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ABSTRACT

Increasing efforts to address environmental issues related to industrial waste and the consumption
of natural resources by industrial activities have become a global issue. Development in all
direction includes significant reductions in waste generation through waste prevention, reduction,
recycling, and reuse strategies. At the same time, the expansion of industries worldwide requires
a considerable amount of pigment for the industries as an input. The project’s main activities were
two broad classes; extracting and processing steel slag from steel rolling waste for pigment
application. Then, synthetic and extracted iron was doping in the copper chromate pigment to study
its colouring properties. In the first part, the iron content of the steel slag was investigated using
X-Ray Fluorescence (XRF); then, iron was extracted using sulphuric acid as a leaching agent, the
Inductively Coupled Plasma Mass Spectroscopy (ICPMS) were used to investigate the chemicals
leached in the liquid solution. Next, the annealing temperature was determined from the
thermographic-Differential Thermal analyzer (TG-DTA), and based on the result extracted sample
was annealed at 700°C, 800°C, 900°C and 1000°C. After annealing the extracted sample, the
crystalline property, crystallite and particle size, morphology, optical and colouring properties
were investigated using X-Ray Diffraction (XRD), Dynamic Light Scattering (DLS), Field
Emission Gun-Scanning Electron Microscopy (FEG-SEM), Ultraviolet-Visible Spectroscopy
Near Infrared (UV-VIS NIR) and Commission Internationale de I’Echlarge (CIEL*a*b*). The
characterization results indicated that the sample has good crystallinity, and the formation of
hematite(a-Fe203) crystalline begins at 700°C. However, a new crystalline structure with a
chemical formula of (AlsFeis012) was observed beyond 800°C that overlapped with (a-Fe;03).
The overlapping was observed at around 33.3" and 35.8° 2 theta on the XRD peak. Moreover, the
range of the extracted sample was from nano to micro with some agglomeration. The optical
properties indicated a metal-to-ligand charge transfer at 250 nm while metal-to-ligand charge
transfer was between 300 and 550nm. In the end, the colouring result becomes in good agreement
with brown red and dark red pigment with good agreement with commercial hematite at 800°C,
with L* = 30.77, a* = 15.46 and b* = 29.76. In the second part of the study, the synthetic and
extracted iron oxide were doped in the copper chromate pigment using a solid-state mechanism.
In the process, mixing was done using an agate mortar and pestle; then, an attrition mill was used

with 1000 rpm was used for 1:30 h. The sample was dried and ground for 30 min and pressed using

Xiv



1 ton (9964.016 N) into a pellet of 25 mm diameter. The pelleted one was then calcined at 1350°C
for 3 h to foster the reaction. After calcination, the calcined pellet was ground and sieved in 100
sieve size mesh (#100). In the end, the sample’s crystalline structure, crystallite size, microstrain,
morphology, structural, optical, Refractive index, and colouring properties were examined using
XRD, SEM with EDS, FTIR, and UV-VIS NIR. The XRD result indicated that a successful spinel
pigment was produced in both synthetic and extracted iron-doped copper chromate pigment. At
the same time, the particle size distribution becomes reasonably good with spherical particulate
formation. In addition, the FTIR confirmed the spinel structure formation, and UV-VIS NIR
showed the absorption of all spectra, a confirmation of perfect black. The CIEL*a*b* confirms
the achievement of the best pigment with an optimized result at 0.5 weight percentage iron is
doped. In the end, all the parameters that contribute to tuning the colour of the pigment and its

colouring axis are comparable with the commercial one and have a promising result.

Key Words:- Steel slag, doping, Composite pigment, Hydrothermal method, Solid-state method,
synthetic pigment,
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CHAPTER-ONE
1. INTRODUCTION

1.1 BACKGROUND

Almost every object in our environment is coloured in a variety of hues. Colour gives objects an
aesthetic appearance and plays a role in visually communicating information, such as safety and
warning colours. Pigments are an important class of additives, and they can provide colour to the
object and improve the appellative qualities of the materials to which they are applied [1, 2]. They
are coloured powders that are insoluble or poorly soluble in water and organic solvents. Therefore,
they selectively absorb a part of visible light and display the complementary colours of the light
absorbed. Colourings are compounds that, combined with other substances, impart or change a
product's colour. Human eyes can distinguish red, yellow, blue, green, black, and different hues
directly from visible light absorption or reflection caused by the product's wavelength-selective
absorption [3].

Pigments have been used worldwide for centuries [4-6]. Naturally occurring pigments have been
identified since the prehistoric era; the preparation and application of this pigment can be traced
back over a million years [7]. The research output indicated that most of the pigments and dyes
employed throughout the prehistoric period were markers of the era's technological advancement
[8-10]. The red ochre paints applied to the bodies of North American Red Indians to defend
themselves from evil, the paints used by Indian ladies to depict the married woman was also the
colour of richness and grace, and their goddess Lakshmi are some of the historic testimonies on
pigment and dyes. On the other hand, drawings at the Pech-Merle caves in Southern France and
the image of Egyptian pharaohs were produced using paint in 4000 BC, utilizing synthetic blue
dye made of calcium copper silicate (CaCuSiOs), shown in Figure 1.1 [11-14]. The Chinese
people have also used pigments to detect material deterioration [15, 16].

Pigments that were commonly used throughout the prehistoric period contained combustion
components or elements and manufactured chemicals produced from suitable raw materials and

hybrid pigments [17].



Figure 1. 1 (a) Patterned hose in the Pech Merle cave. (b) Ancient Egyptian Pharaohs [14].

Cahputal and Devy were the first scientists to use XRD to explore the qualitative analysis of
pigments, most notably the chemical composition of naturally occurring Cuprorivite blue Egyptian
pigment [18]. Table 1.1 depicts the early historical age of pigment examination and their chemical
names and formulas.

However, current research focuses on developing long-lasting pigments with powerful tones that
can be changed to meet technological and environmental requirements [19]. In 2020, Prepared
Pigments were the world's 529th most traded product, with a total trade of $4.27B; worldwide, the
demand for pigments is predicted to rise to about 13.4 million tons in 2030 [20]. According to the
American Dry Color Manufacturers Association (ADCMA), these heterogeneous chemical
compounds contribute a wide range of colours to the pigment industry [21].

Table 1. 1 Common Chemical Substances Originally Named for Their Colour [4]

Ancient Name Pigment colour type Chemical Identity

Hematite Blood like stone lon(I11) oxide (Fe203)

Magnesia alba White substance from Magnesia Magnesium carbonate
(MgCOQ:s)

Magnesia nigra Black substance from Magnesia  Manganese dioxide (MnQO)

Orpiment Gold pigment Arsenic (111) sulfide (As2Ss)

Plimbum Cendidum White lead Tin(Sn)

Plumbum nigrum Black lead Lead (Pb)

Plumbum cinereum Ash-coloured lead Bismuth (Bi)

Verdigris Green of Greece Dibasic copper (11) acetate

(Cu(C2H302)2 2Cu(OH)2)

Vermilion Worm-coloured Red  mercury(ll)  sulfide

(HgS)




According to [21], the heterogeneous pigment synthesis of the 21% century focuses on the
production of a wide range of cooling, the application of heat absorbers, the substitution of toxic
pigments, and the formation of tunable colour properties from composite pigments [22-25]. In

general, contemporary research and development in the field of transition metals pigments have

mainly concentrated on "pigment sustainability,” “eco-friendly pigments,” “"compatibility,” and

"circular economy"[26-28].

1.1.1 Definition and Classification of Terms in Pigment

1.1.1.1 Pigment, Colorant, and Dye
The pigment is the Latin word "pigmentum,"” which means "colouring matter” [29].
- It's the term for a chemical that provides colour in the form of insoluble particulates that
are immobilized inside a binder.

The colourant is a general term describing any substance used to modify the colour of an object

by changing its spectral transmittance or its reflectance.
- Colourants can be classified as pigments or dyes, as shown in Figure 1.2. The solubility
properties of dyes in solvents distinguish them from pigment [30]. In general, the primary
difference between dyes and pigments are listed Table 1.2, as shown below

Table 1. 2 Basic Differences in Dyes and Pigments [29]

No Dyes Pigments

1 Soluble in the host materials, like water Dispersed in the solvents

2 Do not scatter light and looks transparent Do not scatter light; hence looks opaque

3 Absorbed by coloured substances It needs a binding agent to adhere to the
surface

4 Quickly fade with light or rain Can withstand environmental conditions

and last for a long time

Unfortunately, the differences between a dye and a pigment are not considered, which frequently
makes it confusing. The definitions in the dictionaries or some industries do not necessarily
coincide with the technical terminology. Thus, dyes are distinguished from pigments primarily by

their physical characteristics and their chemical characteristics [29].
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The solubility of pigment and dye is a significant characteristic that distinguishes them. Dyes are
coloured substances soluble in water and used in textile production. Pigments, conversely, are
colourants composed of insoluble particles in the mediums in which they are utilized [31]. Dyes
have a higher affinity for the media to which they are applied, causing a temporary disruption in
the crystal structure during the application process via absorption, solution, and mechanical
retention via ionic or covalent chemical bonding [32,33]. In general, the following properties are
essential for pigment synthesis [34];

General chemical and physical properties: including the chemical composition, moisture and salt
content, content of water-soluble and acid-soluble matter, particle size, density, and hardness.
Stability properties: refers to resistance toward the light, weather, heat, and chemicals, anti-
corrosive properties, and gloss retention.

Behaviour in binders: means interaction with the binder properties, dispensability, unique

properties in specific binders, compatibility, and solidifying effect.

1.1.1.2 Organic and Inorganic Pigments
Pigments are classified based on their chemical composition (organic or inorganic) [35]. Unlike
organic, inorganic pigments are not based on carbon chains and rings. Instead, they are made of

dry minerals, metals and metallic salts. Because of their composition, inorganic pigments are



typically more opaque and insoluble than organic pigments. In general, inorganic pigments are the
most commonly used in the industry owing to their lightfastness and low cost.

Inorganic pigments are a popular choice in the industry for various reasons, but they have some
drawbacks. Some of the most important positive and negative properties of inorganic pigments
are:

> Excellent fading resistance: One advantage of inorganic pigments is their excellent fading
resistance when exposed to light. They are also more resistant to fading when exposed to
sunlight and heat.

» Cost-effective: Inorganic pigments are typically less expensive, especially in large
quantities required for industrial applications. This is due to the simple chemical reactions
needed to make inorganic pigments.

» Poor tonality: While inorganic pigments have a high colour retention rate, the colour they
produce on their own is frequently dull. Improving tonality and brightness is often possible
by combining inorganic pigments with organic or dye pigments.

» Toxicity Because of lead salts in their composition, inorganic pigments are more harmful
to the environment. Some are even poisonous, such as lead-based pigments.

Unlike inorganic pigments, organic ones are limited to short-term applications and become
incompatible with high-temperature ceramic and polymer manufacturing due to their thermal,
chemical, and solar instability [36].

Inorganic pigments have been greatly admired throughout the history of humankind owing to their
potential usage in paints, inks, glazes, etc., for colourants. Different inorganic pigment chemical
compositions are required for various applications. They are widely utilized in multiple
applications, including paint, glazing, and ceramics [37]. Inorganic pigments are generally stronger
than organic pigments in three primary characteristics: thermal stability, chemical resistance, and
high tinting power, and they are obtained by using transition and heavy metals as colour activators
as opposed to organic pigments [38-42]. It includes one or more transition metals, which typically
contain partially filled orbitals, occur in various oxidation states, and are embedded in places with
different geometrical configurations of anions or ligands. Generally, they are distinguished by their
crystalline lattice structures [26]. Crystal defects and alteration of the crystal lattice affect the

pigment characteristic.



Inorganic pigments are basically classified based on their chemical compounds, colouristic, light

interaction, and composition. Table 1.3 indicates that the developments of inorganic pigments are

classified based on colouristic and chemical considerations, as recommended by ISO and DIN

[29].

Table 1. 3 Classes of Inorganic Pigment [29]

Term

Definition

White Pigments

Coloured Pigments

Black Pigment

Effect Pigment
Metal effect pigment

Pearl lustre pigments

Interference Pigments

Luminescent pigments

Fluorescent Pigments

Phosphorescent Pigments

It is due to nonselective light scattering ( TiO2and ZnS pigment
Caused by selective light absorption and selective light scattering
(Fe203, Chromium pigment, Cobalt pigment )

By nonselective light absorption (Carbon black pigment and Iron
oxide black)

The Optical effect is due to regular reflection or interference
Mainly on flat and parallel metallic pigment particles (Aluminum
flakes)

Regular reflection on highly refractive parallel pigment platelets
(Titanium dioxide on mica)

Coloured lustre is wholly or mainly by the phenomenon of
interference (Iron oxide on mica)

By the capacity to absorb radiation and emit it as light of a longer
wavelength

Light of longer wavelength is emitted after excitation without delay
(Silver doped zinc sulfide)

Light of longer wavelength is emitted within several hours

after excitation (Cu doped ZnS)

Due to their adjustable and enhanced properties relative to their parent source pigments, complex

inorganic colouring pigments have become the most commonly used pigment types for use in

conventional to advanced applications such as solar heat energy absorbers, engineering plastics,

highly resistant roofing panel coatings, automotive finishes, light-reflecting sing, ceramic

decorations, cosmetics, and space equipment [43,44].



The production of these pigments necessitates the control of several parameters, such as chemical
composition, optical property, crystallography, colour characterization, and bandgap management.
As a result, "doping" transition metal oxide powder on metal species has become one of the most
often used ways of adjusting the substance's bulk properties, surface structure, and reactivity [45].
Because of the high cost of synthetic raw materials with industrial chemical purity, there has been
a trend toward using less expensive natural materials and other alternatives [46]. In this sense,
mixing waste from manufacturing facilities, such as steel rolling mills, with pure synthetic
compounds reduces potential environmental pollution threats and conserves natural resources.
Using industrial waste as a raw material for pigment manufacturing saves money while providing
a home for many hazardous residues to human health and the environment or promoting the
circular economy policy [47, 48]. As a result, the development of science and technology in
recycling wastes as input raw materials for various industrial uses was the primary focus of the
twenty-first century.

Steel slag (Ss) is one of the world's most debated solid wastes due to its high iron content [49].
Iron oxide is the second most commonly used pigment after TiO2, combined with others as a
composite form [50]. As a result, meeting all or part of the synthesis criteria is an effective strategy
for lowering the cost of expensive pigments without sacrificing their properties [23, 51].

