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PREFACE

Research in the fields of ceramic pigments is oriented towards the enlargement
of the chromatic set of colors together with a replacement for more expensive and less
stable organic pigments. Novel non-toxic inorganic pigments have been required to
answer environmental laws to remove elements like lead, chromium, cobalt entering
in the composition of usual pigments widely used in paints and plastics. Yellow is
particularly an important color in the pigment industry and consumption of yellow
exceeds that of any other colored pigments. Apart from this, high infrared reflective
pigments are now in great demand for usage in coatings, cement pavements,
automotives and camouflage applications. They not only impart color to an object, but
also reflect the invisible heat from the object to minimize heat build—up, when
exposed to solar radiation. With this in view, the present work aims at developing new
functional yellow pigments for these applications. A series of IR reflecting yellow
pigments have been synthesized and analyzed for their crystalline structure,
morphological, composition and optical characteristics, coloring and energy saving
applications.

The introductory chapter of the thesis portrays the importance of IR reflecting
non toxic pigments particularly yellow. Main objectives of the present work are
highlighted and the motivation and importance of choosing BiVO, based pigments is
emphasized.

The scheelite structured BiVO, with the typical formula ABO, provides
flexibility for cation substitution on both A and B sites. A crucial way to improve the
properties of materials is through compositional design in the form of solid solutions.
Solid solutions between BiVO, and CaWOQ, as well as CaMoO, leading to fine tuning
of optical band gap are described in second chapter. Yellow hues were significantly
improved in (BiV)x(CaW/Mo),40,4 pigments over those of BiVO,.

Chapter three comprises of efforts to give a range of toxic-metal free yellow
colorants in BiVO,.(LiLa)12M00, as well as BiVO,.(LiCalLa);3Mo00O, solid solutions
prepared by a solid state route. These pigments crystallize in tetragonal scheelite
form. Various shades of yellow pigments ranging from reddish to greenish tint are
obtained. Optimization of coloristic properties has been successfully employed using

X



various mineralizers. The color characteristics are comparable to commercial BiVO,
pigment. The high IR reflectance of the pigments indicates their potential to be used
as cool colorants.

Rare earth substitution allows further tuning of band gap of the material.
Chapter four deals with an attempt to substitute different rare earths in the selected
composition to produce various colorants in Lig10RE 10BiosM002V0sOs; RE = La, Pr,
Sm, Gd, Th, Dy, Y, Yb and Lu system. These solid solutions allow the manipulation
of valence and conduction band edges leading to desirable yellow hues. La
substitution exhibits intense yellow color characterized by the highest b* (color) value
among the developed pigments. High IR reflectance is obtained by incorporation of
La, Gd, Th, Y and Lu.

Isovalent dopants namely Y*" and Nb®* on BiVO, yielded brilliant yellow
inorganic pigments in (BiV)1x(YND)xO4 system with significant enhancement of NIR
reflectance to 91 % when compared to undoped BiVO,. The enhancement of the
optical properties of BiVO, is mainly ascribed to the reduction in particle size and
structural distortion in the lattice. In an attempt to modify pigmentary characteristics
typical compositions BiVOs, (BiV)o.04(YND)o0sO4 and BiVixNbO,4 are synthesized
by the citrate gel method followed by calcination at various temperatures leading to
fine particles. Chapter five details these results.

Chapter six presents the application study of selected pigments to evaluate
their coloring performance. Typical Lig10La/Gdp 10BipsM002V0sO4 pigments impart
their color as well as IR reflectance to various substrates like PMMA, asbestos
cement, concrete slab and metal panel. Nb>* doped BiVO,4 pigments exhibit better
good coloristic properties and impressive IR reflectance than BiVO,4 over concrete
cement. The results imply the usage of these pigments for energy saving coatings for
buildings and automotives.

Chapter seven summarizes the major findings and conclusions drawn from the
work and gives the scope for further studies. The relevant references cited in this

work have been given towards the end of each chapter.
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CHAPTER 1

INTRODUCTION

Overview

The color of objects in our world has significant importance. The quest for
colored materials continues, driven by both functional and aesthetic purposes. This
chapter gives a general introduction regarding inorganic pigments, color and also the
recent developments in this field.

Inorganic pigments \ ’ il . \
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Chapter 1 Introduction

1.1 Inorganic pigments

Since prehistoric times, pigments derived from various natural minerals have
been used as colorants by man. The word ‘pigment’ is derived from the Latin word
pigmentum — pingere, which means ‘t0 paint’. An internationally accepted
definition® has been provided by the Color Pigments Manufacturers Association of
America (CPMA): Pigments are colored black, white, or fluorescent particulate;
organic or inorganic solids; which are insoluble in, and essentially physically and
chemically unaffected by the vehicle or substrate in which they are incorporated.
They alter appearance by selective absorption and/or scattering of light. Pigments are
usually dispersed in vehicles or substrates for application, as for instance in the
manufacture of ink, paints, plastics, or other polymeric materials. Pigments retain a
crystal or particulate structure throughout the coloration process. Today, modern
pigments are advanced masterpieces of chemical engineering. Pigments provide two
types of main benefits to any coating: aesthetics and functionality. Pigments have a
very important aspect which is more than just color; they can increase the overall
performance by enhancing durability and increasing the protection of the substrate.

Pigments and dyes are included in the general term ‘coloring materials’, which
denotes materials used for their coloring properties. The property that distinguishes
pigments from soluble organic dyes is their low solubility in solvents and binders.
One of the reasons for their popularity is their high temperature stability, which means
that they can be coated on ceramics that are prepared by firing at high temperature.
They score over organic pigments in this regard. Inorganic pigments are typically
larger, easier to disperse, and more color stable in different applications than organic
pigments.

