganic pigments are in some cases also termed mineral colors or earth colors.
There are historical names for natural inorganic pigments such as ocher, umbra and
ultramarine, giving a hint on the mineral origin. Later these names were used also for
all other inorganic pigments, however, their use is becoming uncommon more and
more.

Each pigment is characterized by its Color Index (C.L.) Generic Name. This interna-
tionally accepted nomenclature system for pigments and dyes is edited by the Society
of Dyers and Colorists, Bradford, England together with the American Association of
Textile Chemists and Colorists.

Inorganic colored pigments have already been used in prehistoric times. Natural
pigments were obtained from minerals or their fired products. The weathered products
of iron oxide containing minerals and rocks were yellow, orange, red, brown and black
powders, which could be used as pigments. In ancient times and in the Middle Ages,
several mineral oxides, sulfides and carbonates of the metals lead, mercury, copper

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
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and arsenic were utilized to achieve red, blue or green color shades. Table 21.1 gives an
overview on natural and older synthetic inorganic pigments [1].

Table 21.1: Natural and older synthetic inorganic colored pigments [1].

Name Chemical formula C.l. Pigment Historical significance

Natural products

Egyptian blue CaCuSi,05 C.l. Pigment Blue 31 Most important blue pigment in
ancient times

Auripigment As,S3 C.l. Pigment Yellow 39  Used from Egyptians and
Romans; book painting

Azurite 2 CuCOs - Cu(OH), C.I. Pigment Blue 30 Used in Greece, Egypt; in Europe
until seventeenth century one of
the most important blue
pigments

Iron oxide red Fe,03 C.l. Pigment Red 101 Used in prehistorical caves
(Altamira, Lascaux); Roman
paintings

Yellow ocher FeOOH C.I. Pigment Yellow 42 Most important yellow pigment
in Egypt; in Europe used in the
Middle Ages

Green earth silicates with FeO  C.l. Pigment Green 23 Belongs to the largest known

(veronese green) mineral pigments

Malachite CuCOs5 - Cu(OH), C.l. Pigment Blue 30 Used in Greece, Egypt; in Europe
until seventeenth century one of
the most important blue
pigments

Realgar (ruby As,S, C.l. Pigment Yellow 39  Yellow pigment in ancient times

arsenic)

Burnt sienna Fe,03 C.l. Pigment Brown 7 Used in the Middle Ages

(Terra di Sienna)

Ultramarine [Nag(AlgSig0,4)1S,.4 C.l. Pigment Blue 29

(lazurite)

Umber Fe,05 - x MnO, C.l. Pigment Brown 7 Important pigment in Egypt; in
Europe used in the Middle Ages

Cinnabar HgS C.l. Pigment Red 106 Most important red pigment
beside iron and lead oxides;
used for mural painting, book
painting; first synthetic
manufacture in the eighth
century

Synthetic products

Iron blue Fe,[Fe(CN)¢l3 C.l. Pigment Blue 27 Since 1704 in Europe the most

(Prussian blue) important blue pigment for artist
paints and coating compounds

Burnt sienna Fe,03 C.l. Pigment Red 102 Used in the Middle Ages

Burnt umber Fe,03 - x MnO, C.l. Pigment Brown 7 Used in the Middle Ages
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Table 21.1 (continued)

Name Chemical formula C.l. Pigment Historical significance
Massicot (lead PbO C.l. Pigment Yellow 46  Mural painting in Thracia in the
ocher) fourth or third century B.C.
Minium (red lead) Pbs0, C.l. Pigment Red 105 Used in Egypt, Japan, China,

India and Persia

Natural inorganic colored pigments can be distinguished from each other with re-
gard to their composition and therewith their properties in dependence on the finding
location. Some of them have to be classified as hazardous substances from today’s as-
sessment. They contain environmentally relevant heavy metals. Some of them do not
fulfill anymore the high technical demands of the present time. They were therefore
replaced by synthetic colored pigments in modern times. On the other hand, the histor-
ically grown designations for the characterization of color shades are used further on,
e. g., sienna, ocher or Naples yellow.

With the exception of the natural iron oxides, the other natural pigment types are
only utilized in artist paints and for the purpose of restoration. Only a few companies
are specialized today on the recovery and the supply of natural colored pigments.

The industrial manufacture of synthetic colored pigments started in the eigh-
teenth and nineteenth century in order to enlarge the color variety by new product
classes. The production of some of these newly developed pigments was meanwhile
stopped again due to toxicological reasons. Examples for this are Schweinfurt green
(cupric acetate arsenite), Scheele’s green (copper(Il) arsenite) and Naples yellow
(lead antimonite).

Synthetic pigments, which are not industrially produced any longer for application
technological or toxicological reasons or which have only a limited importance today
are grouped in Table 21.2 [1].

Table 21.2: Inorganic colored pigments, which are insignificant today [1].

Name Chemical formula C.l. Pigment Color

Barium yellow BaCrO, C.I. Pigment Yellow 31  Very bright yellow
(lemon yellow)

Coeline blue CoSn0s C.l. Pigment Blue 35 Cyanic blue

Yellow ultramarine BaCr0,/SrCrO, Bright yellow
(lemon yellow)

Cobalt violet Cos3(P0,), C.l. Pigment Violet 14  Violet

Manganese blue BaMnO, - BaSO, C.l. Pigment Blue 33 Greenish bright blue

Manganese violet NH,MnP,0, C.l. Pigment Violet 16 ~ Reddish violet
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Table 21.2 (continued)

Name Chemical formula C.l. Pigment Color

Naples yellow Pb(SbO05), C.l. Pigment Yellow 41  Bright to dark
yellow

Scheele’s green Cu(AsOs), C.I. Pigment Green 22 Brilliant green

Schweinfurt green Cu(CH5C00), - C.l. Pigment Green 21  Bright brilliant

3 Cu(As0,),
Zinc green zinc chromate/iron blue

green
Bright to dark green

Cinnabar HgS

C.l. Pigment Red 106

Bright red

With the exception of some natural iron oxides, the predominant amount of the
presently used inorganic colored pigments is today produced in the industrial scale
under well-controlled conditions. The pigments are optimized in regard to their proper-
ties for their respective application purpose. The inorganic colored pigments are sum-
marized and classified concerning their chemical composition in Table 21.3. Table 21.4

contains the classification of organic pigments, which are colored in all cases [2].

Table 21.3: Classification of inorganic colored pigments in regard to their chemical composition [2].

Pigment Color Index

Elements

Aluminum Al Pigment Metal 1 77,000
Copper-zinc-alloy Cu-Zn Pigment Metal 2 77,400
Carbon black C Pigment Black 7 77,266
Oxides/oxide hydrates

Iron oxide yellow FeOOH Pigment Yellow 42 77,492
Iron oxide red Fe,03 Pigment Red 101 77,491
Chromium oxide green Cr,03 Pigment Green 17 77,288
Iron oxide black Fes0, Pigment Black 11 77,499
Mixed metal oxides

Bismuth molybdenum vanadium (Bi,Mo,V)03 Pigment Yellow 184

yellow

Chromium titanium yellow (Ti,Cr,Sb)0, Pigment Yellow 53 77,788
Spinel blue CoAL,0, Pigment Blue 28 77,346
Reddish blue Co(AL,Cn),0, Pigment Blue 36 77,343
Greenish blue

Iron manganese brown Mn,0s; - Fe,03, Fe(OH), Pigment Brown 7 + 8 77,727
Iron chromium brown (Fe,Cr),05 Pigment Brown 29 77,500
Zinc iron brown ZnFe,0,4 Pigment Yellow 119 77,496
Iron manganese black (Fe,Mn);0, Pigment Black 26 77,494
Spinel black CuCr,0, - Fe,03 Pigment Black 28 77,428
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Pigment

Color Index

Cadmium sulfides/selenides
Cadmium yellow

Cadmium red
Chromates/molybdates
Chromium yellow
Molybdate orange/red
Complex salts

Iron blue

Ultramarines
Ultramarine

Blue

Violet/red

(Cd,zn)s
Ccds
Cd(S,Se)

Pb(Cr,S)0,
Pb(Cr,Mo0,5)0,

Fe,[Fe(CN)el5

[Nag(AlsSig024)1S5.4

Pigment Yellow 35
Pigment Yellow 37
Pigment Red 108

Pigment Yellow 34
Pigment Red 104

Pigment Blue 27

Pigment Blue 29
Pigment Violet 15

77,205
77,199
77,202

77,603
77,605

77,510

77,007
77,007

Table 21.4: Classification of organic pigments in regard to their chemical

composition [2].

Pigment

Color Index

Monoazo pigments
Acetoacetarylide
Benzimidazolon
Naphth-2-ol

Naphthol AS

Pyrazolone

B-naphthol pigment lake
B-naphthol pigment lake
Disazo pigments
Azocondensation pigments
Bisacetoacetarylide
Diarylide

Dipyrazolone

Polycyclic pigments
Anthanthrone
Anthraquinone
Anthrapyrimidine
Azomethines (metal complex)
Quinacridone
Quinophthalone
Dioxazine

Flavanthrone
Indanthrene

Isoindoline

Pigment Yellow 1
Pigment Orange 36
Pigment Red 3
Pigment Red 112
Pigment Yellow 10
Pigment Red 57:1
Pigment Red 53:1

Pigment Red 144

Pigment Yellow 16
Pigment Yellow 83
Pigment Orange 13

Pigment Red 168
Pigment Red 177
Pigment Yellow 108
Pigment Yellow 129
Pigment Violet 19
Pigment Yellow 138
Pigment Violet 23
Pigment Yellow 24
Pigment Blue 60
Pigment Orange 66

11,680
11,780
12,120
12,370
12,710
15850:1
15585:1

20,040
21,108
21,110

59,300
65,300
68,420

73,900
51,319

70,600
69,800
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Table 21.4 (continued)

Pigment Color Index

Isoindolinone Pigment Yellow 100 56,280
Perinone Pigment Orange 43 71,105
Perylene Pigment Red 149 71,137
Phthalocyanine Pigment Blue 15 74,160
Pyranthrone Pigment Orange 51

Thioindigo Pigment Red 88 73,312
Triphenylmethan Pigment Violet 1 45170:2

New developments for industrial inorganic colored pigments are strongly limited
by the availability of suitable chemistry. There are only a few new developments in
the last years with relevance for the market. The most important of these are bismuth
vanadate pigments. Cerium sulfides and rare earths containing oxonitrides did not
achieve a breakthrough up to now [3].