Even though some studies have been done previously to examine the effect of mixing the synthetic
and extracted pigments in obtaining a colour chart while also meeting the aims of the circular
economy, there are still few studies published in the literature.

1.1.2 Principles in colour in transition metal containing pigment

The colour produced by inorganic pigments is a sensory impression elicited by light rays entering
the eye. If the light source is standardized, the optical properties of a pigmented layer of paint are
determined by the optical properties of the pigment particles, their size, shape, and volume
concentration, as well as the optical properties of the (usually colourless) dispersion medium [23].
It was stated that shading is determined by the ability of the pigment to confer colour on light-
scattering materials by absorption properties [52].

The interaction between the coating material and visible light is the source of all colour phenomena
observed in coatings. When a photon passes through a pigmented film, one of three things can
happen:



1. The photon collides with a pigment particle and is absorbed.

2. The photon collides with a pigment particle and is scattered.

3. The photon passes through the coating without collision and is scattered or absorbed by
the substrate [53].

Smaller particle size pigments have a greater absorbing region per colourant mass, and the tinting
intensity usually increases as the particle size decreases. However, smaller particles create stronger
agglomerates, making them more difficult to spread and disperse. This occurrence can lead to a

smaller-than-expected increase in the tinting strength of the fine pigment [54, 55].

The pigment's hue is thought to be affected by the solar range of radiation energy, namely UV
(200nm-400nm), visible area (400 nm -700 nm), and near-infrared (700 nm -2500 nm), which
account for 5%, 43%, and 52% of total irradiation, respectively [22]. As a result, the pigment's
optical and colouring qualities are based on the absorption of a single or a range of light
frequencies, as shown in Figure 1.3. The pure pigment can only absorb a single frequency of light
that is complementary to the frequency or colour reflected by the pigment. The frequency of
absorbed light is thus related to the electronic interband transition, which might result in a thin

absorption edge in the visible spectrum region [53].
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When atoms or molecules absorb light at the appropriate frequency, electrons are excited to higher-
energy orbitals. The absorbed photons of many main group atoms and molecules are in the
ultraviolet range of the electromagnetic spectrum, which cannot be seen with the naked eye.

Because the energy difference between the d orbitals in coordination compounds frequently allows
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photons in the visible range to be absorbed, transition metals are considered the best for inorganic
pigment synthesis [56].

Most transition metal oxides have a wide range of band gaps, allowing the electromagnetic
spectrum to be absorbed in the visible region. This band gap can be altered by sufficiently replacing
chromophore metal ions and utilizing various synthetic processes to produce variable colour
characteristics. The mixing ratio, particle size, shape, and concentration volume are all factors that
influence the qualities of paint pigment [57, 58]. Apart from the metal cation employed, the
ligands, coordination number, distance between metal ligands, and geometrical structure of the
ligands all have an impact because these inorganic pigments depend on the metal oxide transition
properties [59, 60].

1.1.3 Structural property of inorganic pigments

Inorganic metal oxides are often used as pigments and fillers in painting colours. Inorganic
pigments differ in chemical structure and are found in oxides, sulfides, sulfates, carbonates, or
oxy-hydroxides of transition metals, where the effect of colouring depends on the structure of the
pigment [61]. Inorganic pigments with different colour ranges are usually a complex mixture of
oxides. They are produced from calcination at high temperatures of metal oxides, minerals, or
metal salts, with thermal stability being one of their most important properties [62].

The property of thermal stability at glaze firing temperature, minimal reaction with molten glaze,
and good colour performance are required from pigments in the industries. The colouring property
of the pigment depends on the particle size; as the size decreases from micro to nano-size, it will
possess a high surface area and endure better coverage of pigment and homogeneous mixing of
the pigment into paint and glazes [63].

Beyond the particle size, outstanding colour stability is made by synthetic crystalline metal oxide
from Complex Inorganic Color Pigments (CICPs). The Oxygen / Metal (O/M) is the most
significant factor determining the colourants' structure. As long as the metal ions are of comparable
size, the O/M ratio largely determines the structure, as indicated in Table 1.8. Hematite, rutile, and
spinel are the three crystal structures that dominate the class of CICPs [64].

CICPs are typically produced through high-temperature (700-1400°C) solid-state reactions in
which metal oxide, hydroxide, carbonate, or other raw materials capable of yielding oxides upon
calcination are intimately mixed and calcined in continuous or batch-style kilns. During

calcination, metal oxide species inter-diffuse and create a final, stable, crystalline structure. In



CICPs, various metal cations are incorporated into a stable host lattice [65], and they will not exist
alone as individual chemicals. However, it forms new chemical compounds with properties
determined mainly by the host lattice.

Table 1. 4 Structures and Formulas of Common CICPs [64].

Crustal type Basic Formula O/M ratio
Rutile MO:. 2
Hematite or Corundum M203 1.5

Spinel M304 1.33

Prof. S. G. Tumanov was the first to synthesize spinel-based pigments [66]. He created high-
thermal-resistance ceramic pigments based on cobalt and nickel spinels. The suitability of a spinel
structure A'B",04 and its chemical stability in a wide range of applications like magnetic
materials, ceramics, and catalysis, is because of the two different cations of comparable ionic size.
In the spinel structure, the oxygen ions form a cubic close-packed structure, whilst the two cations
(A and B) occupy two unique crystallographic positions, tetrahedral and octahedral [67]. The
combination between the size, coordination number, electronegativity and nature of the two
cations, crystal field effect, and the condition of the preparation method determine the distribution
of the two cations in the crystal lattice of spinel [68]. Based on the cations distribution in the
crystal lattice, the structure can be normal spinel with AB2O4 or inverse spinel with B(AB)O4 [69,
70]. As a result of the correlation between structure and properties like diffusivity, magnetic
behaviour, catalytic activity, optical properties, and solar reflectance, the cation distribution

structures in spinel structure become a focusing area.

1.1.4 Measuring the colouring property of the pigment

Most transition metals appear to be coloured due to a coordination complex. That means when this
cation (cations containing the d-electron) are surrounded by other ions or polar molecules, either
a complex in solution or solid form, a splitting of energy levels of the five d-orbitals, all having
the same energy, occurs. At this moment, when light falls on such a system, electrons can move
between those split levels. The energy absorbed in this process corresponds to the absorption of
the light at a specific wavelength, usually in the visible light spectrum region; hence the colour is
observed [71].
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Generally, when the light absorption is significantly smaller than its reflection, in this case, the
pigment appears to be white; the reverse is valid for a black one. But in coloured pigment, when
the absorption and scattering are selective, the pigments are characterized by their spectral
reflective curve [72].

The visible light regions of the electromagnetic spectrum ranging from 400nm to 700nm (3.10-
1.77ev) [73, 74] are responsible for colours to make selective absorption and scattering
phenomena. Absorption and scattering of light outside the visible region can also be important and
valuable properties of a given Pigment [75, 76]. The colouring properties result from light
absorption and light scattering power. Pigments with stronger light absorption than light scattering
have a greater depth of colour [77]. Light will be scattered when pigment particles possess an index
of refraction more significant than the materials in which they are dispersed. The scattering power
of a pigment is influenced by the material's refractive index and pigment, the pigment particle size
distribution, and the degree of dispersion [78].

The International Commission on lllumination, an international body concerned with lighting and
colour concerns, created mathematical equations to get variables representing colour(colour axis);
the (CIE) techniques. The L* a* b* colour space (also known as CIELAB) [79] is one of the most
well-known of these systems. The CIE1976 L*a*b* colourimetric method works after calibrating
with a standard white light using D65 illumination, and according to the (CIE), it works in the
range of 200-800nm. L* denotes lightness in this space, as shown in Fig. 1.12(b), with a value
ranging from O (black) to 100. (White), whereas the chromaticity coordinates are a* and b*. The
axis a* and b* denote colour directions: +a* indicates red, -a* indicates green, +b* indicates
yellow, and -b* indicates blue.

The colour saturation increases as a* and b* values increase and the point away from the centre.
The colour is represented as a point in this area, allowing for a precise description. The tristimulus
values XYZ [79] and Xn, Yn, and Zn, which are the tristimulus values XYZ of a perfect reflecting
diffuser defined by the CIE in 1931, are proportional to the values of L*, a*, and b*, as seen in the

transfer Equations (1-3)

L= (D)3 - 16 (1)
@’ = 500[GH)% — (1)’) @
b = 200[(2): - 2)7] 3)
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The Chroma can be given by equation 4 [43, 80, 81].

¢ =(@)?+ () (4)

Where C* is the Chroma of the colour

The colour describing the degree of purity relative to natural grey refers to saturation and
determines the colour intensity directly. Chroma then stood for colour saturation. Therefore
saturation and Chroma determine a hue's "colourfulness™ or purity [82]. Hues are the outer rim of
the three-dimensional solid, lightness increases or decreases along the vertical axis, and saturation
varies depending on the central point. To specify these criteria, value scales were devised, and
several methods were developed to quantify colour and allow it to be expressed more quickly and
precisely. For example, the hue angle, H*, measured in degrees, can be calculated using the range
of 0° to 360° by equation (5) [43, 76].

H* = tant (b*/a*) (5)
At the same time, hue variation, which means the colour changes between samples of mixtures
containing various quantities of pigments, is then evaluated by chromaticity differences. For
example, suppose the differences between two colours in L*, a*, and b* are denoted by AL*,
Aa*, and Ab*, respectively; the colour difference can be evaluated by the formula shown in
equation (6) [74, 83].

AE = /(AL*)? + (Aa*)? + (Ab*)? (6)
The value of delta refers to the difference between the standard and samples. The maximum
difference implies the sample is out of tolerance and the sample needs correction, which means
that if Aa™ is out of tolerance, the redness/greenness needs to be adjusted. Moreover the positive
Aa” indicates that the sample is redder than the standard. The overall colouring hue and Chroma

with each axis are shown in Figure 1.4 a and b [84].
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Figure 1. 4 (a.) The three tristimulus components of colour, (b.) The CIELAB colour
model [79, 82].

Similarly, the optical property of the pigment can be determined from the Kubelka Munk function.
It converts the diffuse reflectance spectroscopy data of powder generated from UV-Vis
spectroscopy into equivalent absorption coefficients (o) [85]. It is mainly used to calculate the
band gap of the synthesized pigment [43], which is used to measure absorption by the powder. The
function K—M is given by [76].

_n\2
K—M=q=32F" (7)
2R

Where R is the reflectance of samples, a plot of K—-M and wavelength can be used to determine
the absorption edge from the plot. Similarly, the bandgap of the pigment can also be calculated

using the equation [86]
(F(R)hv) = (ahv) = A(hv — E)? (8)

Where h and v are constants, F(R) is the Kubelka-Munk function, F(hv) is the energy function, R

is the reflectance of the sample, a is the absorption coefficient, and Z is the value between 1/2,
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3/2, 2 and 3 depending on the direct allowed, direct forbidden, indirect allowed and indirect

forbidden electronic transitions, respectively [86, 79].

1.1.5 Methods of Synthesis of Inorganic Pigment

Various synthesis methods are used to produce inorganic pigment based on the fundamental idea
of crystal chemistry [42]. As a result, many inorganic pigments have been developed, ranging from
simple oxides to complex oxide crystals and heterogeneous nano-size and inorganic matrices [26].
Even though several methods of synthesis of inorganic pigments from synthetic and recycled
precursors have been recorded in the literature, the most commonly used methods are:
hydrothermal [52, 87], sol-gel [50, 88-90], solid-state [91-94], and precipitation and combustion
synthesis [35, 95, 96]. Each synthesis process has advantages and disadvantages, and researchers

select synthesis mechanisms that are most suited to achieving their goal.

1.1.5.1 Hydrothermal Methods
In the hydrothermal mechanism, the products are achieved by mixing metal salts in an agueous
solution and heating them at the right temperature. The hydrothermal synthesis method develops
the use of metal salts as a starting material [86, 97]. This technique is suited for manufacturing
highly crystalline inorganic nanoparticles [98]. The metal oxide Nanopowder synthesis utilizing
metal nitrate as a precursor involves two phases: precipitation of metal hydroxide and dehydration
to produce the metal oxide, as listed in equations (9) and (10) [99].
M(NOz3)x + XH20 = M(OH)x + XHNO3 9)

M(OH3)x = MOy2 + X/2 H,0 (10)

The results in Figure 1.5, as well as different researchers, indicated that the product size and shape
were controlled using controlling parameters like temperature, pressure, time, and pH; those
parameters played essential roles in determining the pigment characteristics during the process
[100-102].
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Figure 1. 5 Hydrothermal synthesis mechanism of nanoparticles and characterization

results

The outcomes of these parameters are shown in a study on the synthesis of goethite utilizing
synthetic starting material in a hydrothermal process [103]. Figure 1.6 (a and b) shows the
selected area electron diffraction pattern of goethite (a-FeOOH) exhibiting a difference in form
due to annealing time. The XRD result of the goethite pigment particle after annealing at 140°C
for 4 h is poorly crystallized, but the sample gets its crystalline structure (rod-shape) when the
annealing time increase to 8 h, as indicated in Figure 1.6b. Furthermore, as the annealing period
increases to 12 h, the goethite is partially transformed into hematite, as shown in Figure 1.6 C. All
the mentioned behaviour of the pigment indicated that the heat treatment for a longer time allows
the water to remove and the particles to be arranged adequately and form a crystalline structure.

But the extended time heat treatment made the materials transform into hematite.
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Figure 1. 6 (a) TEM image of the sample produced at 140°C for 4 h. (b) TEM image of the

sample produced at 140°C for 8 h. (c) XRD pattern of the sample annelid at 4hr, 8hr, and
12 h [103]

Similarly, Dailong Chen et al. 1999, showed that a change in temperature and time causes a

variation in the size and morphology of the particle product generated by the hydrothermal process,
as shown in Table 1.5 [104].