In general, inorganic pigments are capable of offering excellent resistance to
heat, light, weathering, solvents and chemicals, and in those respects they can offer
technical advantage over most organic pigments. Inorganic pigments are, in general,
high refractive index materials which are capable of giving high opacity while organic
pigments are of low refractive index and consequently are transparent.” Inorganic
pigments have been linked to high opacity and durability so that they have been
mostly used in outdoor applications. In the case of anticorrosive pigments, they aid in

corrosion-prevention of metal substrates.
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1.2 The need for pigments

Inorganic pigments contribute to the beauty and functionality of the objects
around us. The color pigments have found a wide variety of applications in various
fields such as paints, varnishes, plastics, artists’ colors, printing inks for paper and
textiles, leather decoration, building materials (cement, renderings, concrete bricks
and tiles, mostly based on iron oxide and chromium oxide pigments), imitation
leather, floor coverings, rubber, paper, cosmetics, ceramic glazes, and enamels.®

Inorganic pigments are now highly engineered particles those impart color or
functionality to the objects in which they are used. While inorganic pigments are still
used in conventional applications, their resistance to the effects of radiation,
temperature, and chemical attack has also led to use in high-technology applications,
such as fibers, engineering plastics, and highly durable coatings applied to roofing

panels and even space equipment.*

1.3 A brief history of inorganic pigments

The development of inorganic pigments has been one of the major pursuits of
man from ages. Over 60,000 years ago, natural ocher (Fe,03.H,0) was used in the
‘Ice Age’ as a coloring material. Prehistoric cave paintings, give evidence of the use
of ocher, hematite, brown iron ore, and other mineral based pigments more than
30,000 years ago. Pigments were made by grinding naturally colored materials into
minute particles and then mixing them into a binder material. Cinnabar (HgS), azurite
(2CuCO0O3.Cu(OH),), malachite (CuCO3.Cu(OH),), and lapis lazuli have been traced
back to the third millennium BC in China and Egypt. About 2000 BC, natural ocher
was burnt, sometimes in mixtures with manganese ores, to produce red, violet, and
black pigments for pottery. Ultramarine (lapis lazuli) and artificial lapis lazuli
(Egyptian blue and cobalt aluminum spinel) were the first blue pigments. Terra verte,
malachite, and a synthetically prepared copper hydroxychloride were the first green
pigments. Calcite, some phases of calcium sulfate, and kaolinite were the white
pigments used at that time. Antimony sulfide and galena (PbS) were commonly used
as black pigments, cinnabar as a red pigment, and ground cobalt glass and cobalt
aluminum oxide as blue pigments. The Greeks’ contribution to painting was the
manufacture of white lead pigment (basic lead carbonate (2Pb(COs).2Pb(OH),)°
which remained the most used white pigment available to artists until the 19th

century.
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The pigment industry started in the 18th century with products such as Berlin
blue; Fe[Fe2(CN)g]s in 1704, cobalt blue (CoAl,O4); in 1777, Scheele’s green;
Cu(AsOy)2, Cu(OH),, and chrome yellow; PbCrO,4 in 1778. In the 19th century,
ultramarine Nag[AlsSisO24]Sn; Guignet’s green (hydrated Cr,O3), cobalt pigments,
iron oxide pigments, and cadmium pigments were developed in quick succession. In
the 20th century, pigments increasingly became the subject of scientific investigation.
In the past few decades, the synthetic colored pigments cadmium red, manganese
blue, molybdenum red, and mixed oxides with bismuth came onto the market.
Titanium dioxide with anatase or rutile structures, and acicular zinc oxide were
introduced as new synthetic white pigments and extenders respectively. Luster
pigments (metal effect, pearl/luster, and interference pigments) have assumed
increasing importance.®

As far as yellow pigments are concerned, the oldest yellow pigment is yellow
ochre, which was amongst the first pigments used by humans (Fig. 1.1). Egyptians
and the ancient world made wide use of the mineral orpiment for a more brilliant
yellow than yellow ochre. Arsenic sulfide (As,S3) and Naples yellow (Pb,Sh,0;) were
the first clear yellow pigments. In the Middle Ages, Europeans manufactured lead tin
yellow (two types of which type | is tetragonal Pb,SnO, and type Il is cubic
pyrochlore Pb(Sn,Si)Os. They later rediscovered the method for the production of
Naples yellow, which was used by the Egyptians. Ever increasing expertise and
technology led to the creation of many other yellows, including chrome yellow,

cadmium yellow (CdS), lemon yellow, and cobalt yellow (NazsCo(NO,)s).°

- - f,‘ .‘ :_I .‘, .,
G ‘

Fig. 1.1 Image of a horse colored with yellow ochre (17,300 BC) from Lascaux cave,

France.
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1.4 Classification of inorganic pigments

Inorganic pigments can be classified from various points of view such as
color, natural or synthetic and by chemical types. The classification given in Table 1.1
follows a system recommended by I1SO and DIN; it is based on coloristic and
chemical considerations.’

Table 1.1 Classification of inorganic pigments

Term Definition

White pigments the optical effect is caused by nonselective light scattering
(examples: titanium dioxide and zinc sulfide pigments,
lithopone, zinc white)

Colored pigments the optical effect is caused by selective light absorption and
also to a large extent by selective light scattering
(examples: iron oxide red and yellow, cadmium pigments)

Black pigments the optical effect is caused by nonselective light absorption
(examples: carbon black pigment, iron oxide black)

Effect pigments the optical effect is caused by regular reflection or
interference

Metal effect pigments regular reflection takes place on mainly flat and parallel
metallic pigment particles (example: aluminum flakes)

Pearl luster pigments regular reflection takes place on highly refractive parallel
pigment platelets (example: titanium dioxide on mica)

Interference pigments  the optical effect of colored luster pigments is caused
wholly or mainly by the phenomenon of interference
(example: iron oxide on mica)

Luminescent pigments  the optical effect is caused by the capacity to absorb
radiation and to emit it as light of a longer wavelength

Fluorescent pigments the light of longer wavelength is emitted after excitation
without a delay
(example: silver-doped zinc sulfide)

Phosphorescent pigments the light of longer wavelength is emitted within several

hours after excitation (example: copper-doped zinc sulfide)
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Pigments appear the colors they are because they selectively reflect and absorb
certain wavelengths of visible light. Before looking at the research efforts in

pigments, the various aspects of color are described in detail.

1.5 Color
Color is everywhere around us and forms an important part of our everyday

life. Color influences our moods and emotions and generally enhances the way in
which we enjoy our surroundings.” Colors have meaning, which vary from culture to
culture and continent to continent. For instance, yellow is often considered as an
auspicious color. The word yellow comes from the Old English ‘geolu’. Yellow is
associated with sunshine, knowledge, and the flourishing of living creatures, but also

with autumn and maturity.

1.5.1 Origin of color

Color is a perception, not a physical property of a material. The beginning of
every color experience is a physiological response to a stimulus of light. Human
beings can perceive specific wavelengths as colors. The color of an object is a sensory
impression received by the individual and triggered by a color stimulus. The color
stimulus consists of light from the object incident on the eye, ‘light’ denoting
electromagnetic radiation in the range of wavelengths between about 400 nm and
about 700 nm. In terms of the color stimulus, the color impression depends on the
distribution of radiant energy over the wavelengths of the visible spectrum. The effect
of illumination is due to differences in the distribution of light energy within the
visible part of the spectrum.