There are on the other hand newly developed types of the existing pigments,
which show special properties realized by using of various chemical and physical
routes. The optimization of these pigments is driven from special purposes of appli-
cation and from the target to improve the industrial safety [4].

21.2 Uses

Main application fields for colored inorganic and organic pigments are coatings,
paints, plastics, artist paints, cosmetics, printing inks, leather, building materials,
paper, glass, and ceramics. Most of the inorganic colored pigments show the follow-
ing advantageous properties:

— strong hiding power

— highest light- and weather fastness

— very high color shade and temperature stability

— solvent fastness and non-bleeding behavior

Inorganic pigments have in many cases the better value-in-use compared with organic
pigments with similar coloristic properties. A disadvantage compared with organic
pigments is their weaker chroma, which is especially relevant for lightening. With the
exception of lead chromate, cadmium pigments, bismuth vanadate and ultramarine
pigments, inorganic pigments show a cloudier color shade. A solution for many color-
ation problems is the combined use of inorganic pigments with their strong hiding
power and organic colored pigments with their high chroma.
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22 Color fundamentals

Abstract: Colors are only created in the human brain. During this process, light rays
from the environment reach the retina of the eye. There they trigger an optical stimulus,
which is transmitted to the brain. And the brain translates this stimulus into colors. The
perception of color is influenced by multiple factors, which is why it is highly subjective.
Originally, the light rays come from the sun. They are described by the color
spectrum, which comprises rays visible to us from 400 to 700 nm. These light rays
can be influenced by different pigments that manipulate the light rays. This manip-
ulation can happen by absorption, reflection and refraction and interference.

Keywords: Sun, eye, brain, purple, manipulation of light, colors, color pigments,
aluminum pigments, interference pigments

22.1 Fundamentals and properties

There is a world in front of the human eye, i.e. the environment, and a world behind
the eye, i.e. in the brain. Both worlds are independent of each other and are con-
nected by the eye as a bridge.

We always assume that the environment exists as we see it. But we should be
aware that the brain translates and interprets the information it receives from the eye
into a world of colors. In this respect, we “see” only an image of the environment,
which is adapted, changed and manipulated in the brain by many different processes.

The processes in the environment, which ultimately lead to color sensations,
begin with the rays of the sun, which take about eight minutes from the sun to the
earth (Figure 22.1). Most of these rays are reflected by the earth’s atmosphere; only
a part penetrates the atmosphere. These are mainly so-called visible rays as well as
ultraviolet and infrared rays (Figure 22.2).

Rays are described as waves and by their wavelengths: These are defined as the
smallest distance between two equal points (phases). For example, if a sine wave
starts at 0°, it reaches a maximum at 90° and passes through the zero line at 180°
and through a minimum at 270°, only to return to the same starting point at 360°.
Figure 22.3 shows the case that two sine curves are close together, which leads to
the situation that the resulting curve is amplified. If two sine curves are far apart,
as shown in Figure 22.4, the resulting curve is reduced.
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Figure 22.1: The sun is the source of life and light on earth. At midday it appears white and the sky
is mostly blue.

The rays visible for the human eye have wavelengths between 400 and 700 nm
(1nm (nanometer) = 10" m). They cover the color range from blue-violet to blue,
green, yellow and orange to red, as shown in Figure 22.5. Although rays of each in-
dividual wavelength trigger a color stimulus in the eye, objects in the environment
reflect over the entire spectral range. There are no “holes” in the color spectrum
where pigments do not reflect light rays. Figure 22.6 shows the coherence to the
rainbow that begins with blue and continues through green and yellow to red. This
corresponds to the diffraction of white light by a prism.

If the maxima of all reflected light waves are combined, a reflection curve is
obtained that is typical for each pigment or object. It is so to speak the fingerprint.
It should be noted that different reflections (reflection curves) give the same color
impression with one type of light. With another kind of light, they lead to a different
color impression. This phenomenon is called metamerism.
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Figure 22.2: When the sun is low in the evening, the light rays need a much longer path through
the atmosphere. Therefore, the sun appears red to us.
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Figure 22.3: If two sine curves are close together, the resulting curve is amplified.

The explanations and representations are made with the help of wavelengths.
These depend on the surrounding medium. And usually it is assumed that the sur-
rounding medium is a vacuum. Colors are basically dependent on the frequency of
the light beams! In different media — for example, water and air — the frequency re-
mains the same, but the wavelengths change:
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0° 90° 180° 270° 360°

Figure 22.4: If two sine curves are far apart, the resulting curve is reduced.

400 nm 500 nm A00 nm 700 nm

Figure 22.5: Spectrum of colors visible for the human eye ranges from blue-violet to blue, green,
yellow, orange and red.

>~ 0

f = frequency

c = speed of light (cy = speed in a vacuum),

A =wavelength (A, = wavelength in a vacuum) and
n = refractive index.

When a light wave changes from one medium to another, its wavelength and speed
change while the frequency remains the same.

The sun exists and shines for about 4.5 billion years and will continue to do so
for another 4.5 billion years. As the light rays travel different distances through the
atmosphere at noon and evening, further phenomena occur here: During the short
journey through the atmosphere at noon or at the equator, light rays of shorter wave-
lengths are mainly scattered, and the sky appears blue to us (Rayleigh scattering).
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Figure 22.6: Inside, the rainbow begins with blue and continues through green and yellow to red.
This corresponds to the decomposition of white light by a prism.

On the long way through the atmosphere in the evening, mainly long-wave
rays are scattered. The sunlight thus appears bluer at noon and redder in the even-
ing. A simulation of the color shift through the atmosphere is shown in Figure 22.7.
Looking at a white car or a white object at noon and in the evening, the color per-
ception has hardly changed. A white car or a white object can be seen at both
times. This is because the human perception is influenced by information stored in
the brain. Since we know that the vehicle is white, it remains white despite new
information from the eye. This phenomenon is called “changeover*.

Sunlight has maximum intensity at 500 nm in the green spectral range. This is
shown by measurements with the Hubble satellite and also by calculations accord-
ing to Planck’s radiation law. If these calculations are based on frequencies, a maxi-
mum in the red spectral range is shown. This is the reason for the green color of
plants and leaves. They absorb red light with maximum frequency for chlorophyll
synthesis and reflect in the green spectral range [1].

Isaac Newton described the decomposition of white light into spectral colors in
1704 in his famous treatise “Opticks or a treatise of the reflections, refractions, in-
flections and colors of light”. He was also able to prove that he could reassemble
the spectral colors back into white.
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Figure 22.7: Simulation of color shift through the atmosphere.

Almost one hundred years later, in 1810, Johann Wolfgang Goethe published
his theory of colors [2]. In it he dismissed Newton’s experiments, because he came
to different results with his experiments. For him yellow, red and blue were the
basic colors from which all other colors could be mixed. Since he mixed green from
yellow and blue, it was a mixed color for him.

Goethe’s theory of colors is based on the mixing of colors/pigments and has
nothing to do with the today’s understanding of the perception. The eye does not
care whether it sees a green pigment or a green color or a mixture of yellow and
blue. In this respect Goethe’s theory of colors is a theory of mixing. His correspond-
ing color wheel is shown in Figure 22.8. It must be stressed at this point that every-
thing that happens in front of the eye has nothing to do with perception. Colors
only arise in observer’s heads.

Goethe made experiments with rotating apparatus (flywheel) with discs. If a
disc with yellow and blue is used there, the mixture does not turn green, but gray.
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Figure 22.8: Goethe’s color wheel refers to the mixing of color pigments. It has nothing to do with
the today’s understanding of the perception of color.

Since this result does not fit to his general explanations, he called it an “apparent
mixture”. If yellow and blue artist’s colors or similar colorants are mixed, the result
is green. This process happens in front of the eye and is physically described as a
mixing process. If both colors are offered to the eye, for example on a fast-rotating
disc, the eye cannot distinguish the two and mixes them additively to gray. This
happens in the eye and in the brain.

Wilhelm Ostwald and Albert Henry Munsell have arranged colors according to
physiological aspects. Thus, Wilhelm Ostwald used spinning tops to arrange colors
into his color wheel, which initially consisted of 100 parts, then 24 parts. In this
way, he obtained a color wheel that corresponds to the sensations and perceptions
of the eye and the brain. With further gradations he darkened and lightened each
color. Wilhelm Ostwald set up his color wheel, which is shown in Figure 22.9, based
on sensory distances. Each color is defined by the number of the full color and by
letters for the black and white portion. Otto Philipp Runge described the colors in a
three-dimensional ball to include mixtures with white and black (Figure 22.10).
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Figure 22.9: Wilhelm Ostwald set up his color wheel based on sensory distances.

22.2 The eye

On one side, the sun is a light transmitter and on the other side, the eye are light
receivers (Figure 22.11). Over the many years of the evolution, the eye has adjusted
to the sun.

The eye corresponds to a simple optical system. Rays of light hit the lens of the
eye, which is variable. The amount of light is regulated by the pupil. It reacts by
reflection, i.e. it adapts automatically. The light rays penetrate the lens and hit the
retina on the so-called macula. The lens adjusts itself to focus on the fovea centralis
in the center of the macula. The laws of optics also apply here: short-wave light
rays are refracted more strongly than long-wave ones. Here the lens adjusts itself
when focusing. As a result, blue writing on a red background begins to flicker: The
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Figure 22.10: Philipp Otto Runge showed colors three-dimensionally for the first time.

lens moves between blue and red when focusing. These movements cause flicker-
ing. This phenomenon is known in optics as chromatic aberration.

The retina covers the inside of the eye. It contains two different types of light-
sensitive cells: The so-called rods are responsible for light-dark vision and the
cones for color vision. The rods are distributed over the entire retina, while the
cones concentrate on the fovea. The light-sensitive cells transmit their information
to the brain via the optic nerve. This nerve runs inside the eye and leaves the retina
in the blind spot. At this point, it is impossible to see.
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Figure 22.11: Human eye has adapted to sunlight over many millions of years. Its pupil regulates
reflexively the incidence of light into the eyeball.

The cones differ in their sensitivity to light rays: One species is maximally sen-
sitive to the blue spectral range, another to the green and the third to the red spec-
tral range. These three types are responsible for the color vision of humans.
Basically, all three cone types always react, i.e. the brain always receives a common
reaction to incident light. No type of cone can be active alone (Figure 22.12).