Table 1. 5 Reaction conditions and particle properties of zinc oxide powder compound

without additives

No Reaction Conditions Particles Property
Temperature (°C) Time (h) Morphology Size (nm)
1 100 10 Bullet-like 100-200
2 160 6 Rod-like 100-200
3 180 6 Sheet 50-200
4 200 6 Polyhedron 200-400
5 220 5 Crushed stone-like 50-200

On the other hand, Hiromichi and Hayashi can change the temperature, time, pH, and reaction

pressure to change the particle size and morphology of synthetic metal oxide preparation using a
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hydrothermal method, which influences the colouring properties [54, 98, 99]. In the BiVOs
synthesis experiment using the hydrothermal method, the annealing temperature was the
controlling parameter; it attained a tetragonal structure as it was annealed at 110°C for 24 h. In
contracts, the shape becomes monoclinic due to the annealing temperature change to 240°C [27].
In conclusion, even though the method is better at controlling the shape and size of the product, it
needs a better understanding of the solubility of the mixed starting materials and compounds

formed throughout the process, and the mechanism is expensive [97].

1.1.5.2 Combustion Method

It is a mechanism for synthesizing metal oxide using low temperatures [105, 106]. Researchers
have recently become more interested in this strategy due to its time-efficient and cost-effective
use of soft chemical approaches that rely on quick and sustainable redox reactions [23, 51, 107].
According to Arvind Varma,2016, the solution combustion synthesis approach is one of the most
extensively utilized procedures for synthesizing nanoscale products [108].

The fuel, the oxidizer, and the temperature required to generate the combustion process are all
considered [109]. The ratio of the reducer to the oxidizing agent, temperature, and reaction time
during the synthesis process all influence the particle’'s conversion degree, composition,
agglomeration, and shape [110-112]. Figure 1.7 depicts a schematic picture of the combustion
process, which illustrates that the process is divided into three primary components: the mixture's

composition, the gel's formation, and the combustion process.
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Figure 1. 7 Synthetic particle production procedure using solution combustion method
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The exothermic redox chemical reaction is the immediate chemical interaction between the
oxidizer and the fuel needed to produce light, ash, and heat. Next, dehydration of the mixture
generates the gel during the process, and lastly, combustion occurs between the fuel and the
oxidant. The above argument implies that organic ligand-group fuel plays a crucial role in creating
different phases and the shape of various metal cations. Furthermore, the chemical energy
produced by the exothermic reaction between various metal nitrates and fuel varies [113].
According to Mahdi Shafiei Chafi et al., 2017, the crystal structure of the particles generated by
the solution combustion process is determined by the oxidizer-to-fuel (O/F) ratio [114, 115].

The XRD peak in Figure 1.8 shows the link between the total O/F ratio and the particle production

process. In comparison, the XRD peak indicates that iron-oxide formation increases as the ratio of

O/F increases.

COF9204 . E *Y-Fﬂz()}
3 §%§ 8 &% §
< = |8 .2 d 5 I
Mwlhwcw&-—wbw
OF=14
O/F=1.2

Intensity (a.u.)

10 15 20 25 30 35 40 45 50 55 60 65 70
20 (degree)
Figure 1. 8 XRD patterns of Cobalt iron oxide pigments prepared [116].

According to the report by S. Rasuli et al.,2014, the structure and particle size improvements in
the O/F ratio of the synthesized samples using urea and glycine as heat, in addition to the
temperature of the furnace that controls the process, is a determining factor for the ignition that
occurs in the combustion synthesis [115, 116 ]. The reaction furnace temperature must be
measured depending on the intended product, and the combustion temperature is determined by
the type of fuel used [118]. Urea, glycine, citric acid, ethanol, oxalyldihydrazide, and alanine are

the most often employed fuels in combustion processes [119-121].
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1.1.5.3 Sol-gel Method

This technique employs a chemical solution or a colloidal gel [122], which is regarded as one of
the strategies for manipulating the chemical and physical properties associated with the desired
sample properties [123, 124]. Sol-gel chemistry was found in the nineteenth century when SiCls-
prepared alkoxide began to form a gel when exposed to oxygen [125].

This technique comprises the generation of metal oxide in contrast to the traditional mixed powder.
At room temperature, salts, metal alkoxide, or hazardous waste are used as a precursor to the
solution in sol-gel chemistry [126, 127]. The technique involves two chemical reactions:
hydroxylation of the precursor by altering the pH of the salts or hydrolysis of the metal alkoxide
in the organic solvent and condensation of the hydroxyl group.

It is an energy-intensive method because it operates at a relatively lower temperature than the
solid-state synthesis method. According to Xiaojun Zhang, 2019, the exothermic peak of the TGA
result was caused by the synthesis of BiClz produced at 349°C using the sol-gel technique. In
contrast, the identical solid-state synthesis procedure resulted in the same peak at a significantly
higher temperature, 650°C [28]. However, this approach's challenge is controlling stoichiometry
and precipitation homogeneity [128, 129]. Furthermore, the hydrolysis and condensation method
is used to synthesize gelatin in sol-gel. [130].

The reactivity of the organic component or the chemistry of the oxygen-carbon bond in the reaction
mixture influences the structural, morphological, and compositional behaviour of the final product
of metal oxide and inorganic oxide-based monohydrate [131].

Figure 1.9 shows that the particle size distribution is dependent on the pH Value of sol-gel
synthesized LaPOas. In the research output, the particle size distribution of the samples produced
by the sol-gel method depended on the pH of the solution; in addition, the varied reagent

concentrations create products of various shapes [132].
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Figure 1. 9 Size distribution and SEM microstructure of synthesized LaPO4 at different
pH.

The initial reaction conditions influence the particle size, textural and structural aspects of
materials created via the sol-gel technique. In addition, those particles' physical properties affect
the colouring property of the product [133-109].

1.1.5.4 Solid State Method

This mechanism primarily results in the combining of polycrystalline non-volatile solids, which
react to form the desired final product with the help of heating or calcination and mechanical or
hand grinding to be mixed [136, 137]. The technique is high-energy synthesis, and the needed
temperature ranges are primarily between 900 and 1600°C [138]. Materials such as mixed metal
oxides, sulfides, nitrides, and aluminosilicates can be employed [92, 139]. Unlike previous
approaches, the solid-state process does not introduce impurities into the synthesis pigment and is
simple, making it appropriate for creating a diverse range of complex inorganic compounds [91].
These chemical elements must meet the purity and grain dispersion requirements specified in the
application.

These solid-state processes employ an agate mortar and pestle, allowing them to require a more
extended calcination period and more energy at high temperatures [140-142]. Figure 1.10 depicts

the pelletizing procedure after the complete grinding of the mixed starting ingredients.
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Depending on the type of reaction, this technique would allow the chemical reaction to take place
effectively, enhance the particle's surface area, and homogenize the manufactured particles [143-
145]. Additionally, planetary milling, ultrafine grinding, and pulverization are effective methods
for reducing the size [146]. As a result, the size of the reactive particles reduces, and the surface

area increases as the grinding time increases, as shown in Table 1.6 [147].

Table 1. 6 Specific surface areas and grain sizes of CoFe204 obtained by BET for different

milling hours using pulverize.

Attrition Milling (Time in h)

1 2 3 4
Bet Surface Area(m?/g)  2.00 2.23 2.37 2.43
Bet Particle Size (hm) 560 507 477 465

The solid-state method is considered more energy-intensive, requiring higher energy calcination.
To facilitate the reaction to happen, researchers use pressing into the pellet before calcining [147].
A pigment with chemical formula of Ca(CoxMg1x)Si20s Was synthesized by researcher by solid-

state method using agate mortar and pestle to combine the starting metal oxides and investigate its
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effects; in the process, the researcher used a pressing machine to form a pellet during the
experiment before calcining the grounded powder.

The research on Nd>Oz and SiO2 showed how calcining temperature affects the mixing process to
form a pigment [139]. On the other hand, Zn1-xCoxO green pigment with a near-infrared reflectance
property was synthesized by (Zhou et al.,2017) using the solid state method; in the process, the
effect of high-energy ball milling has been investigated. In addition to those mentioned parameters,
doping (adding) inorganic metal oxide on the parent pigment and wetting medium during the
ground also affects the pigments' colouring properties, as shown in Table 1.7. The colouring
indicated that the colouring property of the same chemical compositions and calcined at the same
temperature, as shown in Table 1.7, were affected due to the wetting differences (Ethyl glycol and
NaOH).

Table 1. 7 The colour axis of YInixMnxOs prepared with Ethylene Glycol and NaOH [139].

Compounds/condition CIEL*a*b*
Condition 1 [using Ethylene Glycol] L* a* b*

Y Ino.92Mng 0803-1000 °C 35.07 -1.26 —26.43
Y Ing.22Mno.0803-1100 °C 39.55 4.1 —40.61
Y Ino.92Mno,0803-1200 °C 34.96 10.73 —45.26
Y Ing.92Mnp.0803—1300 °C 28.75 14.97 —42.66
Condition 2 [using NaOH]

Y Ino.92Mng 0803-1000 °C 47.24 —4.58 —-30.25
Y Nno.92Mng 0803-1100 °C 45.92 0.84 —38.54
Y Ing.92Mng.0803—1200 °C 42.43 5.87 —45.54
Y Ino.92Mno,0803-1300 °C 38.56 9.41 —48.07

While numerous pigment synthesis processes have been reported utilizing synthetic inorganic
metal oxide as a starting material, most of them are not a cost-effective method as the precursors
are costly and not recommended for mass production. On the other hand, using industrial waste
for pigment synthesis has been recorded as having relatively low pigmentation strength, chemical
stability, and treatment cost. Hence considering the mixing of recycled wastes with synthetic ones
to bring the desired property is still a challenge for researchers [148-151], but it will have a good

result if recycled industrial wastes are considered as secondary raw material combined with
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synthetic ones to achieve a good result, for eco-purposes, and to balance the circular economy
[152].

1.1.6 Effects of doping on colouring properties of inorganic pigment

Although several chemical compounds have been used as inputs in the pigment industry for
decades, new mixtures that combine colour quality, minimize or remove the toxicity of these
elements, and lower costs are now needed [149, 153, 154]. In addition, focusing on sustainability
is a critical consideration for the industry in today's manufacturing context. As a result, pigment
manufacturers are actively adjusting to the evolving regulatory climate and exploring and
producing new and renewable pigments that consumers need [155].

In contrast, these pigments, which have remarkable properties, are considered to have poisonous
effects. As a result, recent studies concentrate on the development of environmentally safe
pigments with extraordinary properties in a wide variety of colours, replacing these dangerous
pigments with a doping mechanism [156-161].

Most inorganic metals, especially the d-orbitals, have symmetrical/regular ligands, such as
tetrahedral and octahedral structures. However, a recent study focuses on irregular/less
symmetrical ligand fields, which have important properties for producing new inorganic colour
pigments. Furthermore, these recently discovered pigments exhibit optical absorption properties
in the visible range (380-740 nm) and the IR field. This optical property is due to the ligand field
effect of this doped transition metal and the change in the load period between the two atoms. In
this regard, the inorganic metals are suitable in the formation of irregular/less symmetrical ligand
regions consisting of a compound with remarkable colouring properties of inorganic pigments
[162, 163].

1.1.7 Crystallographic, Bandgap, and colouring property

1.1.7.1 Effects of crystallographic and colouring Property

Structural considerations, such as chemical composition, crystal structure, and phase composition,
have been used to evaluate the properties of the materials and are based on the process of
preparation, the starting materials used, and the criteria for predicting the mode of application and
the properties of the substance [42]. In addition, the structural properties of these pigments are
crucial in determining the physicochemical reactions undergoing and influencing the longevity

and optical properties of the pigment [164]. The experimental result reported by Jian Zou et

23



al.;2020 suggested that the addition of the metal ion indicates a slight shift in the XRD peak angle
[165-168].

Doping activity allows the doped radicals to join the lattice structure and substitute one or more
radicals in the structure of the initial powder pigment. The overall effect causes the XRD peak to
shift to a lower or higher Bragg angle as a function of the amount of doped radicals in the crystal
lattice structure and can influence the pigment's colour [169-171]. On the other hand, doping of
Vanadium on LnPO4 showed a shift in the diffractogram peak towards the lower angle [172].
1.1.7.2 Effects of doping on bandgap and colouring property of the materials

The study result shown in Figure 1.11 concluded that the small amount of Ni doping allows it to
be diffused through the BaTisO11 lattice to form a stable solution and decreases the energy bandage
from 3.08eV, 2.51eV to 2.44eV as the Ni content rises to 10%. This band gap affects the colouring
properties, as seen in Figure 1.11 C [165]. On the other hand, in doping of Ba?* and Sm** on Ce;S3
in the formation of red y-(Ba, Sm)Ce,S3 the energy band gap varies with the amount of doped

radicals; this causes a change in the tone of colour. [173].
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Figure 1. 11 (a) Slight shift in peak (b) Energy bandgap shift (c) Color shifting from white

to green due to Ni doping in different percentages [165].

Although pigment production using doping transition metal oxide shows a remarkable change,
replacing primary/pure starting materials by recycling waste can help reduce the final product's
price. Besides, the presence of an impurity in a controlled quantity can serve as a

mineralizing/fluxing agent and help to reduce sintering temperature [149]. The experiment on the
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synthesis of Mg (FeAl)Os shown in Figure 1.12 reveals the pigment derived from chromium
sludge and Cobalt doped [172]; the result showed that the extracted chromium added Mg, Al, and
Fe, seen on the XRD peak in Figure 1.12. Moreover, cobalt doping does not influence the location
of the XRD peak. Finally, the researcher used pure chromium (S6) to compare and separate the
structure of C020s3, and the result reveals that S3, which has 1.99wt % of Co0.03, has a similar

colour to industrial Cr,0s3.
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In addition, Table 1.8 summarizes that partial substitution of pure metal ion on a composite
pigment shows distortion in the crystal lattice; as a result, the XRD peak shifts in angle either to
the right or to the left based on the substituted/doped metal ion. This doping also influences the
lattice volume and the absorption peak of the sample pigment, independent of the synthesis
mechanism. On the other hand, Xiaolong Qing stated in his experiment that the amount of Mo®*
doped in the TiO> pigment induces neutralization and affects the NIR value due to a rise in the
prohibited bandgap[174]. Moreover, a flexible synthesis mechanism has been implemented as the
starting material is a relatively pure and controlled chemical composition. Even though most
researchers have used a single mechanism of synthesis when the starting material is recycled, it
has many impurities that can act as a mineralizer and display a comprehensive chart of colour in

the pigment industry.
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Table 1. 8 Synthesis mechanism and effects of doping on the colouring property of the

pigment

Synthesis  Doped metal ion Effects of doping on the

mechanis and the pigment and particle arrangement References

m composite

Sol-gel Mn/N on - XRD peak shifts towards the lower peak as doped Mn [175]
ZnAl04 increases.