Colors are experienced in two very different ways. The illuminant mode of
vision has two variables: a light source and a viewer. Colors seen in the illuminant
mode of vision are seen as direct light and are called additive colors. The object mode
of vision has three variables: the light source, the viewer, and the light modifying
characteristics of an object. With respect to the object, it is important which fraction
of the light incident on it reaches the observer’s eye (object mode of vision). This
fraction is generally a function of the wavelength, and the nature of this wavelength
dependence determines the color. Both the fraction and its wavelength dependence

can be controlled through the type of pigment and the level of pigmentation. Colors in
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the object mode of vision are seen as light reflected from a surface material and are
called subtractive colors.”

1.5.2 Describing color

The basic qualities of colors are hue, value, and saturation/chroma. Hue means
the name of the color. Hue describes the color of an object using words such as ‘red’,
‘yellow’, ‘green’ and ‘blue’. It is possible to assign the value of hue in terms of the
number of degrees around the circle as a gradual progression through the different
colors from 0 to 360 degrees. Hues are the most prominent aspects of a chromatic
color experience. Value (lightness) describes how light or dark a color is. The third
conventional attribute of color is chroma, a specific case of the general attribute
saturation. Chroma is the perceived difference in color between the chromatic center
and the immediate surround of comparable lightness. Saturation is the perceived
difference in color between the chromatic center and the white background. While
hue represents the qualitative aspect of a chromatic color, chroma represents a
quantitative aspect. This usage of the term chroma was introduced by Munsell and has
become widely accepted.® A pictorial representation of hue, value, and

saturation/chroma is shown in Fig. 1.2.

Hue

Fig. 1.2 Representation of hue, saturation and lightness.
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1.5.3 Color properties
Pigments and coatings are characterized by their spectral reflectance curves
p(4) or spectral reflectance factor curves R(4).

CIE system of colorimetry

Colorimetry relates the perceived color quality to the color stimulus, which in
turn is based on the reflectance spectrum p(4). The CIE, or Commission Internationale
de I’Eclairage (translated as the International Commission on Illumination), is the
body responsible for international recommendations for photometry and colorimetry.
In 1931 the CIE standardized color order systems by specifying the light source (or
illuminants), the observer and the methodology used to derive values for describing
color.

The CIE Color Systems utilize three coordinates to locate a color in a color
space. These color spaces include: CIE XYZ, CIE L*a*b*, CIE L*C*h°. The basic
CIE color space is CIE XYZ. It is based on the visual capabilities of a Standard
Observer, a hypothetical viewer derived from the CIE’s extensive research of human
vision. A hypothetical observer having the tristimulus color-mixture data was
recommended in 1931 by the CIE for a 2° viewing angle. A supplementary observer
for a larger angle of 10° was adopted in 1964. If not specified, the 2° Standard
Observer should be assumed. If the field of view is larger than 4°, the 10° Standard
Observer should be used.

Color matching functions are the tristimulus values of the equal-energy
spectrum as a function of wavelength. The coordinates X, Y, and Z were assigned to
the three primaries — red, green and blue - that must be present in order for the
average human visual system to perceive all the colors of the visible spectrum.
Separate sets of three color-matching functions are specified for the 2° Standard
Observer and 10° Standard Supplementary Observer. The color matching for the 2°

Standard Observer and 10° Standard Supplementary Observer is shown in Fig.1.3.
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@ — 2° Observer (CIE 1931)
= 20 0 T O ====10° Observer (CIE 1964)
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Fig. 1.3 CIE 2° and 10° Standard Observers (courtesy: www.x-rite.com)

The illuminant is a graphical representation of the light source under which the
samples are viewed. Defining the properties of the illuminant is an important part of
describing color in many applications. The CIE’s standards provide a universal
system of pre-defined spectral data for several commonly-used illuminant types.
Standard illuminant sources which serve as illuminants are classified into four types
shown in Table 1.2.

The D65 illuminant represents a standard daylight typical of average daylight.
D55 represents a yellower daylight such as may be provided by sun-light with sky-
light and that labelled D75 represents a bluer daylight such as may be provided by a
north sky. The spectral power distribution of D65 is shown in Fig. 1.4.

10
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Relative Spectral Power
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Introduction
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Fig. 1.4 Daylight - Standard IHluminant D65/10° (courtesy: www.x-rite.com)

Table 1.2 Standard lHluminants

lHHluminant Characteristics

A

CIE Standard Illuminants for incandescent illumination, yellow-orange
in color, with a correlated color temperature of 2856 K

represents direct sunlight at about 4874 K

CIE Standard Illuminants for tungsten illumination that simulates
average daylight (ultraviolet region not included), bluish in color, with a
correlated color temperature of 6774 K

CIE Standard Illuminants for daylight, based on actual spectral
measurements of daylight. D65 with a correlated color temperature of
6504 K is most commonly used. Others include D50, D55, and D75

CIE Standard HHluminant for fluorescent illumination. F2 represents a
cool white fluorescent lamp (4200 K), F7 represents a broad-band
daylight fluorescent lamp (6500 K), and F11 represents a narrow-band
white fluorescent lamp (4000 K)

11
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As said earlier, to obtain X, Y, Z values, we must understand how they are
calculated. The instrument perceives the reflected light wavelengths as numeric
values. These values are recorded as points across the visible spectrum and are called
spectral data which is the most precise description of the color of an object.

Spectral data is represented as a spectral curve which is the color’s fingerprint
(Fig.1.5). The color’s reflectance curve is taken and multiplied the data by a CIE
standard illuminant. The result of this calculation is multiplied by the CIE standard
observer. Once these values are calculated, the data is converted into the tristimulus
values of X,Y,Z. Thus tristimulus value of the object color (X, Y, Z) = Spectral
distribution of the illuminants x spectral reflectance of the measurement object x color

matching functions.

Reflectance (%)

“l L\_—‘—-_‘ —___

Wavelength(nm)

Fig. 1.5 Spectral curve from a measured sample.