Rod cells are more sensitive than cones. These photoreceptor cells run at lower
light and are responsible for the night vision (scotopic vision) of humans (Figure 22.13).
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Figure 22.12: Human eye has three types of cones that are sensitive to different spectral ranges.
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Figure 22.13: Sensitivities of the cones and rods differ by a maximum of about 50 nm.

Since only hard parts such as bones have survived millions of years, it can only
be speculated about the evolution of soft parts such as the eye. The position of the
cones has probably changed more often than the previously diurnal mammals be-
came nocturnal because of the many predators. Today’s blue cone could therefore
have migrated into the UV range. In the visible spectrum, only one cone is likely to
have remained. When the mammals became diurnal again, the blue cone migrated
into the visible range. The green cone separated from the red one, as genetic engi-
neering investigations have shown. This process happened only about thirty million
years ago, which is a young process in evolution. This may also be the reason for the
many color defects in red-green. Since color vision defects are inherited dominantly
by men, they have a rate of 8-9%, while those of women are less than 1%. There are
different types and strengths of color vision defects. With test charts, defective color
vision can be determined. Figure 22.14 shows a red vehicle with a green door that a
person with normal vision can clearly see. People with deficient color perception, on
the other hand, cannot see the difference of the car paint shown in Figure 22.15.

Some marsupials have four cones at equal distances and probably can differen-
tiate colors better. A crab species also has twelve cones, some of which are in the
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Figure 22.14: This red vehicle has a green door that a person with normal vision can clearly see.

Figure 22.15: People with deficient color perception cannot see the difference of the car paint.



22.3 The brain —— 365

UV range. What and how these animals see can only be guessed. And whether they
see colors as humans do, is also questionable.

The sensitivities of the red and green cones overlap. If both cones are excited,
this leads to a yellow reaction. Because of the overlapping, humans cannot see dark
yellow. They can see dark blue, dark green and dark red, but no dark yellow.

The optical information of both eyes is combined additively and results in a
final image. If the eye and the brain are offered a blue (Figure 22.16) and a yellow
image (Figure 22.17), these are combined additively to form a neutral image as
shown in Figure 22.18. Mixing of colors outside the eye has nothing to do with the
human perception.

Figure 22.16: Eye and the brain mix colors additively. A blue glass colors the surroundings blue.

22.3 The brain

The optical nerves run crosswise from the eyes to the brain. There the optical stimuli
are converted into colors. The brain’s greatest achievement is to combine the colors
blue-violet and red at the two ends of the spectrum to form a new color, purple, as it
is shown in Figure 22.19. Purple does not exist in the visible spectrum as a spectral
color and cannot be assigned to a wavelength range as illustrated in Figure 22.20.
Because the brain makes this linkage possible, we see the colors in a color cir-
cle: Starting with yellow, the color circle runs from orange to red and violet. From
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Figure 22.17: In the same way a yellow glass colors the surroundings yellow.

Figure 22.18: If the eye and the brain are offered a yellow and a blue image, these are combined to
form a neutral image.
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Figure 22.19: The colors at the respective end of the spectrum are connected by purple.
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Figure 22.20: Purple does not exist in the color spectrum. A purple chromatic color is composed of
red and blue reflective components.

there it continues toward blue and then via green back to yellow. This is how the
color circle is created! The color circle exists only in the human brain (Figure 22.21).

When we open the eyes, we see colors as a matter of course. This makes us be-
lieve that the colors are properties of the objects in the environment. Since we do
not see and recognize the reflected light rays as such, we associate the colors with
the objects. Viewed purely objectively, the objects “only” reflect rays of light that
reach the eye and trigger an optical stimulus there. This is translated into colors in
the brain.

So: Colors only arise in the human brain!
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Figure 22.21: Color circle showing the human color thinking.

While the color spectrum represents the properties of light waves — which light
wave triggers which color stimulus — the color wheel represents the brain’s reaction
to light waves and the relationships between colors. In the color wheel the colors
are arranged in such a way that they have the same brightness and the same chro-
maticity (chroma).

The arrangement of the colors in the color wheel has already been described by
Ewald Hering [3], a German physiologist, with his theory of opponent colors (Figure
22.22). According to this theory, yellow and blue as well as red and green are oppo-
site each other in the color wheel: We don’t know yellow which is bluish. A yellow
can only be reddish or greenish. And a blue cannot be yellowish, but only greenish
or reddish. It is the same with green and red: A green cannot be reddish, but only
yellowish or bluish. And a red cannot be greenish. There is only a yellowish or bluish
red. For this reason, in modern color science, yellow and blue are represented oppo-
site each other in a coordinate system on the y-axis as shown in Figure 22.23.
Perpendicular to this is the x-axis with the green and red components. Perpendicular
to both is the brightness axis.
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Figure 22.22: Ewald Hering postulated the theory of opponent colors.

Figure 22.23: In the human perception of color, yellow and blue as well as red and green are
opposite to each other. There is no reddish green and vice versa. Just as there is no bluish yellow
and vice versa.

Colors that are opposite to each other in the color wheel are called complemen-
tary. If they are mixed, white or gray is generated. The eye and the brain mix colors
additively, i.e. a mixture becomes whiter the more colors are added.

Colors are described by their hue (red, yellow, green etc.), their chroma (in-
tense, less intense) and their brightness (light, dark). These three components char-
acterize each color. This also applies to real color pigments (absorption pigments).
It should be noted that mixing does not only change one component, but at least
two. An addition of a white pigment provides more brightness, but also a change in
chroma.



370 =—— 22 Color fundamentals

The colors appear different, which is not shown in the color wheel: For us, yel-
low is more colorful and brighter than blue.

Two special characteristics of the human brain are important in terms of colors:
On the one hand, we cannot remember any color and “park” it in the brain. This
makes it almost impossible to recognize a color (e.g. when shopping for clothes).
On the other hand, we can differentiate colors very well. The smallest differences in
color can be distinguished well.

Besides the direct translation of light rays into colors, there are psychological
and psychological influences on color perception. For example, looking at a green
against a yellow background, the green one appears more yellowish. If the same
green is placed in front of a blue background, it appears more bluish. Another ex-
ample is the placing of circular rings alternately in green and blue followed by the
replacement of one of these by red. If the order of the green and blue rings is changed
subsequently, the red also changes in the perception (Figure 22.24). Evaluation of col-
ors should therefore always be done in a neutral environment!

Figure 22.24: Depending on the order of the rings, the human eye perceives the red to be
yellowish or bluish.
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Many examples show how the human perception can be changed or even de-
ceived. Since the human brain only reproduces a virtual image of the environment,
the question also arises as to what we really see? This is where philosophy comes
into play.

22.4 Manipulation of the light

Pigments can manipulate the incident light in different ways: They can absorb part
of the light and reflect the rest in all directions. Or they reflect the incident light at a
certain angle (angle of incidence = angle of reflection). The third type of pigment
divides the light in such a way that both parts subsequently interfere, i.e. due to the
displacement of the waves, they are attenuated or amplified.

These processes depend on light: If white light falls on a green pigment, mainly
light waves from the green spectral range are reflected. If, on the other hand, red
light falls on the same pigment, only little light is reflected, since the green pigment
only has reflective properties in the green spectral range. The color is therefore not
a property of a pigment and changes with the incident light. The here described sit-
uation is illustrated in the Figures 22.25-22.28.

J

Figure 22.25: In white light, the colors appear “normal” to the human eye.
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Figure 22.26: If the same panels are illuminated with red light, yellow and red appear to us as light
gray and green and blue as black.

Figure 22.27: Turquoise light turns yellow into yellow-green, red into black.
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Figure 22.28: Violet light makes that yellow and red appear almost in the same red, while green
becomes blue.

Basically, reflection occurs in the entire spectral range: A red pigment therefore
also reflects in the yellow, green and blue range — only much less. There are no
black holes in the reflections. The situation is similar with a blue pigment, for ex-
ample: It reflects over the entire spectral range, especially strongly in the blue
wavelength range.

22.5 Color pigments

Color pigments, respectively, absorption pigments belong to the classic pigments that
were used in cave paintings as early as the Stone Age. Besides many earth colors, col-
orants made from plants or animals were also in ancient times. Figure 22.29 shows as
an example a “paintbox” that belonged to the daughter of an Egyptian pharmacist
who lived 3000 years ago. Even crushed mummies were used as “mumia” in painting,
especially for painting shadows, as shown in Figure 22.30. Artificial pigments such as
the Berliner Blue, which was produced from the beginning of the eighteenth century
onward, also brought new colors into the world. A great leap forward was the discov-
ery of “mauve”, an aniline compound discovered by William Henry Perkin in 1856.
His discovery led to a new class of organic colors. And due to his discovery, well-
known chemical companies were founded.



374 —— 22 Color fundamentals

Figure 22.29: This “paintbox” belonged to the daughter of an Egyptian pharmacist and is 3000
years old.

Figure 22.30: “Mumia” was a much sought-after color in paintings (photograph: Manfred
Oppermann, Wuppertal, Germany).
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Pigments are distinguished from dyes. These are primarily used for dyeing, as
they are prepared in solutions. Their behavior toward white light corresponds
largely to the behavior of pigments [4].

The optical properties shown below were established based on samples with
car paints. Car paints require exact handling, which is why the results are scientifi-
cally sound. They can easily be transferred to other areas of application (plastics,
industrial coatings, cosmetics, artists’ paints, etc.). Real deviations are possible due
to different binding agents, but in principle the statements are generally valid. This
applies to color pigments, aluminum pigments and interference pigments [5].

When talking about colors in the following, it is the optical properties of the
pigments and not spectral colors. The latter are based on individual light waves
which are characteristic for the substance. For example, sodium has a double line
at 589 nm. This produces a yellow color reaction in the human brain. A yellow pig-
ment reflects more or less strongly in the entire spectral range (Figure 22.31). This
distinguishes light colors (spectral colors) from body colors (pigments).
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Figure 22.31: Human brain does not recognize that yellow pigments also reflect in the red and
green spectral range. Both areas are mixed additively by the brain to yellow.