- Lattice shift slightly increase from 8.0778 to 8.0891)
Bandgap varies from 3.64eV to 2.90eV

Changed from white to flesh colour

Solid-state  Mn2* on

method CaCusTisO12 - Bandgap increase from 2.04 to 2.11eV

The lattice parameter changed [176]

Absorption peak shift from 603nm to 584nm
- Brightness increased, and colour changed from orange
to yellow
- NIR percentage increase
Sol-gel Th and Fe doped - XRD peak shift slightly [177]
process on Y2Zr,07 - Tb facilitate the incorporation of iron ion in the lattice
- Cell volume decreases
- Tb allowed having a good absorption in the blue
region,
- Sample has good red colouration in combination with
iron ions.
Hydrothe Cr and Sb added -The XRD peak shift to the lower angle. [178]
rmal to TiO: - Increasing the broadness of the XRD peak.
- Decreasing the crystallite size of the Nanopowder.
- Lightness remains unchanged, but chromatic value

decreases.
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Solid-
state

Solid-
state

Nd-doped to holmium - Shape change occurs due to ion radius mismatch of
molybdate (Hoo,M0oOs)  Ho®*" and Nd®*.

- Maximum addition of Nd** (x= 0.8) and maximum
stirring rate cause the diffraction peak of the sample
in XRD to change from monoclinic to tetragonal.

- particle size increases as a function of Nd3*
temperature, and stirring rate

- The lightness decrease with an increase in Nd®

Al;O3 doped in to - Peak position remain unaffected due to similar ionic
Cr03 form  radius electronegativity and the chemical valance of
CraaxAl2x03 Al>03 and Cr20:s.

- Forms hexagonal structure.

Higher temperatures show a peak angle shift in the
XRD, and some peaks disappear due to oxygen
escape.

- Agglomerates occur and form large particles,
causing the sample to have more reflexive

properties.

[179]

[180]

1.2 GAP ANALYSIS

Since the early 1800s, (CICPs) have been used. Their application in the ceramic and pottery

industries is well-known for their overall inertness, which contributes to exceptional heat,

chemical, and UV resistance. CICPs in industrial coatings, on the other hand, are less common and

used for specialized purposes. Up to now, great interest has been shown in the pigment industries

in developing ceramic pigments with intense tonalities which satisfy both technological and

environmental requirements. Most of the time, adding chromophore ions and transition metals in

an inert matrix (oxides) brings this pigment's colour [179].

Moreover, this pigment must fulfil criteria like thermal stability or maintaining its identity while

temperature increases, chemical stability when firing with the matrix, and tinting strength during
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dispersion and firing with ceramic matrix. Moreover, a high refractive index is the required
property of ceramic pigments in ceramic industrial applications [80]. Although the chemical
composition and crystal structures that arise from mineralogical composition determine the
stability of the pigment, the composition of starting materials affects the whole system [180].

Out of various pigments, inorganic black is widely used as a colourant in today's ceramics industry,
either for ceramic bodies or glazes [181]. Black paints are increasingly popular and considered
high-grade jewels with their pure and dignified ornamental impact. The spinel structure accounts
for over 25% of the total usage of commercial black pigment formulations [182, 183].

Different mechanisms have been used to obtain those black pigment colours, but the primary issue
was getting the raw materials: metallic oxide or salts with industrial purity [184]. A pigment's
ability to absorb visible light is determined by its chemical composition. All visible light
wavelengths (380 — 750 nm) are absorbed by black. Only a small percentage of fine carbon black
pigment is needed to achieve full opacity, but it can degrade at high temperatures [185].

Hence, copper chromate black pigment with metallic salts and metallic oxides used as a starting
material has been employed for different applications, and selective solar absorption is one [186,
187]. Similarly, Aivaras Kareiva et al., 2019 synthesized ceramic glaze with carbon black pigment
having Pb3O4 and SiO. were added with a molar ratio of 2.85:1.9 at 900°C [188]. The zircon-
encapsulated ceramic black pigment with a carbon sphere as a carbon source was synthesized by
precipitating Zr**and Sr** on the surface of the carbon sphere [189].

Even though synthetic raw materials bring a better property to the pigment, those starting
materials, metallic oxides, and salts are expensive and depleted over time. As a result, different
researchers tried to develop cost-effective ones with the required colouring parameters [184]. In
line with the idea of producing highly stable pigments that show intense tonality to fulfil
technological, economic, and environmental requirements, recycling industrial waste as an input
in pigment synthesis has become a current scenario [190-192]. Among these is a study on black
pigment made from two industrial wastes, iron-rich vanadium tillage waste and chromium from
leather industry waste, with no pure chemicals added. Based on the report, the product looks
suitable for commercial glazes. Whereas the research done by Lazhen Shen et al., 2010 witnessed
the production of black iron oxide from the blast furnace fuel dust [193].

On the other hand, many inorganic pigment structures have symmetrical/regular ligands, such as

tetrahedral and octahedral structures. A recent study focuses on irregular/less symmetrical ligand
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fields, which have important properties for producing new inorganic colour pigments; this is due
to the ligand field effect of this doped transition metal and the change in the load period between
the two atoms. In this regard, rare earth metal ions have been used to doping inorganic compounds
for this irregular/less symmetrical ligand region consisting of a compound with extraordinary
properties [162. 163].

Even though a lot has been reported on doping inorganic metal oxide for enhancement of the
property of the pigment [194, 195], only a few were reported on the study of recycled waste to
enhance the property of black ceramic pigment with the corresponding crystal, morphology and
optical properties. As a result, this research mainly focused on extracting iron oxide from steel
slag and studying its colouring and purity level independently, then synthesizing the synthetic iron
oxide doped copper chromate and comparing its property with the commercial one. Finally, the
synthetic iron oxide was replaced by extracted one, and its properties were studied and compared
with the one synthesized with the commercial iron oxide doped pigment.

1.3 STATEMENT OF THE PROBLEM

Wastes generated by the industrial manufacturing sector are a significant environmental concern
of the region. Scrab is commonly used in the steel rolling industry; as a result, wastes contain some
toxic components in trace concentrations, and these substances are dangerous to human health [27,
28]. Furthermore, the wastes cover enormous land areas for damping, posing a hazard to
groundwater and covering the area's arable land. At the same time, natural resource scarcity
threatens future generations. So transforming those wastes into valuable products can be viewed
as a double opportunity for those firms to save money on waste treatment while reducing the
utilization of natural resources. It can also reduce health risks and environmental pollution.
According to a Business Research Company study, the global synthetic pigments market is
expected to rise at an 8.2 % compound annual growth rate (CAGR) from $37.03 billion in 2020 to
$40.07 billion in 2021 [196, 197]. Similarly, the Ethiopian Chemical and Construction Inputs
Industry Development Institute report indicated that the three-year average imported inorganic
pigment was roughly 1,109,013kg per year (2017-2019), costing 8,083,047.90 Ethiopian Birr.
Furthermore, black pigments were employed in the pottery industries (both modern and
traditional), and they can also be used as paint for solar energy collectors. As a result of these
criteria, several studies should be needed to obtain high-quality and cost-effective black ceramic

pigments. Because iron oxide is a widely used pigment, extracting iron oxide from steel slag of
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industrial iron waste, studying its properties, and replacing part of the synthetic inorganic pigment
in the ceramic paint industry with iron oxide extracted from mill-scale waste of steel rolling
industry is an ideal approach to alleviating scarcity.

1.4 RESEARCH QUESTIONS

O Do recycled steel industry slag can have the required amount of iron in it and assure the
sustainability of the resources?
U Does the solid-state doping of synthetic iron on copper chromate assure the quality of the

pigment?

U

Does the extracted iron viable in the processes of doping on copper chromate?
O Canwe get a comparable colour when synthetic iron is replaced by extracted iron in doping

on copper chromate?

1.5 RESEARCH OBJECTIVES

1.5.1 General Objectives
O To extract iron oxide from steel rolling industry slag and examine its property when doped
on copper chromate relative to the synthetic iron doped pigment.
1.5.2 Specific Objectives
» To extract iron oxide powder from mill scale of steel rolling industry waste for pigment
application.
» To examine the colouring property of synthetic iron-doped copper chromate pigment
relative to the commercial one.
» To examine the colouring property of extracted iron-doped chopper chromate pigment.
» To make a comparative study on the colouring property of the two pigments.
1.6 SCOPE AND LIMITATION OF THE PROJECT

This project aimed to extract iron oxide as a pigment from discharged wastes of the iron/steel
processing industry, create an inorganic pigment comprising synthetic copper, chromium, and iron
oxide, replace the synthetic iron oxide with extracted iron oxide and compare the effects. Due to
resource constraints and to keep the work manageable within the project duration, the scope of the
research is limited to the following specific works. Industrial waste contains potential elements in
magnetic, transistor, sensor, and other applications; however, this project primarily focuses on

synthesising inorganic black pigments.
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e Solid waste collection from the Iron /Steel industry (Steely RMI).

e Investigate the chemical composition of the waste and check its content feasibility
for pigment synthesis.

e Production of quality iron oxide pigment from steel slag and

e Characterizing its particle size, product purity (chemical composition), crystalline
structure, and colouring with pigment quality.

e Doping the synthetic iron oxide on the copper chromate pigment, studying its
property, and comparing it with commercial copper chromate.

e Doping extracted iron oxide on copper chromate pigment and compared its effect
to synthetic.

1.7 SIGNIFICANCE OF THE STUDY

The study's findings revealed a new insight into the pigment industry in doping extracted inorganic
metal to already-known synthetic complex inorganic pigments. Furthermore, the work output
demonstrated the efficacy of the solid-state synthesis method in producing complex inorganic
pigments comparable to commercial ones. Moreover, recycling iron slag as the pigment that was
extracted using the hydrothermal method showed the scientific world's approach to the circular
economy and environmental remediation; this result provides researchers insight into other

industrial wastes to recycle and use for different applications.

1.8 OUTLINE OF THE REMAINING CHAPTER

The current work was composed of two major sections; extracting iron oxide from steel industry
slag (waste), then studying its property and doping synthetic and extracted iron oxide on
synthesising copper chromate pigment and their properties. As a result, the following chapters deal
with the subject.

Chapter 1 includes a literature review section which includes; the fundamental differences
between pigments and dyes, the theoretical background of the colour formation, the synthesis
mechanisms of those colouring pigments and their pros and cons, and the effects of doping on the
colouring particles' morphology, crystal structure colouring, and energy band gap, the principle of
colour measurement—finally, the complex inorganic black colouring pigment and the gap within

the field done so far.
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Materials and procedures used in all subsequent sections of the current study were extensively
provided and described in chapter 2 at this early stage. The materials used to extract the required
powder pigments, extraction procedures, mixing of the pigment components to obtain a colouring
combination, and operational factors are described.

In Chapter 3, we addressed the chemical components of iron slag, the extraction processes utilized
to obtain iron oxides, the texture, purity of the extracted sample (uniformity), particle size, thermal
stability, energy bandgap, and colouring property.

The synthesis techniques of synthetic pigments using CuO, Cr20s3, and Fe,Os3 to generate a pigment
with the structural formula FexCu1-xCr204 were described in Chapter 4. The CuO, Cr,03, and
Fe>O3 were organized in varied weights based on the stoichiometric proportion in the process.
Furthermore, the mechanism for mixing them, the calcination process, has been thoroughly
described. Finally, based on scientific evidence, the characterization result containing synthesised
spinel inorganic synthetic pigment's thermal, crystallinity, morphological, optical, and colouring
property was studied and compared with the commercial pigment.

The effect of doping extracted iron oxide was discussed in detail in Chapter 5. The sample was
synthesized the same way in chapter 4, except that synthetic Fe>O3 was replaced by extracted iron
oxide. Finally, the sample's characterization result was compared to the results found in Chapter

4. In the end, the overall conclusions of the current study are presented in Chapter 6
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CHAPTER-TWO
2. MATERIALS AND METHODS

2.1 EXPERIMENTAL SITE

The iron/steel slag sample was collected from Bishoftu, Ethiopia, 45km East of Addis Ababa,
Ethiopia. Iron Oxides extraction from iron/steel was done in the former Ethiopian Biotechnology
(the current Emerging Technology institute) laboratory, Addis Ababa, Ethiopia, and
characterization of the extracted samples and part of extraction were done in National
Metallurgical Laboratory in Jamshedpur, India, and Tallinn University of Technology in the

department of mechanical and environmental engineering, Tallinn, Estonia.

2.2 CHEMICAL AND MATERIALS

The chemicals used to synthesize the required pigments are chromium oxide (99%), copper oxide
(95%), iron oxide (99.7%), sulfuric acid (98%), hydrogen peroxide (30%), ammonium hydroxide
(25%), acetone, potassium di-chromate, and ethanol were purchased from Loba Chme, India,
which are all analytical reagent grade and used without further purification. Steel slag was also
brought from Steely RMI in Bishoftu, Ethiopia.

2.3 METHODOLOGY

2.3.1 Extraction of iron oxide from still slag

The iron powder was extracted from Iron/Steel slag collected from the Steely RMI iron rolling
industry, Bishoftu town, using the wet chemical method, with sulphuric acid as a leaching agent
[198]. Then the leached iron oxide was precipitated using ammonium hydroxide. After the
extracting process, the powder undergoes a thermal test using TGA to determine the calcination
temperature, and then based on the TGA result, the sample was calcined at 700°C, 800°C, 900°C,
and 1000°C to examine the temperature effect of extracted pigment. The overall extraction process

is shown in Figure 2.1, and details are presented in chapter 3.
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2.3.2 Preparation of FexCui-x Cr204 pigment and doping iron oxides

Inorganic oxides containing iron oxide, copper oxide, and chromium oxide of industrial chemical
purity were mixed without further purification in different weight percentage ratios. It was
synthesized using a solid-state mechanism by attrition mill using acetone as a wetting medium,
which was adapted from [199, 200].

The three synthetic inorganic metals were selected based on their size and respective oxidation
degree. The uniformity of those oxides was attained using an attrition mill shown in Figure 2.2 for
1:30h at 1000 revolutions per minute (rpm). It was then put in an oven at 80°C for 15 h. Finally,
ground again for 30 min to make it fine powder using an agate mortar and using reference works

sample was calcined at a temperature of 1350°C for 3 h; details are presented in chapter 4.