Chromaticity Values
By using the color matching functions, light stimuli having any spectral power

distribution can be specified for color by three values:

X = [X(A)p(A)S(2) d(2) (1.1)

400
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v = [Yps @) (1.2)

400

zzT%@m@a@M@ (1.3)

400
where X(4), y(1), and z(1) are the CIE tristimulus values of the spectral colors and
are called the CIE spectral tristimulus values (color matching function).The CIE
chromaticity coordinates (x, y, and z) are given by

we X (1.4)
X+Y+Z

yo— Y (1.5)
X+Y+Z

2=1-x—y (1.6)

They are represented as coordinates in a color plane. The chromaticity coordinates x
and y are used to specify the saturation and hue of any color in the CIE chromaticity
diagram. A third color variable is specified in addition to x and y, namely the CIE
tristimulus value Y, which is a measure of lightness. One drawback of the 1931
chromaticity diagram is the fact that equal distances on the chart do not represent
equally perceived color differences because of the non linear nature of the human eye.
The 1976 uniform chromaticity CIE chart (Fig.1.6) was developed to provide a
perceptually more uniform color spacing for colors at approximately the same
luminance. The coordinates used here are denoted (u', v') and can be computed from
the 1931 X, y coordinates by the following transformation:

U'e 4x
(—2x+12y +3)

(1.7)

v (18)
(-2x+12y +3)

This system allows exact measurement of color with worldwide agreement.
For pigment testing, however, this is not sufficient because small color differences
usually have to be determined and evaluated. Using the CIE system, it is certainly
possible to say which spectral distributions are visually identical, but this is not
suitable for determining color differences. To establish color differences an “absolute
color space” must be used. Here, colors are arranged three-dimensionally such that the

distance between two colors in any direction in space corresponds to the perceived
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difference. Such a type of color space can be based on the color qualities: lightness,
hue, and saturation. Several such systems exist. The most widespread color system is
probably the Munsell system, which is available in the form of an atlas.

Greenish Yellow

P
400 Q/.

Purplish =~
Blue

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7
ul

Fig. 1.6 The 1976 CIE chromaticity diagram.

For the quantitative determination of color differences, the transformation
relationships between the CIE system and the physiologically equidistant color system
must be established. Color differences can then be calculated in the latter system. To
overcome the limitations of chromaticity diagrams, the CIE recommended a uniform
color scale: CIE 1976 (L*a*b*) utilizing an Adams-Nickerson cube root formula,
adopted by the CIE in 1976 for use in the measurement of small color differences.
When a color is expressed in CIELAB, L* defines lightness, a* denotes the red/green
value and b* the yellow/blue value (Fig.1.7). CIELAB uses Cartesian coordinates to
calculate a color in a color space.’

To calculate the CIE L*a*b* coordinates, X, Y, and Z are first converted into
the functions X*, Y*, and Z* by using a relationship that approximately takes account

of the physiologically equidistant lightness steps.
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X* = /Xi,-\(*:\/Yz;z*:e,/zi (1.9)

where X,, Y, and Z, are the CIE tristimulus values of a perfect reflecting diffuser
(R(A)=1). For radicands <0.008856, these equations become

X*=7.787 X +0.138 (1.10)
Y

Y*=7.787Y—+O.138 (1.11)
z

Z*= 7.787Z—+o.138 (1.12)

n

The L*, a* and b* values are then calculated as:

L* =116 Y* - 16 (1.13)
a* = 500 (X* — Y*) (1.14)
b* = 200 (Y* — Z*) (1.15)

The components of the color difference are obtained as differences between the

test sample (T) and the reference pigment (R).

AE, =/(AL¥)? + (Aa*)? + (Ab*)? (1.16)
AL* =L — L, (1.17)
Aa*=a; —a, (1.18)
Ab*=b; —b; (1.19)

A significant advantage of the CIE system is that the color difference can be
broken down into components in another way: into brightness, chroma and hue,

corresponding to the arrangement in the color space.®®

The lightness, chroma and hue difference are given by the following equations,

* * (1 20)
AL*=L — L,
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AC, = sy — iy = W@DZ + 01 — (a0 + ()7 ) (1.21)

AHZ, = (AL f — (AL —(AC,)? (1.22)
. A 100
vellowish " (white)

-h*
blueish
L*=0
(black)

Fig. 1.7 Representation of the CIE Lab system.

Kubelka—Munk theory

The Kubelka—Munk theory relates p(4) to scattering coefficient S, absorption
coefficient K, film thickness h. The Kubelka—Munk theory is based on the fact that
the optical properties of a film which absorbs and scatters light may be described by
two constants: the absorption coefficient K and the scattering coefficient S. In a
simplification, the flux of the diffuse incident light is represented by a single beam L,
and the flux of the light scattered in the opposite direction by a beam L . Each beam is
attenuated by absorption and scattering losses, but is reinforced by the scattering
losses of the respectively opposite beam. The absorption and scattering losses are
determined quantitatively by the two coefficients K and S. A simple system of two
linked differential equations can be written. These can be integrated for the valid
boundary conditions at the incident light side, and at the opposite side. Solutions for
the transmittance r and the reflectance p are obtained from these integrals as a
function of K, S, h, and in special cases of the reflectance po of a given substrate. The
most important and widely used quantity derived from the Kubelka—Munk theory is
the reflectance of an opaque (infinitely thick) film that is described by a very simple

equation:
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K_@-p.) (1.23)

S 2p,,

From this expression (Kubelka—Munk function) it follows that, within the
range of validity of the theory, p. depends only on the ratio of the absorption
coefficient to the scattering coefficient, and not on their individual values.’® This
theory is widely accepted for explaining the optical properties of complex systems

such as powders.

Multiple scattering

The theory of multiple scattering relates the scattering coefficient to the
pigment volume concentration and to the scattering cross section of the individual
particle. The absorption coefficient is directly proportional to the absorption cross
section and to the pigment volume concentration. However the relationship between
the scattering coefficient S and the concentration gives rise to problems. The distance
between the pigment particles decreases with increasing concentration; consequently
there is interaction and hindrance between the light scattered by individual particles,
and their scattering power usually falls. The scattering coefficient is therefore linearly
related to concentration only at low concentrations (the Beer’s law region), at higher

concentrations it remains below the linear value.°

Mie’s theory

Mie’s theory finally relates scattering and absorption cross section to the
particle size, the wavelength, and the optical constants of the material namely
refractive index and optical index.

Fig.1.8 represents a schematic diagram showing the relationship between

optical properties of pigments and their theoretical fundamentals.
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Fig. 1.8 Relationship between the optical properties of pigments and their theoretical

basis.

1.6 Research efforts in yellow pigments

The most known yellow inorganic pigments are praseodymium-zircon yellow,
vanadium-zirconia yellow, tin—vanadium yellow, chromates of alkaline earth metal
ions, lead and zinc, lead antimonate, cadmium yellow, iron oxide yellow (a and y-
FeOOH), and nickel-antimony doped rutile phase TiO,. Among these inorganic
yellow pigments, the application of iron oxide yellow gets constrained due to thermal
stability only up to 220°C,** while the toxicity™? of Cr(VI1), cadmium and lead based
yellow pigments restricts their commercial usage. A wide class of materials has been
investigated for their pigmentary properties. Some important families of yellow

inorganic pigments are given in the preceding section.