Color pigments mix subtractively (multiplicatively), whereby figuratively speaking,
less and less light is reflected when two color pigments are mixed. It must be em-
phasized once again that a color wheel created by mixing colored pigments has
nothing to do with the color wheel on which the human perception and color sensa-
tions are based. However, most people believe that the mixed color circle reflects
their color sensations. This is wrong!
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There are two ways of mixing color pigments: In subtractive mixing, the original
colors act like two color filters connected in series, as shown in Figure 22.32. The first
one only allows certain wavelengths to pass, e.g. those from the yellow range. This yel-
low filter blocks all other colors. The second color filter only receives the light waves
that have been transmitted by the first one. In the example, light waves from the yellow
range meet a blue filter. This filter only allows light waves from the blue spectral range
to pass, i.e. none from the yellow range. Only some light waves from the green spectral
range, which pass both color filters lead to the resulting color, as shown in Figure 22.33.

Figure 22.32: Difference between subtractive and additive mixing: In subtractive mixing, the color
filters are placed one behind the other, in additive mixing, they are placed parallel.

If the two filter colors are far apart like red and blue, the entire spectral range is
blocked. Since pigment colors, in contrast to filter colors, reflect throughout the en-
tire spectral range, there are overlapping reflections for red and blue, but these do
not lead to violet, but at most to brown, as shown in Figure 22.34.
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Figure 22.33: Blue and yellow mix to green because both source colors contain green. Green
remains when mixing.
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Figure 22.34: Subtractive mixing of red and blue in the ratio 1:1 to brown.

In additive mixing, as the name suggests, the ingredients add up: If a yellow and
a blue interference color are mixed, they add up to a white. Here, both spectral
ranges are combined, as shown in Figure 22.35. This corresponds to a parallel ar-
rangement of color filters. After the light waves have passed through both filters
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Figure 22.35: Additive mixing of red and blue in the ratio 1:1 mix to violet.

separately, they unite in the mixture. The appropriate mixture of yellow and blue leads
to white (Figure 22.36).
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Figure 22.36: Appropriate mixture of yellow and blue leads to white.
If the common color pigments are put together or the color program of a manufac-

turer of artist’s colors is taken, the colors do not arrange themselves in a circle.
Sometimes there are also gaps between the different colors. As the pigments are



22.5 Color pigments =— 379

produced in some way or other, one can only use the results of the production. The
spectrum of colors is limited by the manufacturing process as shown in Figure 22.37.
It is not possible to make an intense yellow more intense if it cannot be produced. To
reproduce a color circle as good as possible, many pigments are necessary.
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Figure 22.37: Typical paint distribution in a mixing system. The a*b* diagram shows the color
values of the individual mixed paints.

22.5.1 Yellow

Yellow is one of the most interesting colors: Like all other body colors, it reflects in
the entire spectral range, but especially strongly in the green, yellow, orange and
red range. The high reflections in this range lead it in brightness close to white. Its
colorfulness and chroma are also very high [6].

Interesting are the reflections: It reflects not only in the yellow, but also in the
green and red areas. The eye and the brain combine both areas to yellow. The
human eye cannot recognize the reflections; it transmits the optical stimulus of
these reflections to the brain. There yellow is then perceived. The further the
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reflections reach into the green spectral range, the more greenish the yellow ap-
pears. The less it reaches into the green range, the redder it is!

Yellow can be mixed with red to orange. Here, the so-called color strength
plays a major role: Small amounts of a red pigment are sufficient to change the yel-
low to an orange. Conversely, huge amounts of yellow would be needed to get an
orange from a red: Therefore, when mixing an orange, it is best to start with yellow
Figure 22.38 shows reflection curves of mixtures of yellow and red characterized by
typical saddle shapes.
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Figure 22.38: Reflection curves of mixtures of yellow and red show typical saddle shapes.

If the yellow is mixed with green, a gradation of yellow—green is obtained. There
are no special features to be considered here.

22.5.2 Yellow ochre

Yellow ochre pigments “darken” less than a black pigment, but also have much
less chroma than a yellow one. The addition of yellow ochre makes the mixture
slightly darker and reduces the chroma. If yellow ochre is removed from the mix-
ture, the brightness and chroma increase.
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22.5.3 Orange
This color can be mixed from yellow and red as described. A manufactured orange
pigment is much more color intensive (more brilliant), which is why it has advan-

tages over mixing. A mixed orange can be easily recognized by its reflection curve.
This has a typical saddle, which is missing in the orange produced (Figure 22.39).
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Figure 22.39: Comparison of the reflections of an orange (columns) with a mixture of yellow and
red (line).

22.5.4 Red

Colors whose maximum reflections are in the red spectral range are perceived as
red. The further these are in the yellow range, the more yellowish the red becomes.
Conversely, humans recognize it as red, sometimes even as bluish, when reflections
in the blue-violet range are added (Figure 22.40). A red pigment does not show the
actual optical color character. Mixtures with white show this clearly. Figure 22.41
shows that red pigments react typically with a color shift when adding white. Blue
and green pigments, on the other hand, increase their chroma up to a turning point
when white is added. From this turning point, the chroma decreases while the light-
ness continues to increase.
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Figure 22.40: Red chromatic colors have a color character, which becomes apparent when mixed
with white. Here, the blue reflective component is initially intensified when mixed with white.
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Figure 22.41: Red pigments react typically with a color shift. Blue-violet, blue and green pigments
increase their chroma and brightness up to a turning point when a white pigment, an aluminum
pigment or an interference pigment is added. From this turning point, the chroma decreases while
the brightness continues to increase.
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22.5.5 Purple

The closest to red in the color wheel is violet. Depending on the proportion of red or
blue, it can appear red-violet or blue—violet. By mixing of red and blue, a brown
rather than a bright violet can be achieved. In watercolor painting one often be-
lieves that mixing violet from red and blue is possible. Firstly, a white background
is used, secondly, transparent watercolors are used and thirdly, a produced violet is
always more colorful and intense than a mixture.

Violet, which corresponds to this color direction, reflects in the red and blue-
violet spectral range. As already mentioned, it has no spectral lines of its own in the
visible spectrum. Only the brain combines the two reflected parts to a new color
that does not exist in the spectrum.

22.5.6 Blue

This color is heavier and less brilliant than yellow for the human impression. Blue
has a maximum of its reflection in the blue spectral range with flanks to the green
and blue-violet range. The steeper these flanks are, the more intense the blue is. This
also applies to the other colored pigments. Blue reflects the incident light in the en-
tire spectral range. The further its maximum extends to the green spectral range, the
more greenish the blue is. On the other hand, a blue can also appear reddish, the less
it extends into the green range. Figure 22.42 shows that depending on the color char-
acter, a blue also reflects in the green and in the blue-violet color range.
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Figure 22.42: Depending on the color character, a blue also reflects in the green and the blue-
violet color range.
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22.5.7 Blue-green

If green and blue artist’s paints are mixed, the corresponding mixed colors are ob-
tained. In contrast to the mixing of yellow and red, there is little to consider here.

22.5.8 Green

Green is not far from blue in the spectrum and shows similar properties to this. This
is especially apparent when mixed with white, which is described below. On the
one hand, green can be bluish, on the other hand yellowish. Both alignments lead
to corresponding mixed colors.

The addition of yellow pigments makes green colors brighter, yellowish and
more colorful because yellow is a very bright and intensive color. Conversely, the
brightness decreases when yellow is reduced. Mixtures become greener in this case.

Green mixed paints are very dark like blue ones and become more colorful (=
green) by adding white. For this reason, the mixture becomes darker, more intense
and greener when green is added.

22.5.9 Yellow-green

In order to get the desired mixing color, it is possible to start either with yellow or
with green. It is more advantageous to use a yellowish green and a greenish yellow
to prevent “contamination” of the mixture: Blue portions in green and red portions
in yellow would cause undesired color reactions.

22.5.10 White

White, like the subsequent black, is an achromatic color, as shown in Figure 22.43.
It is used alone or in mixtures with colored or black pigments. Since yellow itself is
very bright and intense, the intensity cannot be enhanced by adding white. A
mixed series of yellow and white shift directly from yellow to white.

Red pigments not only become brighter with white, but often change color.
Therefore, a mixed series does not run directly from red to white, but may well
make a turn to violet. Green and blue colored pigments are usually almost like
black and not very colorful. Through white, both pigments unfold their chroma
with increasing addition, as shown in Figure 22.41. At the same time, the brightness
of the mixtures increases. From a turning point, however, the chroma of the mix-
tures decreases, while the brightness continues to increase until white is reached.
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Figure 22.43: White reflects the incident light strongly in the entire spectral range. Differences
occur when it is based on different materials.

22.5.11 Black

While mixtures of green and blue with black decrease in brightness, mixtures with
yellow and red show additional color shifts. Especially with yellow and also with
orange, black reacts to olive green.

Conversely, as with white, the addition of black leads to a reduction in bright-
ness and chroma, as expected. Furthermore, the mixture becomes greener. A reduc-
tion causes the brightness and colorfulness to increase.

And red produces brown together with black. This situation is shown in the
a*b* diagram in Figure 22.44.

In many applications, more than two color pigments are mixed to obtain the
desired final color. Different interactions can lead to overlapping of effects. The ex-
ample of a real color for the automotive paint sector in Figure 22.45 is chosen to
illustrate the interactions during color adjustment. The green shown here is com-
posed of the mixed paints green, yellow, yellow ochre, white and black.

22.6 Aluminum pigments

Aluminum pigments are tiny platelets that reflect incident light like a mirror. They
were originally developed for protective coatings (e.g. for the roofs of freight cars).
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Colour pigments blended with

. black

Figure 22.44: Mixtures of color pigments run almost directly toward black. However, this a*b*
diagram also shows that mixtures of yellow with black drift into olive green.

Today their main applications are in the decorative, industrial and automotive sec-
tors. Different versions are also available for artists and restorers.

In addition to the so-called silver bronzes based on aluminum, there are also
gold bronzes consisting of copper and copper/zinc alloys. Depending on their com-
position, the latter have such illustrious names as rich gold, rich pale gold or pale
gold. In the following, silver bronzes are presented and discussed.

Liquid aluminum is atomized to produce aluminum pigments. This produces
potato-shaped particles that look flat-rolled like cornflakes. If the atomization is
carried out under inert gas such as helium, round particles are produced that look
like “silver dollars”. Due to their regular shape, “Silverdollars” reflect the incident
light more evenly and strongly than “Cornflakes”.

Besides this difference, the aluminum pigments can have different particle
sizes. Fine particles have a higher opacity, while coarse particles glitter and shine
more (Figure 22.46).

If aluminum pigments are not wetted by the binder, they float up in the wet
film, i.e. to the surface. This property is known as “leafing”. If the pigments are
completely wetted by the binder, they distribute themselves evenly in the binder.
This behavior is known as “non-leafing”.