2.3.3 Replacing the synthetic iron oxide with extracted iron oxide in FexCui1-xCr204 pigment
This section followed the same procedure in preparing complex inorganic colouring pigment with
a general formula of FexCu1.xCr20s, except that synthetic iron oxide was replaced by extracted
one. In the process, samples with different weight percentages were mixed using the attrition mill
with acetone as a wetting medium.

Similarly, the samples were mixed using an agate mortar and pestle and then in the attrition mill
for a period of 1:30 h at a revolution rate of 12000rpm. The slurry was then dried in an oven at 80°C

for a period of 15h. Then ground using an agate mortar and pestle and then sieved to get a powder.
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The powder was finally pressed into a pellet, and based on literature as a reference, it was calcined
at 1350°C for 3h, and the pelletized sample was ground and sieved. Details are stated in chapter
4,

2.4 CHARACTERIZATION TECHNIQUES

The extracted samples' purity, particle size distribution, elemental and chemical composition,
thermal property, crystalline properties, and optical and colouring properties were characterized
using different instruments. Some of the advanced devices used in this experiment include:

241 TG-DTA

A thermal analyzer (TG-DTA) instrument was used at NML, Jamshedpur, India to study the
changes in materials characteristics with the temperature. The instrument can measure the
differential behaviour of solid samples to standard reference materials (in the O2 atmosphere,
alumina was employed as reference material during the programmed change in temperature using
DTA and simultaneously measure any changes in mass using TG. Due to the uncontrolled nature
of the extracted iron oxide, the thermal stability was investigated using TG-DTA, and based on
the result; the sample powder was calcined before the characterization process; a detailed
discussion is found in chapter 3.

2.4.2 X-Ray Diffraction

The crystallographic information of both extracted powder and synthesized samples was
investigated from XRD data Using Origin 2019 and Xpert Highscore Plus software. The
characterisation’s first part (extracted iron oxide from steel slag) was conducted at the Department
of Mechanical and Industrial Engineering, Tallinn University of Technology, Estonia. The next
sample characterization was done at the College of Natural and computational science at Addis
Ababa University, Addis Ababa, Ethiopia.

In both cases, the XRD data were collected by (RIGAKU, XRD machine with source
A=0.15406nm), but in the first case, the X-ray source was a copper-sealed 2 kW tube target
producing Cu Ka and K emission lines from a generator operating at 40 kV and 50mA [201],
while the second one was copper-sealed 0.6kw Cu Ko emission lines from a generator operating
at 40 kV and 15mA. The measurements were performed at room temperature; the scanning range,

scanning size, and scanning rate was stated in detail in chapter 3, 4 and 5
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2.4.3 XRE and ICPMS

The chemical composition of steel slag in the leached liquid was determined using ICP-MS. The

experiment was done at NML Jamshedpur, India, with the instrument model: Perkin-Elmer/Elan
DRCe, which is applicable for Trace and ultra-trace elemental analysis in metallurgical and water
samples, having a lavele of edetection of 1ppb up to 100 ppm.

Then the chemical composition of the steel slag before and after was determined using XRF, Model
Bruker/S8-Tiger, having an application for metallurgical elemental analysis with a lavele of
edetection ranges 10 ppm to 100 ppm, working in solid, powder, and liquid standards [202].
2.4.4 SEM-EDS

Because of its versatility and great potential for morphology and chemical composition analysis,
Field Emission Gun-scanning electron microscopy (FEG-SEM) equipped with energy-dispersive
X-ray spectrometry (EDS) is one of the most commonly used spatially-resolved analytical methods
[203]. As a result, in this experiment, FEG-SEM equipped with EDS was employed at different
places for the first sample at the department of Mechanical and Industrial Engineering, Tallinn
University of Technology, Tallinn, Estonia, and the complex inorganic colouring pigment was
characterized at the Centre for Research in Nanotechnology and Science (CRNTS), Sophisticated
Analytical Instrument Facility (SAIF), Indian Institute of Technology, Bombay, India. Detailed
characterization of the samples was stated in chapters 3, 4, and 5.

2.4.5 DSL (particle size distribution analyzer)

The particle size distribution analysis was carried out at NML, Jamshedpur, India, with the help
of the instrument depicted in Figure 2.4. The instrument is a Malvern MASTERSIZER2000part
No. APA5007 with a resolution range of 0.02 to 2000 microns. It is comprised of a wet dispersion
system, Hydro2000MU, a recirculation pump, an ultrasonic probe, a mechanical stirrer, a dry
dispersion system, Sirocco2000, and application software.

It uses the optical principles of laser diffraction and LASER scattering to calculate particle size
distribution in volume per cent. For example, the software computed d1o, dso, and dgo values, to
indicate the size of particles present in less than 10%, 50%, and 90% of the analysis, respectively.
In addition, the software is available to display particle size distribution against a size scale in
ASTM mesh size, Phi scale, and micron [202].
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246 FTIR

The Fourier Transform Infrared (FTIR) spectroscopy was used at the Faculty of Natural
Computational Science, Addis Ababa University, Addis Ababa, Ethiopia. It is widely established
as a sensitive, fast, and non-destructive technique for material characterization of numerous
samples for molecular species in various materials; FTIR provides information based on the
chemical composition and physical state of the whole sample. In addition, the sensitivity and
accuracy of FTIR detectors and a wide variety of software algorithms have dramatically increased
the practical use of infrared for quantitative analysis [204].

The IR bands of spinel compounds are anticipated to be designated to the vibration of metallic ions
in the crystal lattice, and the frequency of vibration is dependent on the quality and ionic radius of
metallic ions. The IR spectra of a regular spinel structure will show two primary vibrations of
metal-oxygen bonds [205]. As a result, vibration assigned to metal oxides has been investigated,
and details are presented in Chapters 4 and 5.

2.4.7 UV-Vis Spectroscopy

The Refractive Index and colouring characteristics of extracted powder and synthesized samples
were investigated using UV-VIS-NIR spectroscopy. First, the absorption spectra of the extracted
Iron Oxide were done using (Carry 5000 UV-VIS-NIR spectrophotometer, Agilent technologies)
at the wavelength range 200-800nm, in the Department of Mechanical and Industrial engineering,
Tallinn University of Technology(TalTech), Tallinn, Estonia. Then, the second phase of work was
conducted sing (Carry 100, UV-S-NIR spectrophotometer, Agilent technologies) at the Centre for
Research in Nanotechnology and Science, Sophisticated Analytical Instrument Facility (CRNT-
SAIF) at the Indian Institute of Technology, Bombay, India.

From the recorded UV-Visible spectroscopic data, the index of refraction value was obtained; this
refractive index determines the density opacity of the pigment; this absorption spectra and the
refractive index of the pigment affect the sample colour tone [206, 207]. In addition, the data in
the second phase (synthesized CICP) were also used to calculate colouring coordinates using CIE-
1931 colour space, using the CIExyz axis, and converted to spherical coordinates L*, a*, and b*
[208].
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2.4.8 CIEL*a*b* (Colorimetric measurement)

The colouring property of the extracted iron oxide powder was investigated at the University of
Madrid, Spain, using L*a*b* coordinates the portable spectrophotometer (Konica Minolta CM
2600d/2500d) to acquire the data in the range of 300-800 nm. CIELAB is a uniform colour space
(UCS) recommended by CIE in 1976; it is one of the most widely used colour spaces. It is used to
describe a colour in perceptual correlations such as lightness, chroma, and hue and plot samples
[209].

The data was defined through the parameters the L*a*b*, where L* represents Lightness ranging
(L* = 100 white to L= 0 dark) while the two chromas a* denotes a change from green (negative
values) to red (positive values); and b* the shift from blue (negative values) to yellow (positive
values).

2.5 PROJECT DESIGN

This project was designed to develop black complex inorganic colouring pigments used to apply
ceramic materials to ornamental decoration. The experiment has two main phases; extraction of
iron oxide from industrial waste and applying it in copper-chromate pigment. In the process, the
steel slag (industry waste) was collected from Steely RMI, Bishofu, Ethiopia, and the chemical
composition was tested using XRF, and then the leaching process was done using the chemical
sulfuric acid to extract the powder containing iron oxide as the main component (Detail methods
are found in chapter 4). Next, the extracted iron oxide was calcined based on the TG-DTA result
at four different temperatures; 700°C, 800°C, 900°C, and 1000°C (3 h each). Finally, the pigment's
colouring and optical properties, crystallinity, chemical composition, and microstructure were
investigated.

In the second part, the first part, FexCu1.xCr.O4, was synthesized by mixing the Copper Oxide, Iron
Oxide, and Chromium Oxide inorganic elements of laboratory-grade chemical purity without
further purifying them. The result was compared with the commercial copper chromate black
pigment and was taken as a reference. Then, the commercial iron oxide was replaced by the
extracted iron oxide, and the colouring, optical properties, morphology, and microstructural
property of the synthesized pigments were investigated. In the end, the results of the last synthesis

were compared with the synthetic one. Each project phase is stated in Figure 2.2.
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Figure 2. 2 The overall schematic diagram of the research work
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CHAPTER THREE

EXTRACTION AND STUDYING THE EFFECT OF TEMPERATURE ON IRON
OXIDE POWDER FROM STEEL SLAG

Zekarias G. Eticha, Rocio E. Rojas-Hernandez, Olu Emanuel Femi, Abubeker Yimam  Irina
Hussainova, Esayas Alemayehu.

ABSTRACT

Materials based on iron oxide are the most widely used red pigments. Although the synthetic iron
oxide pigment industry has matured, great efforts are continuously applied for their
environmentally friendly synthesis of the transition to a circular economy. This study uses a cost-
effective hydrothermal method to produce brown-red pigment based on hematite extracted from
mill-scale steel slag. The extraction was done using sulphuric acid as a leaching agent; the
addition of hydrogen peroxide facilitated the oxidation of Fe?" into Fe3*. The total conversion in
the process was tested using potassium dichromate. The pH was stabilized by ammonia; a brown
precipitate was formed in the solution. The extracted powder was annealed in an air atmosphere
at temperatures ranging from 700 to 1000°C. XRD, SEM with EDS, UV-VIS NIR, and CIE-
L*a*b* were used to examine the annealing temperature effect on the colouring property of the
extracted powder pigment. The results show that by adjusting the annealing temperature, a colour
chart ranging from brown to red can be obtained, which means an increase in temperature causes
the change in particle size and this change influences the pigment to be changed from a light-red-
brown to a dark brown. In the end, the results presented here open new strategies to supply the

range of red-brown to dark-brown pigment world production through a recycling strategy

Keywords: iron slag; extraction; pigment; hydrothermal; Waste; dark brown
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3. INTRODUCTION

3.1 BACKGROUND AND JUSTIFICATION

Steel slag is the waste product of steel industries disposed of in large quantities, forming a hill of
aggregate materials containing a large amount of iron in the form of oxide and other hazardous
chemicals. This waste should be ground and sieved to achieve mill-scale slag [48]. The iron/steel
processing industries release 5% of their total input materials as waste, which contains 60-72%
iron in the form of oxides [210]. Due to the enormous demand for iron oxide for various uses, iron-
reach industrial waste is crucial to obtain an alternate supply and alleviate shortages [211].

The circular economy concept gained stem when the Sustainable Development Goals (SDGs) were
designed in 2015. Based on the report of McKinsey, 2015, the European economy was
astoundingly wasteful, with only 5% of raw materials recycled and reused. He argued that if new
technologies were adopted and unique production processes focused on sustainability, the
European economy could add 1.8 trillion euros by 2030 [212]. According to the European Circular
Economy Action Plan, industrial waste landfills could be a source for recovering vital raw
materials and reducing environmental impact.

The European Commission issued an open call for input in July 2017 to assist in preparing
guidance documents in extractive waste management plans, including topics relating to the circular
economy [213, 214]. In addition, African Development Bank hopes to accelerate the circular
economy in Africa with a waste management initiative funded by the KOREA-AFRICA
ECONOMIC COOPERATION (KOAFEC). The circular economy is a model that aims to reduce
waste and maximize resource value through the recovery and regeneration of products at the end
of their typical service life [215].

Considering this opportunity, recycling industrial waste has become a focus research area. Among
the solid wastes generated globally, the iron and steel industry is deemed to discharge significant
waste as part of the manufacturing process. Based on the report [216], more than 400 million tons
(Mt) of iron and steel slag (at a density ranging between 2.5 and 3.5 t/m®) were produced
worldwide in 2017. Furthermore, due to their durability, chemical stability, and wide use in several
applications, such as photo-electrochemical sensors, cleaning environmental pollution, energy
storage, pigments, optical, electrical, and bio-materials, iron and steel are referred to as the world’s

most recyclable materials [217-221].
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According to Alison Rusell, in 1999, a total of 942,000 tonnes of pigments were produced
worldwide, with iron oxides accounting for the majority (750,000 tonnes), with around 440,000
tonnes coming from natural ore and the rest from synthetic sources and the global market for
pigments is expected to grow in lockstep with GDP [222].

Iron oxide pigments, in particular, have been used in various industrial applications, including
ceramics, architectural features, paints, and surface coating paints. Moreover, its thermodynamic
stability and wide range of colours evolved from its morphology, particle size distribution, and
non-toxic nature, making it a globally selected pigment in the colour industry and becoming more
critical in the research field [223-226]. As a result, producing iron oxide-based modern red
pigments with vivid colour and better stability is still of great importance in iron pigment-related
research, and focusing on recyclable waste is a robust approach.

The sustainable development agenda and circular economy promote resource longevity and rely
partly on recycled waste as raw materials [227]. Therefore, different synthesis routes, parameters
and precursors have been employed to obtain the desired requirements; particle size, degree of
crystallinity, and morphology are among the results considered by the researcher in the synthesis
process for specific applications [228].

Recent studies on recycling iron from industrial waste tried to answer the query of alternative
processing routes applied by different researchers [229]. Most of them attested that the particle
size change influences the colouring properties due to the annealing temperature employed [230-
232]. However, the thermal treatment is not the only factor that influences the colour tone; instead,
the other characteristics of the pigment, such as particle size and its distribution, the impurity found
in the extracted powder, and the morphology, affect the colour of the end product(Miri, Khatami
and Sarani, 2019) directly. Besides that, the ratio of Fe?*/Fe** is another factor that has a decisive
impact on the colour's chroma (colour intensity) [228].