Praseodymium zircon yellow

Praseodymium vyellow (ZrSiO4:Pr)*® has been known as one of the
environment-friendly inorganic yellow pigments for ceramics. The cations are
generally assumed to form a solid solution with the zircon lattice. In general, Pr ions
are considered to be located at the triangular dodecahedral positions of Zr**, however

it is also suggested that Pr** may substitute for both Zr** and Si** of the zircon
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lattice.™ Studies suggest that temperature, particle size and reactivity of the zirconia,
and mineralizer content are important variables. Various formulations in the literature
indicate that, to obtain an intense yellow, the praseodymium oxide content should be
in the range of 3-8 wt%."® Lesser contents are too weak to produce a homogeneous,
bright color. In high percentages, praseodymium oxide imparts a greenish-yellow
color, because the coloring component is not fully incorporated into the zircon
lattice.'® The difference in color properties between samples of Pr yellow prepared in
the absence or in the presence of NaF has been reported. The main role of NaF in the
preparation of Pr-Zircon pigments is to decrease the temperature of zircon formation
to the range in which the chromophore responsible for the bright yellow color, i.e. the
Pr (1V) — zircon solid solution, is stable.'” The color produced in Pr-Zircon pigment is
due to the f electrons moving across the energy gap created by the crystal field
splitting of the f orbitals of the coloring ion Pr®*. The magnitude of the splitting
depends on the interactions of f electrons of the Pr** ion with the surrounding
electrons and also determines the intensity of the color. But this pigment has to be
synthesized at elevated temperatures (above 1273 K), which tends to induce particle
growth of the pigments. Accordingly, it is difficult to apply the praseodymium yellow
to paints and inks in which fine dispersion of the pigments is essential.*® Various
shades of yellow (different from the Pr-Zircon yellow) were observed when terbium
oxide was incorporated into the zircon host lattice. The variation in shade is
considered due to the presence of different types and amounts of mineralizer, calcined

at various temperatures.™®

Rutile yellow

Ni doped-TiO, with rutile structure has been traditionally used in ceramic
pigments for its intense optical properties. Due to their high thermal stability these
pigments have gained considerable industrial interest in recent years as potential
alternatives to praseodymium zircon yellow pigment, essentially for bulk coloration
of porcelain stoneware tiles.’ Sorly et al. reported the structure and color of nickel
doped rutile phase yellow pigment NixA1-3xB2xO2 [A = Ti(IV), Sn(1V); B = Sb(V),
Nb(V)] prepared by conventional ceramic method.?* The role of counterions (Mo, Nb,
Sh, W) in doped rutile ceramic pigments with compositions NixA;.3xB2x02 and NixA;.-
»Bx02 [A = Ti(1V), Sn(1V); B = W(VI), Mo(V1)] has been investigated and tungsten

is found to be the most suitable counterion for best titanate pigments formulation in

19



Chapter 1 Introduction

glaze applications.?? Nanosized rutile structured Nig1Wo1TiogO>  prepared by
pyrolysis of precursor solution exhibited yellow coloration with reddish shades.?
Ni-containing rutile crystals appear more or less bright yellow shade
depending on the Ni content in the solid solution but also on the nature of the co-
doping ion. This yellow color is mainly caused by absorption in the blue and red
regions of the spectrum of Ni?* jons in an octahedral coordination. The comparison of
classical ceramic synthesis of Ti;.2xNbxNixO2.2 system with the sol-gel methodology,
which allows a reduction of the anatase—rutile transformation temperature has been
reported. Ni** was the main specie responsible for the yellow coloration.?® The
composition was optimized in order to obtain a unique rutile phase with the minimum

amount of pollutant Ni (I1) and enhanced chromatic coordinates.

Yellow oxynitrides

Ternary metal oxynitrides have attracted considerable attention because of
their bright coloring, while oxide perovskites are usually colorless. As a function of
progressive nitrogen enrichment, oxynitride solid solutions constitute a promising
alternative as colored pigments.?* The optical properties of the oxynitride solid
solution GaN:ZnO were investigated by Maeda et al.® They found that these
materials have yellowish color. The (Ga;xZnx) (N1xOx) compounds have smaller band
gap values than the pure end members GaN and ZnO. The samples have their
absorption edges shifted to longer wavelengths when x (Zn content) increases.

The system Ta(zx)ZrNExOx (0 < X < 0.6) was studied by Guenther and
Jansen.”® Pure TasNs is dark red and with the introduction of Zr**/O% in the crystal
lattice, the compounds start presenting orange and yellow colors. By substituting the
“‘softer’’ nitrogen atoms for the ‘‘harder’’ oxygen atoms, the band gap increases and
the color is shifted from red to yellow.

Solid solutions of the perovskites CaTaO,;N and LaTaON, are proposed as
promising candidates for cadmium based pigment. The band gap widening is brought
about by increasing the difference of electronegativities between the respective
cationic and anionic elements, and vice versa. Their color can be tuned through the
desired range, from yellow through orange to deep red, by simple composition
adjustments. Although these pigments are non-toxic and show excellent color hue, it
IS necessary to heat the starting materials in a flow of toxic and inflammable ammonia

gas for a long time (20-60 h) to synthesize them.?’
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New oxynitride compositions with a defect fluorite—type structure have been
synthesized by a thermal ammonolysis of rare earth tungstates. Starting from the
tungstates Re;sW,033 and RegWO;, (where Re = Rare earth ions) a progressive
substitution of nitrogen for oxygen within the anionic network is shown to be possible
with the formation of two oxynitride solid solution domains. The color of the powders
changes continuously from white to yellow with the nitrogen enrichment as a function
of the nitridation temperature and time. Among these oxynitride compositions, the
samarium based phase SmisW40234Ns4 is particularly attractive by its spectral
characteristics. The coloring mechanism is explained by a decrease in the energy band
gap, as nitrogen gives with cationic elements more covalent bonds than oxygen. Thus,
progressive N*/O? anionic substitution gives access to a new class of pigments with,

in addition, the possibility to tune the absorption edge position to a precise value.”®

Pyrochlore based yellows

The basic representative of pyrochlore pigments is the Naples yellow
Pb,Sh,07 which represents sulphur-yellow up to orange—yellow tint depending on the
mass ratio of lead and antimony. Since development of harmless inorganic pigments
has been required in order to replace the toxic pigments by environmentally friendly
or less toxic ones new pyrochlore based pigments have been investigated. The
Ln,Zr;5Vo507 compounds, where Ln = Dy, Ho, Er, Tm, Yb and Lu, were studied as
pigments. The richest hues were obtained by using holmium and thulium. All
pigments give the yellow color in ceramic glazes, but those containing Ho and Er
provide orange hues.?®