Aluminum pigments appear gray to us, although they are lighter in gloss than
white. The reason for this lies in the human perception, which does not focus on small
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Figure 22.45: Starting color (light green circle) is a mixture of yellow ochre, yellow, green, white,
and black. The individual mixed colors have been increased (circles) or decreased (triangles) in
quantity. The changes are clearly visible in this a*b* diagram.

areas. This is also where an optical property of aluminum pigments comes into play:
the optical properties of aluminum pigments are dependent on the angle, the angle of
illumination and the angle observer. Since the aluminum pigments have no color, their
brightness changes above all. They are brightest close to the angle of gloss — i.e. where
the incident light is reflected to the maximum - and are therefore the brightest. The
further away from this gloss angle, the lower the brightness (Figure 22.47).

This flop, as the brightness effect is called, can be influenced in its properties
by additives. For example, the same aluminum pigment with additive near the
gloss angle can be darker than one without additive. This impression turns away
from the gloss. Black pigments can also cause this effect (Figure 22.48).

Aluminum pigments can be mixed with color pigments to create colorful metal-
lic effects, as shown in Figure 22.49. However, there are limitations, especially with
white and yellow pigments. White pigments are relatively large and can minimize
the flop effect. Yellow pigments tend to be greenish.

The best mixing results are achieved with blue and green as well as black pig-
ments, as shown in Figure 22.50. Here, luminous metallic effects can be achieved



388 — 22 Color fundamentals

180
L
160 1 —coarse alu
——medium alu
140 A —fine alu

20 4

15 20 25 30 35 40 45 50 55 60 85 70
aspecular []

Figure 22.47: The closer the distance to the gloss angle is, the more strongly reflect aluminum
pigments. Their reflections depend on the particle size.
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Figure 22.48: Aluminum pigments reflect very strongly near the gloss angle. The reflections
decrease the further the distance to the gloss angle is.
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Figure 22.49: Flop of an aluminum pigment can be influenced with a flop corrector. This can reduce
the reflection of the aluminum pigment close to the gloss and increase it away from the gloss.

which are also popular in the automotive sector. Even mixtures of colored and alu-
minum pigments mainly only change their brightness when the viewing angle is
changed. There is practically no color shift.
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Figure 22.50: Even when mixed with color pigments, aluminum pigments do not cause any
reflection and color shifts.

22.7 Interference pigments

Interference pigments have their model in nature, e.g., butterfly wings, beetle shells
and snail shells (Figure 22.51). They are described in detail in chapter Special Effect
Pigments. Nowadays, there are different interference pigments that are very popu-
lar in car paints, cosmetic products and other decorative objects (Figure 22.52).

Figure 22.51: Nature is showing the way: Iridescent colors.



22.7 Interference pigments =—— 391

Figure 22.52: Three “color states” can be observed on this hood: Above a black background the
reflection colors are intensive, above a white background they are clearly weaker. The
corresponding transmission colors can be observed in an angle away from gloss above white
background.

As their name suggests, their colors and effects are based on the principle of
interference [5]. This is where light waves meet and superpose to form a resultant
wave of greater, lower, or the same amplitude. Light waves are defined by their length
and their maximum. The wavelength are characterized by the wave movement in
1sec. From O over the maximum at 90° back to O at 180°, then the wave passes
through its minimum at 270°, then back to zero at 360°. Typically, this is what sinu-
soidal curves look like.

If one wave meets another wave of the same wavelength, the maximum and min-
imum are amplified. If the two waves had a shift of half a wavelength, the maximum
of one wave would meet the minimum of the second wave. Then the waves are extin-
guished. However, a large wave can also interfere with a small one. Depending on
the coincidence, parts of the resulting wave increase or decrease. Pigments reflect in
the whole spectral range. Interference phenomena occur for every wavelength. The
result is an interference color which is typical for the respective pigment [7].

The interference pigments influence the incident light in such a way that parts
are shifted against each other. This causes them to interfere with each other. These
pigments consist of a wafer-thin platelet as a carrier material. These platelets are
coated with a highly refractive material. If white light hits such a pigment, a part of
it is reflected directly on the surface. The remaining part passes through the highly
refractive layer by refraction of the light rays. At the boundary layer to the carrier
flake, again a part is directly reflected, the other part travels through the carrier
flake and the processes are repeated. The part that is reflected at this boundary
layer leaves the pigment parallel to the first part. Since the second part travels a
longer distance through the highly refractive layer before leaving the pigment,


https://en.wikipedia.org/wiki/Superposition_principle
https://en.wikipedia.org/wiki/Amplitude
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interference occurs. In the process, certain waves are amplified and others are at-
tenuated. These processes depend on the optical path lengthening (path differ-
ence), and this depends on the layer thickness of the highly refractive material [8].
The optical principle of light interaction with a particle of an interference pigment
is shown in Figure 22.53.

B
Mica
Interference Green \/\

Figure 22.53: Interference pigments based on TiO, coated mica platelets divide the incident light
into a reflection and a complementary transmission part.

In most cases, titanium dioxide or iron oxide is used as a highly refractive material
to coat the carrier platelets. Natural mica platelets or synthetic materials are used
as carrier material. The physical principles of interference are always the same.
Vaporized pigments are a special feature: In a high vacuum, different layers are va-
porized. Here, too, colors are created due to interference phenomena.

If the light components leave the pigment on the upper side, interference occurs
and a typical interference color for this pigment is produced. The remaining light
passes through the pigment and also leaves it with interference phenomena. Due to
the lack of phase shift — at the transition from the optically thinner to the optically
denser medium, but not vice versa — the resulting transmission color is complemen-
tary to the reflection color. Figure 22.54 shows the different reflection colors that are
visible in the gloss angle on painted metal panels. The dark background color ab-
sorbs the transmission colors and is observed off gloss as shown in Figure 22.55.
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Figure 22.54: Different reflection colors are clearly visible in the gloss angle on painted metal panels.

Figure 22.55: Away from the gloss angle, the dark background color that absorbs the transmission
colors can be seen.

A blue interference pigment appears blue when viewed from above and yellow
when viewed through. A green pigment, on the other hand, appears green in the
top view and red in the transmission. Figure 22.56 shows that the perceived interfer-
ence colors are also dependent on the surrounding medium.

If the coating of the carrier platelet (for example mica) is low, silver—white in-
terference pigments are obtained. If the coating is increased, yellow and then red
interference pigments can be produced. Here, reflection shifts to longer wave-
lengths, with a reflection maximum shifting from the UV to the visible spectral
range: further increase of the titanium dioxide layer then leads to blue and finally
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Figure 22.56: The resulting interference colors are also dependent on the surrounding medium.
Here, water droplets cause a color shift compared to the “basic color”.

to green interference pigments. The dependence of the interference color of TiO,
mica pigments on the thickness of the TiO, layer is illustrated in Figure 22.57.
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Figure 22.57: Different layer thicknesses of the titanium dioxide on the mica platelet lead to
different reflection colors. As the thickness of the layer increases, silver-white changes to yellow
and then to green via red, purple and blue. A shift of the reflections into longer wavelengths takes
place.
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The range of interference pigments available varies: titanium dioxide-coated
pigments are available in all colors from yellow (gold) to orange, red, purple, blue
and green. Iron oxide-coated pigments cover the red range, while so-called combi-
nation pigments cover the gold and green ranges [9].

The closer an interference pigment is to the angle of gloss — where the incident
light is reflected — the stronger is the reflection color. As with aluminum pigments,
their intensity and brightness decrease the further the human eye looks at the pig-
ment from the gloss angle. These pigments have a special feature: The resulting re-
flection color depends on the angle of the incident light: This determines the
optical path extension and thus the reflection color. The range of the color shift due
to the angle change can be relatively large and in the extreme case can range from
yellow to orange, red, violet and blue to green. Most interference pigments have a
range of about 50 nm: Thus, the color of a green interference pigment shifts from
yellowish to bluish green when it is illuminated flatter. Examples for these interac-
tions are shown in Figure 22.58-22.61.

80
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45°/as-15 o) =Om=Sunbeam Gold

=8—>5olaris Red

0 =@=—Galaxy Blue
=@=Stellar Green
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40 60 80
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45°/as-15°

2y

-100 -
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Figure 22.58: Reflection color of interference pigments shifts to the shorter wavelength when they are
illuminated flatter. A red interference pigment becomes more yellowish, a yellow one greenish, a green
one bluish, and a blue one reddish. In the diagram, these color shifts are marked with triangles.
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Figure 22.59: If interference pigments are illuminated more flatly, their reflection curve shifts to the
shorter wavelengths.
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Figure 22.60: Above a white background, the reflection color changes to the complementary
transmission color.

These shifts are typical for an interference pigment; they always occur in the
shorter wavelength spectral range when the pigment is illuminated more flatly. An
interference red becomes more yellowish, an interference yellow greenish, an inter-
ference green bluish, and an interference blue violet when illuminated at a lower
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Figure 22.61: Change from the reflection color to the complementary transmission color becomes
clear with green interference pigments when the a* values are plotted against the difference
angles to the gloss (aspecular).

level. This optical property can also be used for their identification and characteri-
zation [10].

An interference pigment is characterized by its interference and aspecular line
[11]. The interference line results from the measured values at steep, classical and
flat illumination while difference angle to gloss (aspecular) keeps the same. With
the exception of white interference pigments, there is a color shift that is typical for
the respective interference pigment. It always occurs toward shorter wavelengths
when illumination is flatter. If the pigment is measured at a fixed illumination
angle with different angles of difference from the gloss angle (aspecular), the mea-
sured values form the aspecular line. These two lines form an anchor shape that
characterizes each interference pigment and can be used to describe it [12]. The in-
terference line always runs counterclockwise in the a*b* chart under flat illumina-
tion, as shown in Figures 22.62 and 22.63. The ball in Figures 22.64 and 22.65 shows
the strong influence of the angle of illumination on the visible interference effects.

22.8 Mixing behavior of interference pigments
Interference pigments are usually transparent and divide the incident light into two

parts: The reflection parts give the typical reflection color and the transmission
parts give the complementary transmission color. As these pigments divide the
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Figure 22.62: Two different interference pigments can be clearly distinguished by their interference
and aspecular lines.

light only and do not change anything else, they behave like lights, which show an
additive mixing behavior [13].