The iron-red hybrid pigments with an impurity of kaolinite and quartz have been prepared from an
oil shale semicoke waste using a one-pot hydrothermal method [124]. Also, iron with a
composition of both ferric and ferrous precursors has been extracted from a blast furnace dust
using acid leaching [193]. The development of environmentally benign iron oxide-containing
composite pigments from mine drains waste and steel slag has revealed new types of colouring
[233]. Notably, the efforts on iron recycling are mostly related to the extraction without any further

modification; as a result, the pigment may end up with iron oxide phases due to ferric and ferrous
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precursors. Besides, the pigment Hue (basic colour) and Chroma can be affected by the existence
of different iron oxide phases [234].

As a result, this research work focused on extracting iron oxide from recycled mill-scale steel
industry waste (slag), the extracted iron was calcined at 700, 800, 900, and 1000°C to investigate
its property. In the end, the final colour of the extracted pigment was compared with a commercial
hematite pigment. Although the finding shows a colour difference from the commercial one, the
extracted hematite shows the synthesis of a wide range of colours by controlling the annealing
temperature.

3.2 EXPERIMENTAL SECTION

3.2.1 Extraction method
The steel slag sample taken from Steely RMI was ground by agate mortar to a fine powder and
sieved with #100-mesh size. First, the elemental composition of the solid slag was identified using

XRF, and then hydrothermal extraction processes were used to extract iron oxide.

In the experiment, 100 g of slag was mixed with 100 ml of conc. Sulphuric acid and heated on a
hot plate at 250°C with a continuous overhead stirrer stirring at 200rpm until all the liquid
evaporated, as shown in Figure 3.1a; it was then washed using 400ml of deionized water and

filtered using wattman filter paper. The filtered liquid solution shown in Figure 3.1b was measured

to be 398ml, and then a sample liquid solution was taken to check the elemental composition using
ICP-MS.
a

Figure 3. 1 (a) Steel slag digested in sulphuric acid, (b) the sample after filtration, and (c)
The colour change of the solution confirms the complete change to Fe3*
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Titration was then used to determine the amount of Fe?* in the solution. Based on the results, 30%
H>0> was added to facilitate the conversion, and the mixture was stirred for 30 minutes with an
overhead stirrer at 200 rpm. Adding hydrogen peroxide facilitates the oxidation of Fe?* to Fe3*
based on the Haber and Weiss equation [111, 235, 236].
2Fe?* + H,0, + 2H* - 2Fe3* + 2H,0
The conversion process was checked using potassium dichromate, and the conversion of Fe?* was
confirmed with a change in colour of the solution totally to greenish, as shown in Figure 3.1c
[236].
Cr,02~ + 6Fe®* + 14H* — 2Cr3* + 6Fe3* + 7H,0

The pH of the solution at the beginning was 3.01, and ammonium was added until the pH reached
9. At this pH, the solution starts to form a brown precipitate. The precipitate was filtered using
filter paper, and the cake was dried in an oven at 70°C; the dry sample was ground, sieved with a
#100 mesh sieve, and stored for further processing. The process of extraction and calcination of

the sample is listed in Figure 3.2 below.

Iron slag Grind and Sieved
|

H:S04 + Iron Slag

I
Washing and Filtration
| Addition of H:02 l
| e Fe* to Fe*

Addition of Ammonia I

AL700°C AL800°C | AL9000C  At1000°C

. ‘ Precipitation
Filter and Dry
(Extracted Powder)
Not calcined

Calcination
(Brown red to Dark brown powder)

Figure 3. 2 Flow chart of iron extraction from mill scale iron slag using hydrothermal method

3.2.2 Chemical composition, microstructural and optical characterization
The chemical composition of the slag was analyzed using XRF, Bruker/SRS 3400. Besides, the

amount of iron in the solution after the leaching process was determined using inductively coupled
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plasma mass spectrometry (ICP-MS). The result obtained by ICP-MS shows the amount of iron in
the liquid becomes 26.875 grams per litre (g/L), whereas the amount of other metals like
aluminium and chromium was 8.2g/L and 0.5062g/L, respectively.
Differential thermal analysis (DTA) and thermogravimetric analysis (TG) of the material obtained
from the extraction process were done using TG-DTA model STA-7300, Hitachi, Japan, up to
1200°C (In the Oz atmosphere, alumina was employed as reference material during the
programmed change in temperature). The phase composition and crystalline material structure
were characterized by analysing X-ray diffraction (XRD) data collected using a Rigaku Smart Lab
SE with a D/teX Ultra 250 1D detector. The X-ray source is a copper-sealed 2 kW tube target
producing Cu Ko and Kf emission lines from a generator operating at 40 kV and 50 mA. The
measurements were performed at room temperature from 20 to 90° (20) with a 0.01° step. The
morphology of the samples was observed by a field emission scanning electron microscope (FEG-
SEM, model EVO-MAL15) together with EDS/INCA for elemental analysis. The particle size
analysis was done using a Malvern laser diffraction particle size analyzer (Model:
MASTERSIZER S, Malvern Instruments, and the UK). During this analysis, the proper dispersion
was done using sodium hexametaphosphate as a dispersant and the application of ultrasonic
vibration for 15 s. The powders synthesized were evaluated by UV-VIS-NIR spectrophotometer
(Carry 5000 UV-VIS-NIR spectrophotometer, Agilent technologies) at the 200-800nm
wavelength.
The energy band-gap of the hematite (a-Fe203) was determined according to Tauc expression [27],
(ahv) = A(hv — E;)™ Where a represents the absorption coefficient, A is a constant, hv is the
photon energy (h is Planck’s constant and v is the light frequency), E; Represent the optical band
gap energy, and the exponent n is a constant that determines the type of optical transitions: for
indirect allowed transition, n = 2; for indirect forbidden transition, n = 3.
The colour of the pigment was tested using CIEL*a*b* coordinates, the portable
spectrophotometer (Konica Minolta CM 2600d/2500d) was used, and the data were acquired from
300-800 nm. Finally, the Chromatic and Hue values were calculated using the formula of [31]
given by

C=Va’Z+ b2, and the Hue angle is given by H = tan~1(?/y)
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3.3 RESULT AND DISCUSSION

3.3.1 Hydrothermal Extraction Process

Since the raw impute of the steel rolling mill mainly used a scrab as an input, it is expected that
more impurities to exist in the slag. The XRF analysis shown in Table 3.1 confirmed that it
contains Aluminum, Silicon, Titanium, Calcium, Iron, Sodium, Sulphur, Manganese and
Chromium. But the amount of iron found in the slag is at a maximum level to extract for pigment
application [193].

Initially, the amount of iron in the slag as a standard, and then the amount of iron leached in the
liquid was investigated using the ICP-MS. The result shows 26.875 g/L was found to be iron, and

the solid form of iron after filtration and drying was calculated as;
Mass of Iron in 100 g slag = % L x26.875 g/L =10.696 g.
Where 398ml is the total liquid solution.

Table 3. 1 Chemical composition of steel slag investigated by XRF

Elements Al Si Ti Ca Fe Na S Mn Cr
Percentage 8.31 1364 101 158 583 039 0.06 10.60 6.11

Out of the total iron oxide, which is 26.875g/L in the solution, the titration result indicated that
24.0152g/L was Fe*? in the solution, equivalent to 9.55g as calculated by the above equation, while
the remaining is Fe3*. Therefore, to completely change Fe?* to Fe3* oxidation process has been
performed using hydrogen peroxide to get Fe3* as innovative work to get only the hematite phase.
According to the amount determination, 9.55 g (0.17mol) of Fe2* in the solution requires 5.8187gm
or 17.47 ml of 30% H20- for the oxidation process. Finally, the total transformation was checked
using the addition of potassium dichromate as an indicator, which turns the solution purple when
all ions in the solution are Fe®".

3.3.2 Thermal Property of the extracted Hematite powder

The thermal behaviour of the extracted powder was examined using TG-DTA, and the result is
presented in Figure 3.3. The TG curve indicated that the weight loss of 32.27% occurs during
heating from a room temperature up to 700°C, out of which 17.22% was lost when the sample was
heated to 542.61°C, which is due to the removal of physically bonded water [237]. The next weight
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loss occurred at around 15.05%, which was observed between 542.61°C and 643.43°C, ascribed

to the organic sample's degradation and a transition phase hematite from goethite [238, 239].
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Figure 3. 3 DTA-TG-DTG curves of extracted iron oxide

Upon heating, the TGA profiles show an endothermic peak at around 270 and 320°C due to the
organic sample degradation and transformation of goethite (y-FeOOH) to hematite (a-Fe203) or
detachment of hydroxyl group from iron and formation of hematite (a-Fe20Os3). In contrast, the peak
around 668°C is the endothermic peak (marked as 1 in Figure 3.3) formed due to the
transformation of y to a [240, 241]. After that, the TG axis graph line aligned parallel to the
temperature axis, indicating the hematite powder's stability.

3.3.3 Crystallographic and Morphological property of Extracted Hematite

The XRD analysis of the extracted powder before and after thermal treatment is shown in Figure
3.4 a-c. The XRD result of the extracted sample shows no diffraction peaks, the powder after
extraction presents as an amorphous phase, which does not display any peaks (shown in Figure
3.4 a). The amorphous structure happens at a lower temperature because at this temperature, there
is/are dewatering of the molecule as well as phase transformation occurs; as a result, the particle
will not be arranged well and have an amorphous structure [240], which is in agreement with the
DT-TGA results. After the thermal treatment of mill slag-derived powder resulted in a hematite
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phase, as detected by XRD and the diffraction data agree with the Joint Committee on Powder
Diffraction Standards (JCPDS)(Powder Diffraction File (PDF)) card of JCPDS-PDF No. 01-084-
0308. From the XRD peaks (Figure 3.4), the powders are crystalline when the temperature
increases from 700 to 1000°C, and the reflections of the hematite phase are marked with a pink
square symbol. ““ 5. A small contribution of a second phase was also observed, marked reflections
in the bottom with a blue square symbol “0” in Figure 3.4 a, and are assigned to Aluminum iron
oxide with PDF No. 00-049-1657. Figure 3.4 ¢ shows the photographs of the hematite particles
after the thermal treatment at different temperatures under white light

Moreover, the XRD result in Figure 3.4 (b) shows the peak shift from 33.3 to 33.4 (20 degree)
and from 35.8 to 35.9 (20 degree) after 800°C due to the crystal formation of aluminium iron oxide
and overlapping with hematite. [225]. Besides, after 800°C, Aluminum iron oxide with PDF No
00-049-1657 has been identified in the diffractogram as a new peak. This overlapping of Fe3* and
AlI** enhances the brightness effect of the pigment because the substitution of AI** helps to add a
more yellowish colour to the pigment [242]. For an advanced structural investigation of the results,
Xpert HighScore Plus has been used. The result indicated that the extracted sample is
Rhombohedral with a space group of R-3c, group number 167, and a unit cell a= 5.0142A = b,
c=13.6733 A,aas identified by PDF number 01-084-03086
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Figure 3. 4 (a) XRD analysis of the extracted powder before and after the thermal
treatment at 700, 800, 900, and 1000°C. (b) Detail of the XRD in 32-37° 20 range.
(c) Photographs of the hematite particles under white light
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Besides, the crystallite size was calculated from XRD data using the Debye Scherer formula given
by [235];
D kA
PcosO
K=0.89 is the Scherer constant, 1=0.15406nm is the x-ray wavelength, S-the Full Wave Half

Maximum (FWHM) in radian, and 6@ is the Bragg angle in radian. The crystallite size estimated
from the Scherer equation also depends on the annealing temperature.

The crystallite size calculated using the Debye-Scherer equation and listed in Table 3.2 increases
as the annealing temperature, but the anomalous increase in the crystallite size occurs between
700°C and 800°C, as well as between 900°C and 1000°C. The first part (between 700°C and
800°C) might happen due to an incomplete crystal structure formation at the lower temperature,
whereas the second part(between 900°C and 1000°C) is due to an overlapping of the crystallite
structure of alumina iron and hematite, as detected in the XRD peak. Therefore, higher thermal
treatments usually improve the crystallinity of the materials and imply the growth of the crystallite
size due to the annealing.

Table 3. 2 Relation between thermal treatment and crystallite size of the powders

after thermal treatment at 700, 800, 900 and 1000°C

Temperature 700°C 800°C 900°C 1000°C
Crystallite size 22.55 30.1 31.2 58.21

The morphology and size of extracted iron oxide powder have been investigated by field emission
scanning electron microscopy (FE-SEM) in Figure 3.5.

The FE-SEM morphology shows that the powder is highly agglomerated. The agglomerates are
formed by primary particles with an average size of < 200 nm. This agglomeration occurred
because of the large surface area energies due to smaller particles of the extracted powder [243];
however, it seems that the particles are not sintered.

Energy dispersive spectra (EDS) experiments are carried out to determine the chemical
composition of the extracted sample after being thermally treated at 700,800, 900, and 1000°C.
EDS analysis of the sample is summarized in Table 3.3. By selecting the total area of the
micrograph, the elements detected are Fe, O, Al, Si, Na, Mg, Ca, Ti, Cr, Mn, and S, except iron,

oxygen and alumina, which were detected in the XRD most of them are not in a traceable amount
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and did not affect the pigment colour tone. These results are consistent with the findings by XRD,

which confirms the presence of Fe2Oz and a secondary phase AlsFesO1z.

Figure 3. 5 SEM micrographs of extracted Fe2O3 sample pigment after thermal treatment
with (a) 700°C, (b) 800°C, (c) 900°C and (d) 1000°C

EDS analysis shown in table 3.3 makes it possible to determine the remains of other elements that
are not identified by the detection limit of the powder diffraction method.
Table 3. 3 Elemental analysis from the powder thermal treated at 700, 800, 900, and 1000°C

inair
Elemental Composition Fe,O3 Theoretical 700°C 800°C 900°C 1000°C
in Weight %
Fe 69.94 55.72 46.62 55.02 41.34
@) 30.06 26.44 38.78 32.24 38.26
Al - 7.03 6.03 5.19 8.3
Si - 1.09 2.75 2.09 4.44
Na - 2.44 1.52 0.98 1.70
Mg - - - - 0.08
Ca - 0.28 0.49 0.41 0.8
Ti - 1.48 0.62 0.71 0.84
Cr - 2.62 1.45 1.33 1.59
Mn - 0.58 0.84 0.99 2.47
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3.3.4 Particle size, Optical and colouring Property of Hematite Pigment

The particle size analysis was done by Dynamic Light Scattering (DLS), and the result of extracted
powder and thermally treated at 700, 800, 900, and 1000°C were presented as shown in Table 3.4.
The result of the D-values (D0.10, D0.50 & D0.90) listed in Table 3.4 is also in agreement with
the SEM result, that means as the annealing temperature increase, the particles tend to agglomerate,

and the particle size becomes larger as a function of temperature [244].