Pyrochlore type Y,xCaxTi,xVxO7 pigments with x varying between 0.02 and

0.3 were reported by Pailhe et al.*

Moreover, various synthesis temperatures were
performed and the influence of a post-mechanical grinding of the sample was studied.
Pigments with various colorations from yellow to deep orange can be obtained
depending on the synthesis parameters linked to a slight modification of the vanadium
coordination environment. For a same composition, the pigment coloration depends
on the creation of Frenkel pairs inside the structure corresponding to a displacement

of an oxygen atom toward one interstitial empty site.
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Ceria based yellows

Different lanthanides-based yellow inorganic pigments have been studied by
researchers as alternative to the existing toxic pigments. Pigments based on CeO; have
been extensively studied for their coloring properties. The coloring mechanism is
essentially based on the charge transfer band from O,—Cess in the semiconducting
CeO,. In the development of new pigments using cerium, rare-earth-containing
pyrochlore system Ce,Ti,O; has been reported. The coloration of titanates was
ascribed to charge- transfer transitions in which an electron is transferred from the
metal ion to the empty 3d orbitals of the Ti** ion. In contrast, the presence of Ce** can
generate charge-transfer bands that are also related to the color mechanism, which, in
this case, a yellow coloration. Calcination in air or with the use of soft reducing
agents leads to CeO,—TiO, compositions (including solid solutions) with yellow to
green colorations. In contrast, with the use of an aggressive reducing agent such as
H,, the pyrochlore structure is obtained, and the color changes to brownish shades.

In amorphous Ce1.ZryW>0g>* (M = Zr or Ti, 0 < x < 0.6) based pigments, the
coloring mechanism is based on O 2p—Ce 4f and O 2p—W 5d double charge—transfer
transitions. The optical absorption edge of these pigments depends on the Zr or Ti
content. CeO,-ZrO,-Bi,03 solid solutions synthesized by a citrate complex route
have been reported as potential environment-friendly pigments by Masui et al. The
yellow hue of the pigment was significantly enhanced by the introduction of
zirconium and bismuth into the CeO, lattice, which produces intrinsic strain and a
hybrid orbital of Bi 6s and O 2p. The most attractive yellow color was obtained for
Ceo.43Zro37Bio20019. Similarly, pigments with the formula Ceq..,SixBiyO2.» were
prepared by a sol-gel method. Among the samples, Ceg36Sio.31Bio3301.835,
demonstrated comparable color properties over that of zircon yellow. Here, the origin
of color is due to synergetic modification of the band structure by the hybrid orbital
formed from the Bi 6s and O 2p orbitals, as well as the formation of intermediate
energy levels due to Si** doping.® The variation of hue obtained by substituting Bi**
in Ce* sites in LiCeMo,0s, NaCeMo0,0s, CagsCeMo0,0g and CapsCeMo,0g was
studied by Odaki et al. In addition, the change of hue of the compounds when Mo®" is
replaced by W®" was also investigated. The results indicate that changes in the
chemical bonding nature of the crystal have a great impact on the color development

of Ce* ion. 3
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The Ce-S-Si system has been explored in search of new, yellow nontoxic
pigments. As yellow pigments to substitute for CdS, PbCrO,4, and PbMoO,, sulfides
of Ce®" are also appropriate if their Ce** 4f'-5d° transition starts at 2.5 eV. This might
be achieved by increasing the ionicity of the Ce-S bonds. According to the inductive
effect, the ionicity of a Ce-S bond can be increased by forming a Ce-S-M bond
linkage with a third element M that makes a strong covalent bond with S. In a Ce-S-M
compound, one might expect that this energy-lowering effect is larger for the 4f than
for the 5d orbitals of Ce, thereby increasing the Ce 4f'-5d° gap, because the Ce 4f
orbitals are much more localized on the Ce atom than are the Ce 5d orbitals. CesSisS17
and Ce4Si3S;, exhibit chromatic properties that are comparable to those of the
industrial pigments.®

Tantalum doping into zirconia matrix of CeggZry20- leads to the formation of
Ce1-x+y)ZrxTayOa4s (x ranges from 0.15 to 0.20 and y ranges from 0 to 0.05) displaying
colors ranging from white to yellow. The coloring mechanism is based on the strong
absorptions of the pigments in the visible region under 500 nm, which could originate
from the additional energy level between O 2p valence band and the Ce 4f conduction
band by forming a hybrid orbital of Ta 5d and O 2p. The designed yellow pigments
were also found to be suitable candidates for the coloration of plastics.®* Yellow
pigments based on solid solutions of mixed oxides with the general formula
Sme«W,-yZryMoy0,,+5 Was prepared by solid-state route. The systematic substitution
of Mo® for W®* in SmgWO1. gently shifted the absorption edge from 374 to 460 nm
and consequently the designed compounds exhibited colors ranging from white to

yellow.*®

Tungstate and molybdate yellows

There are a relatively few number of tungstates used as pigments. Tungstate
pigments of the formula MNdW,0g where M = Ni, Zn and Mn were synthesized by
solid state method. MnNd,W,0,, was obtained as really monophasic sample with
ochre yellow color.*’

New tungstate based ceramic pigments, displaying ZnNi; WO,
stoichiometry, were obtained at low temperature using a polymeric precursor method.
The absorption spectra of the Zn«Nii, WO, pigments separated into discrete
absorption Gaussian bands, showing absorption bands centered in the range of 2.71-

2.78 eV, due to [NiOg] transitions. The maximum absorption of such band takes place
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in the blue region, from 458 to 446 nm, and the pigment color perceived corresponds
to yellow, the complementary color of blue.*®

A new chromium doped powellite (Cr—CaMo0Q,) yellow ceramic pigment
alternative to yellow of praseodymium-zircon has been obtained based on
Cr,CaMo, O, solid solution of Cr®* substituting Mo®" in the powellite lattice. Using
an ammonia coprecipitation method and firing at 950°C, a yellow ceramic pigment is
obtained which show a yellow color similar to the commercial praseodymium-zircon
yellow pigment. However the release and possible mobilization of the Cr (V1) should
be controlled in order to get its industrial implementation.*

Bismuth based yellows

Pigments on the base of Bi,O3 belong to pigments of oxide types and seem to
be interesting, because they provide interesting color hues from yellow to orange. The
high temperature phase of 5-Bi;O; may be stabilized below room temperature by
partial cationic substitution for Bi**. Thus, the use of Ln** cations has been appeared
effective though a variety of crystal phases have been observed depending on the kind
and amount of the rare earth cation used and the synthesis conditions employed.*

In (Bi203)1x(RE203)x where RE = Y and Ce, results show that Y doped
pigments exhibit better properties like phase purity and coloration.** Y-doped
Bi,MoOs pigments have been synthesized and it is observed that the substitution of
yttrium for bismuth red shifted the absorption edge of the colorants leading to yellow
color. These pigments absorb the visible and the ultraviolet light under 500 nm
efficiently, which is originated in the transition from the valence band consisting of
the O 2p orbitals to the conduction band derived from the primary Mo 4d orbitals in
MoOQs octahedra and the secondary Bi 6p orbitals. The effective yellow hue was
observed for BiYMoOs, which imparted good coloration to plastics.*?