An interference yellow mixes with interference blue to white. With colored pig-
ments one would get green, as is well known. An interference green mixes with an
interference red to produce a light yellow. These blends can be extended to achieve
any desired intermediate colors [14].

Interesting results are also achieved with colored pigments. In the beginning
these were mainly mixed with white interference pigments, see differences in
Figure 22.66. These mixed colors already had their color appeal, with colored inter-
ference pigments this can be increased considerably. When mixing, similar behav-
ior applies as when mixing colored pigments with white: green and blue colored
pigments increase the chroma up to a turning point. Yellow colored pigments are
too light to give interference pigments even more color effect. White pigments are
too large and, as with aluminum pigments, interfere with the effect. Black, on the
other hand, increases the effect while absorbing the transmission color. Since the
possibilities of mixtures are so manifold, each user has to carry out his own experi-
ments. Figure 22.67 shows exemplary the manifold design possibilities with interfer-
ence pigments.

Since most interference pigments are transparent, the background color plays a
major role: If transparent interference pigments are applied to a white background,
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Figure 22.63: Pigment in the diagram has the largest color gradient from yellow to red, violet
and blue to green.

the reflection color typical for this pigment can be seen near the gloss angle. If one
moves away from the gloss angle at the observation point, one looks through the
interference pigment and recognizes its transmission color that is reflected by the
white background. If a transparent interference pigment is applied over a black
background, the reflection color appears much stronger. And the transmission
color is absorbed by the black background (Figures 22.54 and 22.55).

Interesting effects can be “conjured up” in this way with different colored
backgrounds!

In industrial applications such as car painting, one tries to keep this transpar-
ency as low as possible. In most cases this is done by adding aluminum pigments
to the car paint. Although aluminum pigments interfere with the actual interference
effect, small quantities ensure a better application. It is interesting here that alumi-
num pigments reflect much more strongly near the gloss angle than white interfer-
ence pigments.
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Figure 22.64: Interference effects can be displayed on a ball.

Figure 22.65: Color changes on the ball depend on the angle of illumination.

22.9 Luminescent pigments

Luminescent pigments are divided into fluorescent and phosphorescent pigments.
They have a strong attraction due to their extraordinary luminosity. When luminescent
pigments are illuminated by UV-light or even visible light, the incident light is con-
verted into light of longer wavelengths. Especially yellow and red luminescent colors
appear very intense. In addition to these colors, blue, green (usually mixtures of blue
and yellow luminescent pigments) and orange luminescent pigments are available. If
the light conversion of luminescent pigments occurs immediately, they are called fluo-
rescent pigments. If the conversion takes place with a time delay, they are called phos-
phorescent, but also afterglow pigments. Examples of luminescent pigments under
normal light conditions or no illumination are shown in Figures 22.68 and 22.69.
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Figure 22.66: The difference between mixtures of an aluminum pigment and an interference
pigment with a color pigment can be seen in the interference line. In the case of the aluminum
pigment, the interference line runs almost as a continuation of the aspecular line. The interference
pigment shows the typical anchor shape with the interference line running counterclockwise.

Low lightfastness is a common attribute of all organic fluorescent colorants. It
is recommended to apply these pigments in a highly pigmented manner and to
cover them with a UV clear coat. Figures 22.70-22.72 show application examples
with fluorescent pigments.

22.10 And that too!

In addition to color as an optical property, structure, texture and sparkle are also used
for description. Together with the color, they give the so-called appearance. These
properties influence the human perception of color. For example, if a dashboard of a
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Figure 22.67: There are almost no limits to the color designs with interference pigments.

Figure 22.68: Luminescent pigments are rather inconspicuous under normal lighting.
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Figure 22.69: Luminescent pigments develop their bright colors in the dark after being illuminated.

Figure 22.70: Luminescent colors have a special charm. Compared with normal chromatic colors,
their colors are intensified by the conversion of UV light or visible light.
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Figure 22.71: Organic fluorescent pigments require special application techniques and care
because they are not light stable.

vehicle is coarse or fine structured, the human perception changes. Artists have also
dealt with textures and processed them in their pictures.

Sparkle is one of the properties used to describe an interference pigment more
precisely. Today, the determination of Sparkle is extended to all effect pigments,
but this makes little sense. Sparkle’s current calculation does not result in physi-
cally defined values. The Sparkle values are not valid for the respective pigment
and can only be used in direct comparison. Modern measurement methods can bet-
ter distinguish effects by color measurement.

In all considerations concerning colors, it should always be in the foreground
that colors only exist in people’s minds. Physical-optical processes that manipulate
white sunlight in some way take place in front of human eyes. When rays of light
reach the eye, they trigger an optical stimulus there, which is translated into a color
in the brain.
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Figure 22.72: Hoods with absorption colors and afterglow colors under normal light conditions and
in the dark.
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Cl Pigment Yellow 97 861, 863, 866

Cl Pigment Yellow 98 868

Cl Pigment Yellow 108 5, 7, 8, 11

Cl Pigment Yellow 109 71,73, 79, 80

Cl Pigment Yellow 110 73, 80, 81

Cl Pigment Yellow 111 868

Cl Pigment Yellow 117 819, 826

Cl Pigment Yellow 120 872, 876

Cl Pigment Yellow 126 566

Cl Pigment Yellow 127 566

Cl Pigment Yellow 128 549

Cl Pigment Yellow 138 71, 74, 75, 78, 81

Cl Pigment Yellow 147 11

Cl Pigment Yellow 150 817, 819, 822, 824
Cl Pigment Yellow 151 874, 866,877
Cl Pigment Yellow 153 826

Cl Pigment Yellow 154 877

Cl Pigment Yellow 155 568

Cl Pigment Yellow 173 73, 75, 81
Cl Pigment Yellow 174 566

Cl Pigment Yellow 175 877

Cl Pigment Yellow 177 827

Cl Pigment Yellow 179 827

Cl Pigment Yellow 180 874, 875, 878
Cl Pigment Yellow 181 878

Cl Pigment Yellow 194 879

Cl Pigment Yellow 213 875, 880
CICPs 849

CIE 407, 411, 413, 417, 420, 421, 423, 424, 426
CIE2000 423

CIELAB 423,1085

cinnabar 708

cisisomer 970, 971, 975, 977
coatings 162

cobalt blue 712, 851, 1200

cobalt green 851

cobalt titanate 851

coefficient of extinction 622

coil coatings 219

color

- achromatic 126

- chromatic 126

- origin 180

color assessment 258

color changes 258

color concentrate 288

color cosmetics 246, 249

color difference E 423

color former 129

color metric 642

color photography 478, 486, 487
color reproduction 257

color shading 258

color standards 258

color travel 1096

colorant

- additives 138

- classification 142, 926

- chromic 129

- composition 132

— definition 120, 144

— fastness 131
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— functional 121 critical pigment volume concentration
- inorganic 135 (CPVQ) 1053
- longevity 131 crosslinker 325
— metal complex 133 crystal engineering 935
— natural 140 crystal growth 1097
- nomenclature 142 crystal structure 558, 860, 930
- organic 132 crystallochromy 970
— origin of color 126 cyanine dye aggregates 477
— physical form 137 cyanine dyes 465, 478, 490, 500, 671, 679,
— solubility 124 682, 1059
colorants in building materials 149 cyanine limit 465, 469, 471, 473, 474
colorants in coatings 161 cyclophanes 642
colorants in cosmetic applications 161
colorants in plastic applications 287 D2T2 749, 761
colorants in printing applications 311 dammar 727
colored aluminum pigments 832 Davydov splitting 641, 642
colored pigments 190, 345 daylight fluorescence pigments 322
colorimetric measurement 258 decorative (architectural) paints 860, 864
Colour Index 142, 248 defoamers 326
compact foundations 263 DENOX catalysts 1197
compact powders 266 density 1050
complex inorganic color pigments 849 Density Functional Theory (DFT) 587
complexing agents 326 dermatograph 272
compounding 290 desktop publishing 492
Computer-to-Plate (CtP) 491, 492 developer 749, 756, 759
concealers 264 Dewar’s Rules 465, 476, 1057, 1060, 1068
concentration quenching 641 Dexter mechanism 636
concrete 152 Dianix Cyanine B 761
conditioning 933 diarylethene 503, 507, 512, 1003
condensation reaction 544, 547 diarylide 555, 558, 561, 562, 567
conduction band 1179 diarylmethane 1059
conductive pigments 1095 diarylmethine dyes 674, 1059, 1067
conrotatory 654 diazene 996
contouring 267 diazonium salt 863
contributing structures 468 diazotization 863, 874
copper chromite 851 differential thermal analysis (DTA) 1048
copper ferrocyanide 83, 88 diffractive pigments 842
copper green 713 diffuse reflectance spectroscopy 1048
copper phthalocyanine 817, 928, 932, 939, digital printing 340, 940, 942

1015, 1016, 1019, 1029, 1030, 1035, 1038 digital storage 488, 489
copper/zinc alloys 830 dihydroindolizine 996
co-precipitation 1221 diimide 968, 971, 975
corallin 486, 1063 diketopyrrolopyrrole 63, 525
CoRAP 973 diketopyrrolopyrrole pigments 525
cornflake type 831 dimer D-band 478
cosmetics and toiletries market 246 dimethine 672, 683
coumarine 628 dioxazine 62, 65, 535, 537, 538, 541
counteranion 84, 86 dioxazine pigments 535

coupler 749, 756, 758, 759 dioxetanedione 639
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direct process 1214
disazo condensation pigments 543, 551

disazoacetoacetanilides 544, 555, 571, 572,

864, 939
disazonaphtharylamides 545
disazopyrazolones 571, 572, 576
disintegration 1051
dispersibility 292, 932, 1189
dispersing additives 176
dispersion 256, 276, 930, 1196
displaced harmonic oscillator

approximation 591
distinctiveness of image (DOI) 833
distribution channels 245
dithienylethene 506
DNA sequencing techniques 497
donor-acceptor pair luminescence 766
Doppler effect 617, 619
dosimetry 1142
DPP 525,532, 632
down-conversion 775
dragon blood 708
drawdowns 258
driers 324
dry offset printing 328
dry spinning 302
drying oils 724
DVD/R 491
dye
— aggregate 478, 480
- application in coatings 183
— application in printing inks 321
— definition 123, 144, 926
— diffusion thermal transfer printing 749
- historical types
- leuco 129
— mineral 135
— origin of color 128
dynamic process 631, 632