Table 3. 4 The DLS result for particle diameter sample powder in pm

Temperature Particle size distribution

D(V, 0.1) D(V, 0.5) D(V, 0.9)
700°C 0.57 33.48 107.30
800°C 1.70 35.98 104.87
900°C 3.81 40.07 118.50
1000°C 10.54 49.14 171.29

The UV-VIS-NIR absorbance spectra of extracted and annealed iron oxide are shown in Figure
3.6, with broadband between 250 and 600nm with the crystal structure of hematite.

The hematite structure, shown in Figure 3.6(B), has Fe (111) cations occupying interstices between
the oxygen anions, thus forming an octahedral. These octahedral connected each other through the
face's edge leading to different Fe-O bond lengths. This structure can be overlapped with Al(I11)
as it is a trivalent metal cation of a similar size. This overlapping modifies the properties of the Fe-
O, like; crystallite size, spectrographic behaviour, solubility, dissolution kinetics, and colour [245].
The XRD result can deduce that the crystal formation of aluminium at 800°C causes a slight change
in the Chroma on the hematite pigment.

Moreover, Figure 3.6(A) confirmed that the absorption occurs at 250 nm, which is responsible for
the ligand-to-metal charge transfer transitions [246], while the region between 300-550nm
corresponds to the d-d transition, specifically at around 350nm. Near 550-800 nm, the peak is
assigned to the 8A; + 5A1—*T1 (*G) +*T1 (*G) excitation of a Fe** ~ Fe**. As to Olga Opuchovic
etal., the dark red colouration of iron oxide is formed mainly due to the 2p(0?) — 3d(Fe®*") charge

transfer band [247]. In addition, the inter valance charge transfer band, at around 580 nm, shown
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in Figure 3.6, implies that most of the optical bands are due to Fe3* in a—Fe,Os octahedral

structure.
124 A —1000°C
— 900°C
11
g — 800°C
= 104 0
ro 700°C
09
=
=}
= 0.8
&
2 0.7
=
< 0.64
0.5 -
0.4 T r r T T
200 300 400 500 600 700 800

Wavelength (nm)

Figure 3.6 (A) UV-VIS-NIR absorption of Hematite at different Temperature. (B) Crystal
structure of hematite.

Besides, the energy bandgap change shown in Table 3.5 is due to a change in temperature and the
inclusion of aluminium impurity in it, which directly relates to the colouring property of the
pigment. Furthermore, Table 3.5 confirmed that the minimum energy band gap was observed at
the temperature of 800°C; this may happen due to the overlapping of aluminium, which agrees
with the XRD value.

In addition, the tonality of hematite colour powder strongly depends on its particle size and
dispersibility: the colour of the powder looks red when the particle size is smaller, while it turns
to dark grey as the particle size increases/annealing temperature increase [242], which is an
agreement with Table 3.2 and the colour of the pigment in Figure 3.4b.

Figure 3.7 and Table 3.5 show the chromaticity CIE-L*a*b* analysis of the pigment extracted
from slag with different annealing temperatures. Chromaticity in CIE-L*a*b* is an index that uses
the values of brightness (L*), red/green (a*), and yellow/blue (b*).

A standard white calibration plate calibrated by NPL (National Physical Laboratory) is used as a
white reference provided with the spectrophotometer. Table 3.5 summarizes the values obtained
for the CIE-L*a*b* coordinates and C and H values.

The calcination temperature influenced the CIE-L*a*b* values of pigments. When a* and b*
values are positive, it is possible to deduce the degree of redness and yellowness. Moreover, Table
3.5 indicates that a* value decreases continuously with increasing temperature. This is because an
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increase in temperature causes the molecule of the powder sample to expand, resulting in the
formation of larger molecules at a higher temperature. This expansion of the sample powder

molecule causes it to display less red or brownish [242, 248].
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Figure 3. 7 Chromatic property CIE-L*a*b* as a function of temperature

Besides, Figure 3.7 and Table 3.5 clearly show that the b* value (yellow/blue) colour increases
continuously towards yellowish and shifts towards bluish colour after 800°C. At the same time,
the lightness of the colour increase till the temperature reaches 800°C. Even though a* value is
relatively less at 800°C than at 700°C, it tends to show brighter colour at 800°C due to the highest
value of yellowness b*. The colour change happened due to the overlapping of aluminium iron
oxide in the hematite structure that caused the colour to be more yellowish, and the cumulative
effect appeared as a brighter red-brown colour with better Chroma [119, 125]. The initial sample

shows little red intensity when annealed at 700°C, but the redness decreases at 900 and 1000° C.

53



Table 3.5 CIEL*a*b* coordinates of the extracted powder, not annealed and treated at
700°C, 800°C, 900°C and 1000°C, and energy bandgap

CIE-L*a*b* result Eg (eV)
Temperature L= O e C H°
No thermally treated 46.39 12.62  35.81 37.97 70.59 -
700°C 29.61 17.86 27.27 3260 56.8 1.68
800°C 30.77 15.46  29.76 3354  62.6 1.62
900°C 28.04 14.02 2347 27.34 59.1 181
1000°C 24 10.02 204 22.73 63,8 1.92

Besides forming relatively larger crystallite size as a function of temperature, the colours are also
influenced at elevated temperatures and become darker brown [242]. As a result, the lightness
value decreases at the maximum temperature and the maximum lightness, and Chroma was
registered at 800°C. Moreover, the CIEL*a*b* results shown in Table 3.5 clearly show that the
extracted sample fulfils the colourimetric axis of the commercial hematite, except the hue (H)
value at elevated temperature, which is affected due to the appearance of larger particle size of the
sample[145].

3.4 CONCLUSIONS

Iron oxide powder has been extracted from mill-scale iron industry waste using a hydrothermal
mechanism with sulphuric acid as a bleaching agent and ammonium used as a pH stabilizer.
Innovative work has been done in transforming Fe?* to Fe®** to have a relatively pure hematite
pigment from recycled waste. The extracted powders have different particle size distributions as
a function of the annealing process; the particle size increases with the temperature and the
crystallite size. Furthermore, the second phase causes this distortion because its peaks overlap with
the hematite at 33.3 and 35.8 2theta at 800°C. A secondary phase assigned to aluminium iron oxide
also appears after 800°C; as a result, the pigment possesses a brown-red colour due to the
domination of calcined hematite, which has brown. Our observations demonstrate that it is possible
to tune the colour of the particles with the annealing temperature to provide a chart for the pigment
field. It is increasingly recognized that, although iron oxide pigments have been studied

extensively, the extraction from mill-scale steel industry waste can open paths to obtain high-
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demanding iron oxide pigments; moreover, it can act as a reference for extracting other industrial

waste to substitute and conserve natural resources.
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CHAPTER FOUR

EFFECTS OF DOPING SYNTHETIC IRON OXIDE ON THE COLORING
PROPERTIES OF COPPER CHROMATE PIGMENT

Zekarias G. Eticha*, Thomas C Alex, Olu Emanuel Femi, Abubeker Yimam, Esayas
Alemayehu*
ABSTRACT

Iron-doped copper chromate with (FexCui-xCr.04) as a black ceramic decoration pigment is
successfully synthesized using a solid-state synthesis method with a pure oxide precursor. The
powder pigment was analysed using powder X-ray diffraction (PXRD), SEM with EDS, FTIR,
UV-VIS, and colour-measuring instruments. The calcination temperature was determined from the
literature and was calcined at 1350°C for 3 h. The result of the (PXRD) indicated that the sample
contains a spinel structure; moreover, the addition of iron oxide caused the diffractogram peak to
shift towards the lower angle due to the small ionic radius of iron compared to the replaced copper.
The micrograph of the SEM result also indicated that agglomeration decreases as the amount of
doped iron increases. As the amount of doped iron increases, the colour of the pigment L* tends
to be darker, while the b* value tends more towards blue colour, but the intensity of the red colour
a* increases till the proportion is equal. In the end, the optimum colour, which is comparable with
the commercial black pigment, was obtained when a similar weight percentage of iron replaced

the copper

Keywords: Ceramic decoration, Black pigment, Copper chromite. Doping, Agglomeration
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4. INTRODUCTION

4.1 BACKGROUND AND JUSTIFICATION

The chemical composition of the pigment impacts their qualities, such as solubility, thermal
stability, resistance to sunshine, weather and atmosphere, abrasion resistance, and optical
properties, and hence the pigment has been used for different applications like decoration, solar
absorbent, cooling of the roof of the house and the like [66, 249, 250]. Pigments are responsible
for the vibrant colours of coatings. Coatings now come in a variety of colours. Some of the factors
to consider when selecting a pigment for special coatings are; hiding efficiency, refractive index,

colour, density, hardness, and oil absorption.

Various research papers have reported on the use of various precursors and synthesis methods to
produce the desired pigment. The pigment synthesis criteria are subjective and rely on cumulative
light absorption by multiple chromophores. Pigment colours are achieved through nonlinear
synthesis, and each chromophore has its optical bands that absorb a specific wavelength range;
most of the time, the goal is to collect as many cations as possible to accomplish complete

absorption in the visible spectrum [251].

The principal chromophores in pigments, including spinel, are transition metal ions such as Co?*,
Ni2*, Fe?*, Cr3*, V3 Cu?*, etc. They feature a partially filled electron valence shell and a good
polarising ability. The colour changes due to oxygen polarisation, forming complexes with
transition metal ions [252]. In general, chromophore refers to a transition metal ion in a specific
ligand environment because the same cation will exhibit optical bands at different energies once
octahedrally or tetrahedrally coordinated [253].

Considering the principal chromophores in the spinel pigment synthesis is beneficial, especially
partial or complete inversion degrees develop transition elements with distinct valence states. As
seen in Figure 4.1, the spinel structure is made up of a nearly perfect cubic arrangement of oxygen
atoms that form tetrahedral (T) and octahedral (M) cavities [254, 255]. Unfortunately, this results
in extraordinarily complicated optical spectra, with numerous bands and almost entirely filtering
visible light, originating from d-d electronic transitions and metal-metal or metal-ligand charge
transfer [256, 257].
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Figure 4. 1 Schematic diagram of spinel crystal structure with the general formula of AB204

Inorganic black pigments are among such chromophores and are commonly utilized as colourants
in today's ceramics industry, either for ceramic bodies or glazes [251]. Black colours are becoming
more popular due to their pure and dignified ornamental impact and their recognition as high-
quality jewels. Metallic oxide doped chromate spinel powder has been used as a sun-absorbing
pigment and decorative colour in ceramic industries over the previous decade due to its optical

properties and lower oil absorption values than carbon soot and perylene black [258, 259].

The solid solutions of eskolaite-hematite (Cr, Fe)203 and sophisticated spinel compositions in the
Co-Cr-Fe-Mn-Ni-(Cu-V) system are utilized to obtain the black pigment. Since eskolaite-hematite
pigments are less stable in glazes and carbon black is less stable at a higher temperature, the spinel
structure is used as the ceramic industry's most popular black colourant [256]. It contains a broad
group of compounds with a general formula of AB204 that have two cations, A and B: an oxidation
degree of A with 2+ representing (Mg, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, and Sn) and the other an
oxidation degree of 3+( Al, Ga, In, Ti, B, Cr, Mn, Fe, Co, Rh, and N) [159, 261, 262], they have a

partially filled electron valence shell and high polarization ability [30].

The spinel structure accounts for 25wt% of the total usage of commercial black pigment
formulations [34, 38], and the spinel chromites can be relatively easily obtained either by solid-
state or wet synthesis mechanism with subsequent thermal treatment [262-264]. The physical
properties of the spinel chromites are strongly dependent on the cation stiffness and distribution
within the tetrahedral and octahedral sites in the spinel lattice [269]. Therefore, the process of

synthesis directly influences the physicochemical properties of spinels. The most common
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synthesis mechanisms reported by several researchers are co-precipitation [266-268],
hydrothermal synthesis method [269], solid-state method [233, 251], sol-gel [270], and sol-gel
combustion synthesis [2, 271].

Transition metals doped copper chromate black pigment was synthesized using co-precipitation
and hydrothermal method [255], while Elham Pakzad et al., 2019 prepared pure copper chromate
using sol-gel combustion as a spectrally selective absorber [263]. In addition, Qingfen Geng et al.,
2012 produced a copper chromate pigment for selective absorbent using a low-temperature
combustion method [272].

Similarly, different research activities have been attempted to synthesize an inorganic metal oxide
spinel pigment using iron and manganese oxides; some of them are; Manganese Ferrite Black
Spinel, (Fe, Mn)(Fe, Mn)204 (PBk26), Iron Manganese Oxide (Fe, Mn).03 (PBk33), which offers
a dark brown-black. The synthesis of Iron-Cobalt Chromite Black Spinel (PBk27), Co(Fe, Cr)20a,
and lron-Cobalt Black Spinel (PBk29), (Fe, Co)Fe204, on the other hand, have even made it more
heat stable than CuCr204 blacks (PBk28) [273].

Even though different researchers have employed the wet chemical synthesis method, the method
requires a greater understanding of each element's chemical reaction, precursor interaction method,
surface stabilizing agent, and reagents used with growth and nucleation rate to control size and

shape. Moreover, most are costly and time-consuming mechanisms [274].

As a result, the solid-state synthesis mechanism is considered suitable, especially for mass
production. It has lower chemical waste; it is the most straightforward mechanism, has low cost,
and has high product purity [251]. In addition, the colouring effect of iron oxide doped copper
chromate synthesized by conventional solid-state mechanism is not reported yet. As a result, this
paper reports the effect of adding iron oxide on CuCr,04 spinel structure pigment synthesized by
the conventional solid-state method to study the final product's colouring property, morphology,

and crystallite size.
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4.2 METHODOLOGY

4.2.1 Preparation of Composite pigment
The samples of FexCu1-xCr.04 (x=0, 0.25, 0.75, and 1) for all compositions have been synthesized
with solid state technique. In the process, chromium oxide (99%), copper oxide (95%), and iron

oxide (99.7%were used, and acetone was used as a wetting medium.