A zinc oxide pigment with an admixture of bismuth oxide has been prepared
as a new yellow pigment for coloring plastics and paints. The effect of the Bi,Os;
content in the starting mixture on the color hue of the pigment and the temperature
conditions for the pigment synthesis have been evaluated.*

Pigments of the Biy1.0RE2O3 type, where x = 0.5 and RE = Er, Ho, La, Nd,
Lu, Dy and Y, were studied. The color of these compounds is orange (with Er),

yellow—orange (Ho, Y, Lu, Dy and Nd) and light yellow (for La).** Intense yellow-
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orange colors in Biy xEry2ZrsgsO3 pigments are based on the incorporation of doped
Er **and Zr ** ions into the host lattice of Bi,Os.

BiVO, based yellows

Bismuth vanadates (BiVO,) belong to a relatively new class of pigments. The
status of knowledge in the area of BiVO, based colorants has been reviewed from
literatures.

U.S Patent No. 4,115,142 describes the processes for the preparation of this
pigment by reacting bismuth nitrate with an alkali vanadate under controlled
conditions to obtain a bismuth vanadate gel followed by aqueous digestion or
calcination to produce pigmentary, bright primrose yellow monoclinic bismuth
vanadate.® U.S Patent No. 4,455,174 proposes bismuth vanadate/molybdate
derivatives and bismuth vanadate/ tungstate derivatives as yellow pigments. These are
multi-phase products consisting of a bismuth vanadate phase and also a bismuth
molybdate and/or bismuth tungstate phase.”® U.S Patent No. 4,272,296 discloses
BiVO, based yellow pigments diluted with 10-90 % by weight of orthorhombic
BaS0,.*" U.S Patent No. 4,026,722 describes the preparation of pigments with
composition BiVO4-xAl,03-ySiO, where x is 0.25-2.0, y is 0.1-3.5, and x + y is >1.
Compared with cadmium sulphide the resulting pigments possess low color purity and
low hiding power. U.S Patent No. 4,230,500 discloses a new greenish-yellow, yellow
and orange-yellow pigments which consist substantially of bismuth vanadate of
monoclinic structure, bismuth phosphate of monoclinic structure and aluminum
phosphate of orthorhombic structure and which, in the case of the yellow and orange-
yellow pigments, also comprise a compound based on Bi,O3 and V,0s.*® U.S Patent
No. 4,251,283 discloses greenish-yellow pigments based on BiVO, are disclosed
which based on BiVO, obtained by the calcination, in the presence of air, of a
mixture of BiPO,, V.05 and an oxide of Ca, Ba, Mg or Zn.*

Bright yellow coloration and enhanced NIR reflectance of monoclinic bismuth
vanadate are obtained by the substitution of Ta/P into the vanadium sites of BiVO,.
Pentavalent metal ion substitution in BiVO, blue shifted the absorption edge leading
to bright yellow coloration and the color properties are comparable to that of
commercially praseodymium yellow.>

Transparent, yellow bismuth vanadate nanoparticles were made by flame

spray pyrolysis. Depending on the particle collection temperature, either pale,
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amorphous materials or brilliant yellow-green, crystalline BiVO,4 with particle size of
about 50 nm were formed by direct calcination above 300°C. The addition of Si
during flame synthesis of BiVVO, resulted in smaller such crystals of about 20 nm that
were embedded in silica. This prevented sintering of the BiVO, particles during
calcination at 400°C and resulted in thermally stable, highly transparent, yellow
particles.”

Bii—xLaxVO, (0 < x < 0.15)*? and Bij—,CaZny VO xsyy2 (0 <x<0.10; 0 <y <
0.10)* solid solutions as novel inorganic yellow pigments with brilliant yellow colors
were prepared by hydrothermal and evaporative drying method respectively. Thus, the
color of BiVO, can be tuned by introducing other elements into the BiVO, lattice to
control the lattice size. The extent of the orbital hybridization in the valence band
should depend on the interionic distance between Bi** and O?. Novel inorganic
yellow pigments, Bij—y-—y-,CaxZnyLa;VOs-(x+y)2 (0.04 <x <0.12; 0.01 <y <0.05; 0.01
<2< 0.10) were synthesized as environmentally friendly inorganic materials, using an
evaporative drying method. The color of the pigments depended on the amount of
Ca®*, zn** and La®*, and the most vivid yellowness was obtained for

. 54
Bio.s5Can.08ZN0.021-80.05V O3 g50.

1.7 IR reflecting pigments

Visible light (0.4-0.7 pum) contains 43% of the power in the air-mass 1.5
global solar irradiance spectrum (0.3-2.5 um); the remainder arrives as near-infrared
(NIR) radiation (0.7-2.5 um, 52%) or ultraviolet (UV) radiation (0.3-0.4 pm, 5%).>
Heat is a direct consequence of infrared radiation incident on an object. These
radiations on absorption as well as conduction result in heating up of the surface of
materials. Absorption of solar energy by concrete and paved structures raises their
surface temperature several degrees over that of the ambient air, which also then
increases. Consequently, urban heat island effect, a phenomena caused by the lower
albedo (reflective power) of urban surfaces and the replacement of vegetation by
buildings is increasing.”® This effect is becoming more intense in urban areas,
changing their microclimate. Summer urban heat islands with daytime average air
temperatures 5.6°C higher than the surrounding rural areas are present in many cities
around the world.>” The heat island effect has been documented in hundreds of cities

worldwide. Apart from causing thermal discomfort, the greater consumption of
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cooling energy drive up energy demand and costs,”® and accelerate the formation of

harmful smog.*
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Fig. 1.9 Urban heat island effect ®