E number 144

earth colors 693

EEC cosmetic directive 247

effect coatings 1199

effect pigments 198, 255, 321, 605, 829,
1081

efflorescence 156

egg white 722

egg yolk 722

Egyptian blue 709

elastomers 300

electric dipole moment function 602, 603

electric transition dipole moment 479

electrical conductivity 53

electrochromic pigments 210

electro-conductive pigments 322

electrodynamics 613

electrokinetic sonic amplitude (ESA) 1048

electroluminescence 769

electromagnetic radiation 612

electron acceptor/donor ability 675

electron diffraction analysis 1048

electronic spectra 577, 580, 582, 584, 586,
588, 593, 599

electronic spectroscopy 465

electronic state 579, 584, 589, 592, 599, 602

electronic structure 465, 673, 683, 1057, 1066

electronic transitions 577, 588

electrophilic reagent 483

emulsion sticks 278

enamines 672

energy transfer 636

engineering polymers 948

eosin 627

equilibrium bond lengths 465, 473

equilibrium nuclear coordinates 583, 601,
1066

erythrosin 627

ethyl orthoformate 482, 484, 486

European Colour Standard for Multicolor
Printing Scale 317

excimer 631

excitation with high energy particles 769

excited electronic state 467, 479

excited state intra molecular proton transfer
(ESIPT) 634

excited state proton transfer (ESPT) 634

expressiveness 251

extenders 187, 322

extruded leads 272

extrusion 307

extrusion Blow Molding 305

eye lashes 269

eyebrow products 270

eyeliner 271

eyes 253,269

eyeshadow 273



face 253

facial products 259

Fabry-Perot structure 832

fastness 131

fastness to blooming 1051

fastness to plasticizers 1051

fat and oil soluble dyes 211

fatigue 988, 999, 1004, 1006, 1008

FD&C name 144

femininity 250

fillers 187, 255, 263, 322, 1042, 1211

fineness of grind 1052

firefly 640

first transition series 816

Fischer’s base 1114, 1116, 1130, 1135

fish silver 718

Fixed (Clamped) Nuclei Approximation 581,
587

flexographic printing 328

flexography 939, 940

flocculation 1019, 1023, 1024, 1025

flop effect 833

fluidized bed reactor 841

fluorescein 611, 615, 616, 624, 626, 1064

fluorescence 766, 970

fluorescence pigments 322

fluorescence quantum yield 623

fluorescent dyes 478, 493, 494, 498

fluorescent lamps 774

fluorescent marker 493

fluorophlogopite mica 1089

flushed colors 934

Food and Drug Administration 247

Foron Brilliant Blue S-R 761

foundation 251, 260

four-color theory 411

Franck-Condon excited state 585

Franck-Condon geometry 585

Franck-Condon overlap integrals 591

Franck-Condon point 585

Franck-Condon principle 590, 671, 675

Forster resonant energy transfer (FRET) 636

frost effect 1197

fulgenate 651

fulgenic acid 656

fulgenolide 651

fulgide 651, 660, 663, 998, 999, 1000

functional nanomaterials 1195

functional pigments 203, 1094

furnace black process 46
furylfulgide 652, 661

Gaussian band 617, 619
Gaussian dependence 615
gazing angle 258

gel nails 282

glass flakes 1098

glass transition temperature 174
gloss 278

glue 721
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glutacondialdehyde dianil hydrochloride 678

godet 263

goethite 783

gold beating 830

gold bronze pigments 838
gold ocher 704

gold plating 699

gravure 939, 940, 942
gravure printing 332

green colorants 713

green earth 713

green fluorescent protein 612, 644
green pigments 197

green sensitizers 488
grind gauge 1052
grindometer 1052

ground electronic state 467
gum Arabic 723

gum lac 728

guanine 1085

H-aggregate 641

Hall process 831

HALS stabilizers 974

Hametag process 831

harmonic oscillator model 473, 583, 591
heat-sensitive plates 492

heat-set web offset printing 339

heat stability 931, 939, 943, 1051
hematite 783

heliochromism 655, 665, 912, 988, 1010, 1106

helium pycnometry 1048

hemicyanine dyes 671, 672, 676, 680, 1059,

1065
hemiindigo 998, 999
hemioxonol dyes 1065
hemistreptocyanine dyes 1067
hemithioindigo 998, 999
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hemp oil 726

heterocycle 4

heterocyclic quaternary salt 483, 484

heteropolyacids 83, 88, 89

hexamethine hemicyanine dyes 672

hiding power 1189

high-performance 70, 74, 76, 80, 929

high performance pigments 3, 543, 871, 872,
969

high-voltage electroluminescence 769

highlighters 267

historical binders 721

historical dyes 703

historical paintings reconstruction 691

historical pigments 703

hole conduction 1191

horse chestnuts 611

Hiickel molecular orbital theory 584

hue 421, 425

hue saturation 833

human face 250

Hund’s rule 617

hydrogen bonding 871, 874, 935

hydroperoxyl radicals 1192

hydrothermal dehydration 793

hypoxanthine 1085

hypsochromic shift 476, 477, 480, 632

ideal polymethine state 469

illumination 427, 429, 432, 436, 444, 451, 453,
457

illumination angles 427, 429, 445, 459

ilmenite 1179

imprimatur and colored grounds 699

INCI name 144

inclusion pigments 852

inductively coupled plasma (ICP) 1048

indamine dyes 749, 752, 754, 757

indaniline dyes 749, 751

indanthrone 5, 13, 125

index of refraction 613

Indian yellow 704

indigo 69, 141, 710, 998

indigoids 63

indigotin 141

indirect letterpress printing 328

indirect process 1215

indoaniline dyes 749

indocyanine green 494

indolylfulgide 664

indophenol blue 749, 751, 754, 759

indophenol dyes 749, 751, 754, 756

inert pigments 187

infinite aggregate 480

injection molding 305

injection stretch blow molding 309

ink liners 272

inkjet 942

inorganic pigments 254, 316, 345, 1211

intaglio printing 33

iridescent effects 1083

isoindoline 63, 70, 72, 78, 817, 819, 821

isoindolinones 63, 64, 70, 72,79

isoviolanthrone 6, 10

intercalating dyes 496, 497

intercalation 496

interference 1082

interference line 445, 447, 451, 453

interference pigments 407, 423, 426, 432, 441,
443, 451, 453, 461, 1081

intermediate phase 455

intermolecular hydrogen bonding 528

intramolecular hydrogen bonding 861, 888

IR activity 599

IR spectroscopy 1048

iron blue 712, 1201

iron oxide 444, 1199

iron oxide black 717

iron oxide pigments 783

iron oxide red 783, 1199

iron oxide yellow 783, 1199

iron pentacarbonyl 794

isocyanine 482, 486

isofulgimide 657

isophorone 485

isothiocyanate group 495

ivory black 716

Jablonski’s diagram 617, 622
J-aggregate 480, 488, 642

J-aggregation 487, 641

Japanese Cosmetic Ingredient Codex 247
J-band 478

jetness 55

kajal 271
kaolin 187
ketimine 562



ketohydrazone 861, 874
Knoevenagel condensation 658
Kodachrome 759

L*a*b* values 421, 423

lake 125, 928

Lambert-Beer’s law 577, 621, 622

lamp black 717

lamp black process 50

laser marking 1095

latent coloration 129

lattice stabilization 1187

Laux process 791

layer-substrate principle 1088

lead chromate pigments 107

lead molybdate pigments 108

lead tin yellow 706

lead white 703

leafing pigments 843

LEDs 774

lepidocrocite 783

letterpress 939, 941, 942

letterpress printing 327

leucoxene 1179

libration vibrations 617

lightfastness 291, 860, 928, 931, 935, 938,
943, 945, 948, 1189

light-sensitive coating 491

lime 730

linseed oil 724

lip liner 279

lip tint 279

lips 252, 275

lipstick 249, 251, 276

liquid crystals 455

lithography 939, 940

lithographic printing plates 465, 491

lithopone pigments 1221

lithopones 1211

long-afterglow phosphorescence 766

loose bolt mechanism 624

Lorentz curve 614

loss on ignition 1049

low-voltage electroluminescence 769

luminescence 765

luminescent materials 765

luminescent pigments 765

luminol 639

luminophores 765
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madder 2, 63, 140

madder varnish 707

maghemite 784

magnetic pigments 322, 1095
magnetite 717, 784

makeup 249

malachite 714

malachite green 627

maleimido group 496
malondialdehyde dianil hydrochloride 678
manganese titanate 857

mascara 251, 270

mass spectroscopy 1048

mass tone 1190

massicot 706

masterbatch 288, 947

mastic 727

matte lipsticks 278

mauveine 481

measurement geometry 429, 432, 433, 445
mechanochromism 1143

medical diagnostics 478, 493, 494, 499
melt spinning 302

membrane potential probes 680
merocyanine dyes 683, 1064
metal complexes 816, 1035, 1038
metal effect pigments 321, 605, 829, 1081
metal flakes 830

metal oxide mica pigments 1088
metal plating 699

metal salts 890, 900
metal-complex-dyes 321
metal-free phthalocyanine 1016
methacrylate resins 301

mica 187, 1088, 1100

micaceous iron oxide (MIO) 1087
micelles 642

Michler’s Hydrolblue 1060, 1061
microfluidics 515

micronized TiO, 1196

microplastic 256

migration 931

mineral pigments 694

mixed metal oxide pigments 849
mixed valence complexes 469, 471
MMO pigments 849

molded leads 272

molding 276

molecular biology 493
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molecular exciton theory 478
molecular geometry 593, 595
molecular orbital theory 584
molecular resonators 617
molecular size 544, 545
molecule aggregation 477
molybdate orange 107
molybdate red 107
monazoacetoacetanilide 860, 872
monoazonaphtharylamide 872
monohydrazone 885
monolayer pigment 1082
monomer M-band 478
montan wax 729

mordants 816

multi-angle 427, 432, 436
multicolor printing process 326
multilayer pigment 1082
multiple reflection 1084
mummy 715

muscovite mica 1089

nacreous pigments 1081

nail lacquers 281

nails 279

nanodispersions 176

nano-pigments 203

naphth[1,2-b][1,4]oxazine 1106

naphthalene-1,4,5,8-tetracarboxylic acid
967, 971

naphthalenecarboximide 629

naphtharylamides 886, 887

Naphthol AS 887, 893, 896, 902, 906

naphthopyran 665, 909, 911, 913, 915, 988,
992, 993, 996, 1000, 1007, 1127, 1139

Naples yellow 706

natural fish silver 718, 1085

natural mica 1089, 1100

natural organic binders 721

natural pearl essence 1085

near infrared 975, 1039

neonate features 251

neutralizing agents 325

new quantum mechanics 578

newspaper offset printing 327

N-hydroxysuccinimide ester 495, 498

nickel flakes 831

nickel pigments 840

nickel rutile yellow 850

nitrobenzene reduction process 791

nitrocellulose 282

nitrogen adsorption 1048

nitrosonaphthol 1115

noise-induced processes 637

non-covalent binding 494

non-leafing pigments 843

Norrish-1I-Typ 325

Norrish-I-Typ 325

nuclear magnetic resonance spectroscopy
(NMR) 1048

nucleophiles 472, 473

nucleotide sequence 497

observation 427, 432, 438, 446, 456
observer 413, 456, 457
odd-alternant system 477

offset coating 331

offset printing 335

oil absorption 1052

old quantum mechanics 579, 581, 585
OLED 612

ophthalmic lens 665

optical bleaching 611

optical excitation of luminescence 769
optical probes 671, 680

optical whitening agents 611

orange pigments 191

organic colorants 254

organic photovoltaic 644

organic pigments 316, 349, 925, 937
organic soluble dyes 321

oscillator strength 589, 590
overspray fastness 1051

oxazine 11061

oxazole yellow 497

oxidative coupling 749, 758

oxime 819, 820, 823

oxonol dyes 1063

packaging gravure 332
paint additives 174
painted sculptures 697
painter’s manuals 695
paintings 697

paintings on textiles 698
paints 163, 943

panel painting 700
paper 950



parity selection rule 602

partial charge 473

particle size 183, 255

particle size distribution 1045, 1097

Pauli principle 617

pearl effects 1083

pearl essence 1082

pearl luster 1084

pearl luster pigments 1081

pearlescent pigments 1081

pencil liner 272

Penniman process 790

perfluorocyclopentene 507

peri-arylenes 628

perinones 63, 967, 977

permanent makeup 249

peroxyl radicals 1191

perylenebiscarboximides 629

perylenes 63, 967, 972

petahertz technology 612

phase shift 444

phase stabilization 1019, 1021

phenol blue 750

phenolics 301

phenolphthalein 1063, 1064

phenylene blue 750

phenylogous zeromethine hemicyanine
dyes 673

phenylsulfonamide 862

phosphomolybdate 84

phosphor amidite group 498

phosphorescence 766

phosphorescent pigments 210

phosphors 765

phosphotungstate 84

phosphotungstomolybdic acid 88

photoactivity 1179

photochemically induced reactions 1189

photochromic microcapsules 209

photochromism 503, 651, 663, 665, 983, 989,
1000, 1002, 1008

photocyclization 653

photoinitiators 325

photomechanics 1007

photomerocyanine 912, 1139

photonic crystals 206

photopharmacology 516, 990, 1009

photosalience 517

photo-sensitive plates 492

Index

photostationary state 986

phototropy 992, 994

phthalocyanines 65, 1035

phthalonitrile 1019, 1021

physical vapor deposition 831

piezochromism 655

pigment-binder dispersion 1051

Pigment Green B 816, 825

pigment preparation 289

pigment volume concentration (PVC) 184, 1053

pigments

— application in building materials 150

- application in coatings 183

— application in cosmetics 254

— application in plastics 289

— application in printing inks 316

— definition 123, 124, 125

- general aspects 1041

- general principles of organic pigments 925

— organic vs inorganic pigments 927

— origin of color 128

Pilkington plc 665

pinacyanol 482, 486

Planckian locus 418

Planck’s constant 612

plastic coatings 224

plasticizer 174, 324

plasticizer pastes 296

plastics 926, 928, 931, 934, 937, 946, 949

plant rubber 723

plate-out 931

point dipole approximation 478

polyacrylonitrile 303

polyamide 297

polycarbocyclic 4

polycarbonate 297

polychlorinated biphenyls 558

polycyclic 65

polyenes 467, 477, 499, 1058

polyester 297

polyethylene 293, 946

polyethylene terephthalate 297, 304

polyhalogenated CuPc 1029

polymethine 652

polymethine chain 465, 471, 475, 483, 486,
1057, 1059, 1065, 1068

polymethine dyes 465, 500, 673, 1057, 1061,
1063, 1068

polymethyl methacrylate 298
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polymorphism 528, 890, 932, 1017, 1073

polyolefins 293

polyoxymethylene 297

polypropylene 293, 946

polystyrene 298, 946, 948

polysulfide radicals 1204

polyurethane 297

polyvinyl chloride 295, 946

poppy seed oil 726

Portland cement 152

powder coatings 214

powders 266

precipitated dyes 254

precursor 129

printing black 56

printing ink sequence 326

printing inks 312

process colors 317

potassium hydroxide addition compound
971

potential energy curves 473

potential energy surface 581, 582

poured yellow 706

precipitation process 788

premetallized dye 818

primary colors 486

primary particles 1046

primers 698

printing inks 938

Prussian blue 712

pseudo-isocyanine 482, 486

pteridines 615

P-type dyes 985, 989, 995, 1005, 1126

publication gravure 332

purple 417,709

PVD process 832

PVD type 831

pyranthrone 6, 8, 11

pyrazolone 571

pyrazolone orange 574

pyrazolone red 575

pyrolysis 45

pyronine G 1061

pyrrolopyrroledione 632

pyrylium dyes 1062

quality control 341
quantum dots 775
quantum mechanics 578

quinacridone 62,528, 532, 1071, 1077
quinacridonequinone 1074, 1078
quinine 628

quinoline blue 481

quinoline red 482

quinophthalones 63, 70, 71, 81

radiation-curing systems 217
radio antennae 620
radioactive labels 497
rainbow effects 1083

Raman active 592, 599, 603
Raman spectroscopy 617, 1048
Read Only Memory (ROM) 489
realgar 705

recipe collections 695

red colorants 707

red earth pigment 707

red lead 709

red pigments 194

red sensitizers 488

reflection 1083

reflection color 444, 446, 449, 453
reflex blue 85, 88

Reformatsky reaction 526
refractive index 1084, 1089, 1178
regulatory compliance 342
resination 562, 933

resins 726

resonance hybrid 469, 471, 674
resonance-stabilization 1038
retrosynthetic design 526

RGB color space 424, 425

RH dyes 681

rhodamine B 626, 1061
rosamine B 1061

rose bengale 627

Ross’ equation 620

rotational fine structure 590
rotational quantum number 600
rotogravure 332

rubber 950

Riidenberg’s formula 620
Russell-Sounders coupling 625
rutile 1090, 1091, 1177, 1197
rutile pigments 1184

rutile structure 850

rutile synthetic 1179

rutile-type mixed metal oxide pigments 850



saffron 704

sandarac 727

scanning electron microscopy (SEM) 1048

scattering behavior 1196

scattering power 1189

Schweinfurt green 714

screen printing 334, 939, 942

Scottish dyes 1016

security printing 612

self-association 478

sepia 716

sexual maturity 251

sheet-fed metal decoration printing 337

shell gold 717

shell silver 718

sieve analysis 1047

silica flakes 1096, 1100

silicomolybdate 86

silver flakes 831

silver halide photographic materials 671, 678

silver halide photography 465, 482, 486, 488,
749

silver pigments 840

silverdollar type 831

single crystal X-ray crystallography 1037

singlet state 617

skin coverage 260

smalt 710

smear point 1052

social psychology 251

solar heat-reflecting pigments 1095

solid dyes 321

solid state reaction 956, 1203

solvatochromism 632, 1132

solvent dyes 210

solvent relaxation 632

solvent-soluble dyes 210

solventborne coatings 163

Sorel process 1181

spacer group 494

sparkle 1097, 1099

special effect pigments 606, 829, 1081

specific surface area 1047

spectral color 409, 417, 418

spectral sensitivity 486

spectral sensitization 83, 486, 487

spectral sensitizers 486, 679

specular trap 433

sphere geometry 432, 433
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spin dyeing 302

spinel black 851

spinel mixed metal oxide pigments 853

spinel structure 851

spiroindolinonaphthoxazine See Spirooxazine
spiroindolinopyridobenzoxazine 1107,
1113, 1115

spirooxazine 665, 997, 1107, 1114, 1133, 1139

spiropyran 993, 997, 1107, 1125, 1130, 1138

spirothiopyran 1137, 1142

splitting energy 479, 480

squaraine 1067

stability towards light, weather, heat and
chemicals 1050

stabilization 1051

stainless steel flakes 831

stainless steel pigments 841

standard color values 415, 418

standard observer 413, 421

steric crowding 477

steric effects 477, 487

stilbazolium dyes 671, 673, 678

Stobbe condensation 655

Stokes’ shift 621, 631, 682

streptocyanine 466, 467, 484

streptocyanine dyes 1062, 1064, 1153

streptomerocyanine 1065

streptomerocyanine dyes 678

Strickler-Berg-Equation 623

strobing 268

structural color 206

styryl dyes 671, 673, 677, 1065, 1066

substrate 123, 1088, 1091

substrate-free pigments 1085

sulfate process 1090, 1179

sulfonamide 936

sun protection 629

sun protectors 615

super-resolution microscopy 515

surface coatings 943

surface modification 175

surface treatment 1094, 1188

symmetric valence vibration 592, 594, 599, 602

symmetrical cyanine dyes 465, 466, 468, 474,
1059

synthetic mica 1099, 1100

talc 187
tartrazine 572
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tattooing 249

terarylene 505

terrylene 631

tetraarylene 505

tetracene 991, 992

tetrachloroisoindinones 73

tetrahydroquinoxalinedione 874

tetramethine 672

textile printing 952

textiles 698

texture 260

thermal black process 50

thermal energy 618

thermal stability 1051

thermal-oxidative decomposition 45

thermochromic pigments 207

thermogravimetric analysis (TGA) 1048

thermoset 301, 949

thiazole orange 497

thickness 443, 444

thioflavine T 672

thioindigo 63, 69, 70, 72, 74,76

thiopyrylium dyes 1062

three-color theory 411

three-roll mill 257

TICT mechanism 632

tinting strength 55, 1189

titanium dioxide 135, 141, 441, 444, 451, 615,
719, 1091, 1177, 1197, 1211
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