Urban heat island effect is schematically represented in Fig.1.9. To reduce the
increasing demand for energy consumption for air conditioning, there is a need for
cooler roofs. Reflecting the sun’s radiation minimizes the amount of energy absorbed
by the building. Mitigating the urban heat island phenomenon requires cool materials
that are characterized by high solar reflectance and IR emittance values.®* A roof with
high solar reflectance stays cool in the sun, reducing demand for cooling power in
conditioned buildings and increasing occupant comfort in unconditioned buildings.®?
These techniques also work by lowering the temperature of the ambient air, because
the cooler the surface, the lower the heat convection intensity. The need to save
energy, which comes as a result of the depletion of natural resources and increasing
prices, has pronounced relevance in a developing country like India. The influence of
solar reflection on roofs of surrounding buildings is estimated by a coupled simulation
of radiation and convection around buildings, and the results show that reflective solar
radiation from high-reflectance roofs to the walls of neighbouring buildings is

considerably less than direct radiation from the sun and sky.
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Fig. 1.10 Energy transfer in buildings (courtesy: www.ferro.com)

Recently, infrared reflective inorganic pigments have been attracting more and
more interest which not only impart color to an object, but also reflect the invisible
heat from the object to minimize heat build—up, when exposed to solar radiation
(Fig.1.10). Inorganic class of IR reflectors are mainly metal oxides and are primarily
useful in two major applications: (i) visual camouflage and (ii) reducing heat build—up
on the surface of building roofing materials.®®

In recent decades, the application of solar reflective pigments on buildings and
urban infrastructures has been studied by many researchers. Advanced cool colored
materials have been developed by including IR reflective pigments in the basic
formulation of traditional paints.** A comprehensive analysis has been conducted by

Levinson et al.®

who have published a detailed survey of 87 organic and inorganic
pigments with high IR reflecting properties. Most of them have found application in
roof products such as clay and concrete tiles, metal roofs and asphalt shingles leading
to an increase of solar reflectance up to 20% for most absorbing materials. A number
of cool materials are currently available commercially for buildings and other surfaces
of the urban environment. In a study from Greece, the increasing heat island effect in
urban areas was investigated.** The heat island effect caused discomfort, heavy

energy demand and the smog formation. Infrared reflecting pigments were found to
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lower the surface as well as near surface air temperatures. The surface temperature
was up to 10°C lower, and the air temperature up to 1.6°C lower.

Pigment color is closely related to the effect of heat reflection. White materials
have the best performance in heat reflection. For instance, white coating made from
titanium dioxide pigment can reach a reflectance as high as 87%.% However, white
coating has some disadvantages such as

e Cool/white top coated roofs can reflect adversely toward overlooking or uphill
neighbours,

e Airline pilots can be negatively impacted by such reflections for the same
reason at particular angles to the sun.

e Many white topcoat products discolor with dirt and cannot be cleaned.

So, white pigments are unsatisfactory for people with demands for coating
function and color. Nevertheless, non white pigments are preferred considering
artistic beauty. IR reflective pigments are increasingly used for roof and building
coatings because of their excellent weatherability, which indicate their vast potential
application. However many of these pigments encompass toxic metals such as
chromium green, cobalt blue, cadmium stannate, lead chromate, cadmium yellow and
chrome titanate yellow, and hence their consumption is being limited.

In view of this many IR reflective pigments have been proposed as alternatives
to traditional toxic IR pigments. The U.S Patent No. 6,541,112 describes a process for
the synthesis of a series of rare earth manganese oxides, (RExMn)Oy (RE =Y, La, Ce,
Pr, Nd, and Sm) with good IR reflectivity.®® Manganese vanadium oxide pigments of
the formula Mn,V,0; with improved infrared reflectivity suitable for reducing IR-
induced heat buildup has been described in U.S Patent No. 6,485,557.%’

Some recently proposed IR reflective inorganic pigments include yellow
SryCe; «ThyO4,%® nano yellow NiTiO3,%° yellow Fe** doped La,M0,07,” blue Fe**
doped YMnOs,” nano brown Mg®* doped ZnFe,O4'® nano yellow Nd** doped
YsMoOs, ,” Fe** doped KZnPO,™ and brown pigments based on a Fe,O3-Sb,0s-
Si0,-Al,05-TiO, composition.”” However, the color characteristics are not high
compared to IR reflectance in these pigments.

Thus the use of IR reflective coatings with high solar reflectance could be the

solutions for ever demanding energy savings.
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1.8 Motivation and objective of the work

Yellow is an important color in pigment industry. Road markings, signs and
safety markings are often bright yellow. The agricultural, construction and
engineering markets often use bright yellow for visibility and identity. Heavy metals
such as lead, chromium (VI), cadmium, zinc are major components of several
inorganic pigments that historically played a major role in the high performance of
decorative and industrial coatings. To insure that their benefits far outweigh their
liabilities, research efforts are directed toward the development of environmentally
acceptable pigments that do not release any toxic materials into the environment
during their production, use or disposal. There exist a large number of yellow inorganic
pigments. However, their color properties are not satisfactory as compared to the existing
industrially used toxic pigments. In addition, the demand for infrared reflective pigments
that can be used in the coating formulation to reduce the heat build-up of the buildings,
roofs, cars etc. is increasing. So developing less toxic inorganic pigments that have a
greater infrared reflectivity versus traditional toxic pigments for high performance
coatings is highly essential while maintaining the appropriate light absorption in the
visible spectrum to impart color.

BiVO4 belongs to a new class of inorganic pigments that has steadily gained
importance over the past few years. But it has been difficult to control the pigmentary
properties of BiVOas. Color intensity depends on many factors including phase
composition, stoichiometry, particle size and morphology. Also, the photophysical
properties of BiVO, are strongly influenced by the way of preparation and its crystal
structure (Fig.1.11)."

hydrothermal
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Fig.1.11 BiVO, powders synthesized by different methods’®
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However, bismuth pigments are relatively expensive materials, lowering the
commercial competitiveness. Therefore, there is interest in developing new materials
containing the BiVO, phase, which might enable a more competitive use of this pigment.
Also, the IR reflecting property of BiVO, based pigments have not been explored well. So
the present work focuses on developing new eco-friendly yellow inorganic pigments for
various coloring applications by improving the coloristic as well as IR reflecting
properties of BiVO, by forming solid solutions with transition metals as well as rare
earths.

The objectives of this thesis are as follows:

« Synthesize less-toxic yellow pigments in these systems as viable alternatives to the
traditional pigment formulations.

» (CaW/Mo)O, - BiVO 4

> (LiLa)12M004/ (LiCaLa)13sM00,- BiVO,

» (LiRE)12M00,- BiVO,

> (Y/NDb)O4 - BiVO,
« Study the structural and optical properties of pigments and explore their coloring
mechanism and band gap tuning.

* To modify synthesized pigments using various mineralizers and synthesis methods.

* Application study of the developed pigments for their color as well as IR reflective

property on various substrates
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