The required amount of the starting materials were mixed in an agate mortar and pestle and ground
for 30min. Then, the mixed samples were placed in an attrition mill revolving at a rate of 2000rpm
for further mixing using acetone as a wetting media for 1:30 h. After 1:30 h mixing in the attrition
mill, the sample was dried in an oven at 80°C for 15 h. Finally, the dried sample was ground using
an agate mortar and pestle for 1h. Finally, the powder sample was sieved using a #100 mesh size

and kept in a plastic bag for further processing.

Three metal oxides

< S

11

Powder Pigment

Dried in Oven

Ground -
/1
)3

After Pressing
Calcined at 1350°C

Figure 4. 2 Solid-state mixing of the three inorganic metals

The sample powder was then pelletized using a pressing machine at 18.133MPa (1ton) with a
diameter of 25mm and calcined at a temperature of 1350°C for 3 h, at a rate of rising and lowering
of 50°C/min to ensure the reaction takes place properly [193]. Finally, the calcined pellets were
ground using an agate mortar and pestle and sieved using #100 to get a powder labelled with code,
as shown in Table 4.1, for further characterization.
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Table 4. 1 Chemical composition and corresponding code of the composite pigment

No Chemical Composition Code
1 FeCr204 Z1
2 Feo.75CU0.25Cr204 Z;
3 Feo.sCuo.s5Cr204 Z3
4 Feo.25CU0.75Cr204 Z4
5 CuCr204 Zs

4.3 CHARACTERIZATION

The phase composition and crystalline materials structure was characterized using Rigaku powder
x-ray diffraction (PXRD), and data were collected using continuous scanning. The X-ray source
is copper-sealed 0.6kw Cu Ka emission lines from a generator operating at 40 KV and 15 mA. The
measurements were performed at room temperature from 20 to 60° (26) with a 0.02° step and

0.12sec/step scanning rate.

The FT-IR was used on spectrum 65 FT-IR (PerkinElmer) in the range 4000-400cm™
(resolution:4cm™, number of scale:4) using KBr pellets. The morphology of the samples was
observed by a scanning electron microscope (ESEM, model Quanta 200, with a resolution up to
3nm), and the chemical composition was investigated using EDS. The particle size analysis was
investigated using a Malvern laser diffraction particle size analyzer (Model: MASTERSIZER S,
Malvern Instruments, and the UK). The proper dispersion was performed in the investigation using
sodium hexametaphosphate as a dispersant, and the ultrasonic vibration was applied for 15 s as it
was done in the former sample [201]. The optical property of the mixture sample pigment was
evaluated using a UV-VIS spectrophotometer (carry 100 UV-VIS spectrophotometer, Agilent
technologies) at the wavelength range of 200-800nm. The refractive index(n) of the synthetic iron-

doped copper chromite was also calculated from the UV-VIS data using the formula [275]
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Where, T — is per cent transmittance and is given by T; = 10"#x100, where A is the absorbance
The colouring coordinate was calculated using CIE-1931 colour space, using CIExyz axis, and

converted to spherical coordinates L*, a*, and b* using the formula

L= 116(Y/Yn)§ — 16 (1)
a* = 500(%/x, ) = (“fy,)%) @
b = 200((" /y, )2 = /7)) ©

Xn, Yo, and Z,, are specified white chromatic reference illuminated for the CIE1931(2*) and is
given by; X,, = 95.0489, Y,, = 100 and Z,, = 108.8840 [208, 276]. The chroma a* and b* are
given positive and negative values; it becomes red when a* is positive unless it becomes green;
the yellowish colour is represented by positive b* while the negative is by the blue colour of the
pigment in the colour measurement [201]. L* is the lightness of the pigment with a value (L* =0
means dark, and L* = 100 is white).

Moreover, the Chroma (C) and hue (H) values are calculated from equations 4 and 5, respectively,

as,
C =va*? + b*? and (4)
H=tan"1(?"/ ) (5)

4.4 RESULT AND DISCUSSION

The solid-state reaction containing Fe,O3, CuO, and Cr20s3 is supposed to occur above 1200°C
[193]; as a result, the calcination was done at 1350°C for a period of 3 h to ensure a complete
reaction.

4.4.1 Phase and Structural analysis of FexCu1xCr204 pigment

After Calcination took place at 1350°C for 3 h, the synthesized powders were analyzed using X-
ray diffraction to get microstructural properties. The patterns of the samples were demonstrated as
shown in Figures 4.3 a and b. The characterized peaks of the samples are indexed to the

crystallographic planes of FeCr.O4 with the (Joint Committee on Powder Diffraction System-
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Powder Diffraction File) JCPDS-PDF number 00-024-0512 and CuCr,04, JCPDS-PDF number
00-021-0874 as reference. The results confirmed that the two samples have successfully attained
the spinel oxide structure. The diffractogram shown in Figures 4.3 a and b indicated that the pure
form of the spinel structure FeCr.O4 and CuCr,O4 best fit with the corresponding JCPDS-PDF No.
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Figure 4. 3 X-ray diffraction pattern of FexCu1xCr204 with a reference of (a) FeCr204 (b)
CuCr204

Moreover, it was evident that Figure 4.4 b shows a peak shift to a smaller Bragg angle as the
amount of Fe added increases; this is due to the unit cell concentration induced by the partial
substitution of Cu(I1) with ionic radii (0.73A) by smaller ionic radii Fe(ll) of (0.7A) than that of
pure CuCr204 as indicated in Figure 4.4C.
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Figure 4. 4 XRD peak of (a) Different composition of iron on CuCr204 pigment (b) Shift in
Bragg angle due to iron addition (c) Crystal structure of (i) Hematite and (ii) CuCr204
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The average crystallite size of the powder pigment indicated in Table 4.2 was calculated using the

Debye Scherer equation:

D= kA
" Bcosb

The constant k-is shape factor k= 0.9, 4 = 0.15406nm, is the wavelength of the XRD machine and
B -the Full Wave Half Maximum (FWHM) in radian, and 6 the Bragg angle in radian. The result
shows an increase in size as the amount of iron oxide added to the copper chromate powder
increases; it agrees with [277] and Figures 4.5. This can be happened due to a partial replacement

of copper by iron which is less in ionic radius.

Doping may cause a change in the lattice parameters. Micro-strain is defined as the root-mean-
square of variations in lattice parameters across individual crystallites, and it is calculated using
the formula suggested by the formula given in [277],

__Bcost
4

&

Where € is microstrain.

The calculation result shown in Table 4.2 indicated that the microstrain decreases from 0.0059 to
0.0027, indicating that the lattice defects decrease as smaller ionic radii (iron oxide) replace the
more significant (copper oxide).

Table 4. 2 Crystallite size of each sample

Sample Powder Z1 Z2 Z3 Z4 Z5
The average Crystallite size 12.81 10.67 10.61 10.17 10.02
(nm)
Micro strain 0.0027 0.0029 0.0032 0.0057 0.0059

4.4.2 FTIR analysis of FexCuixCr204

The vibrational spectra of FexCui-xCr.O4 spinel pigments (x=0, 0.25, 0.5, 0.75, and 1) in the
infrared region (2500-400cmt) are shown in Figure 4.5. The spectra of spinel oxides containing
transition metals with oxidation states of +2 and +3 usually feature four distinct bands: 800-650
cm (v4), 600-500 cm™ (v), 450-300 cm™ (v3), and 200-150 cmt (vy) [278].
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The vibrational frequency of metallic ions in the crystal lattice is allocated to the IR bands of
spinel, and the vibrational frequency is determined by the quality and ionic radius of metallic ions.
Absorption bands in the 600-500cm™ range correspond to the inherent stretching vibration of the
Mietra—O band at the tetrahedral site (Cu-O and Fe-O) [272], whereas bands in the 499-385cm™
range relate to octahedral metal ion stretching (Cr-O) [279].

Moreover, Figure 4.5 shows that all samples' IR absorption bands for metal-oxygen bonds are
about 700 and 500cm™ due to coupled vibrations of metal-oxygen bonds in both tetrahedral and
tetragonal locations. The Fe-O vibration is represented by the absorption bands at 806. The typical

absorption bands became more evident as the iron content increased in the produced pigment.
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Figure 4. 5 FTIR spectra of the sample FexCu1-xCr20a4 (x= 0, 0.75. 0.5. 0.25)

4.4.3 SEM with EDS result of FexCu1-xCr204

Figure 4.6 shows a scanning electron microscope (SEM) image of the sample pigment with
varying weight percentages of iron oxide added to copper chromate. The pigment powder is
characterized by a more spherical shape with some irregular shapes, as is observed. Moreover, the

EDS result confirms the purity of the raw sample, except for introducing carbon in a smaller
amount.



Figure 4. 6 SEM image of FexCu1-xCr204 sample

The particle size was evaluated using Dynamic Light Scattering (DLS) with proper dispersion
performed using sodium hexametaphosphate as a dispersant, and the ultrasonic vibration was
applied for 15 s. The results showed a wide range of particle sizes, as given in Table 4.3. The
result shows a non-uniform particle size distribution, indicating that more grinding and sieving
with a minimal sieve size are required to achieve a uniform size distribution. Furthermore, Table
4.3 result agrees with Figure 4.6, as it contains a particle in the nanometer and micrometre ranges.

The larger particle size distribution may occur due to improper grinding and sieving.
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Table 4. 3 Particle size distribution of the sample (identified by DLS)

Sample Distribution Size (um)

Z D(v, 0.1) 0.24
D(v, 0.5) 73.71
D(v, 0.9) 276.41

Z, D(v, 0.1) 0.32
D(v, 0.5) 46.96
D(v, 0.9) 176.29

Z3 D(v, 0.1) 0.77
D(v, 0.5) 82.13
D(v, 0.9) 217.43

Zs D(v, 0.1) 0.81
D(v, 0.5) 4.85
D(v, 0.9) 133.89

Zs D(v, 0.1) 1.86
D(v, 0.5) 55.32
D(v, 0.9) 266.24

4.4.4 Optical and Coloring Property of FexCu1xCr20a4
The optical response of CuCr.04 with an addition of iron oxide towards UV-Vis radiation is tested
by ultra-violate visible spectroscopy (UV-VIS Spectroscopy) in the wavelength range from 200

nm to 800 nm.

The UV-vis absorbance spectra of those black pigments in Figure 4.7 demonstrate that the
absorption curve is horizontal for samples Z1 through Z5, indicating that the samples have uniform
absorption of all the incoming intensity of light in the visible light spectrum range [280]. Hence it
is a confirmation that the synthesized pigment is a perfect black comparable with the commercial

one as well as with carbon black pigments[1].
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Figure 4. 7 UV-VIS spectroscopic results of iron oxide added copper chromate pigment

The refractive index of iron oxide doped copper chromate is shown in Figure 4.8, as shown below.
The pigment's purpose is to provide colour while also protecting the substrate. Therefore, the
pigment must create opacity in the coating to give it colour. When a coating is opaque, the pigment
particles scatter or absorb light so it does not reach the substrate. The pigment's ability to impart

opacity is determined by two properties: refractive index and particle size [281].

Figure 4.8 revealed that the refractive index of the pigment powder increases as the doped iron
amount increases. Since the ionic radii of iron are smaller than copper's, the illustration in Figure
4.8 agrees with scientific truth because pigment with tiny particles has more surface molecules per
gram than coarse particles. Moreover, a black pigment calcined above 1200°C exhibits an index
of refraction between 1.5 and 2.6 [282].
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the doped iron oxide.

Table 4.4 summarizes the comparison results with commercial black pigment and their synthetic
black pigments.

According to equations 1-3, the chromatic characteristics of the synthesized FexCui-xCr204
pigment particles were assessed using CIE 1931 colour coordinates with CIExyz values and then
converted to CIEL*a*b*. Equations 4 and 5 were used to calculate the chroma and hue values, and
the colour coordinates (L*, a*, b*) of the pigment show that the synthesized pigment is darker in
colour, and the picture of the pigment is shown in Figure 4.9 b.

The comparative study in Table 4.4 indicated that the Lightness of the as-synthesized pigment
shows a relatively comparable result with the commercial one, the experimental result value
depicts darker than the commercial black, and an optimized result was registered at Zs. In contrast,
the experimental result is better Chroma and Hue than CP-2 but slightly lower chroma than CP-1.
Furthermore, the commercial pigment calcined at 1200°C turned a more reddish and yellowish
colour than the experimental one; as a result, it may develop a colour towards a brown intensity

than the experimental result.
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Table 4. 4 The chromaticity of the five samples and the commercial black pigment

Sample Colourimetric Values Reference
Composition L* a* b* C H
Z1 (x=1) FexCu1xCr204 32.3 1.20 1.07 234 41.7 Research
result
Z2 (x=0.75) FexCu1.xCr204 32.4 1.11 1.09 229 44.48  Research
result
Z3 (x=0.5) FexCu1.xCr204 3296 101 141 3.03 54.39  Research
result
Z4 (x=0.25) Fe,Cu1-xCra0a4 3249 104 125  2.60 50.2 Research
result
Z5 (x=0) FexCu1xCr,04 3252  0.94 141 293 56.3 Research
result
S2 Chromiume-rich leathner ~ 30.47 091 0.72 143 38.35 [193]
sludge
Cp-1 Commercial Black 33.04 124 176 433 548 [193]
Pigment at 1200°C
CP-2 Commercial (Fe-Cr) 330 1.0 05 125 266 [283]
Black Pigment
Zn1CoeSh2012  Synthetic Black 321 18 3.4 1336 621 [205]

containing cobalt

In addition, Figure 4.9 (b) shows that the colour looks similar when we detect it in the necked eye.
However, the colourimetric measurement confirmed that as the amount of iron oxide added to the
copper chromate pigment increase, the colour attains a more reddish intensity (increase the value
of a*) and decreases the b* value, as indicated in Figure 4.9 (a) [275, 280].
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Figure 4. 9 Relationship between amounts of iron oxide added to the copper chromate and

Chroma of the Pigment (a) graphically (b) the photograph of the powder.
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4.5 CONCLUSION

FexCu1xCr204 (x=0, 0.25, 0.5, 0.75, and 1) were prepared by the solid-state method effectively to
examine the colour performance of CuCr204 black pigment. Crystallography, morphological,
optical, and colouring characteristics of the materials were assessed using XRD, SEM, FTIR, UV-
Vis, and chromaticity. The results show that the substitution of Cu by Fe in CuCr204 resulted in
the formation of a black pigment comparable to commercially available copper chromate, with no
impurity phases. The iron oxide added copper chromate pigment had been an appealing method
for preparing black pigment with FexCu1xCr204 spinel structure, fine grain, and good dispersion
that can replace commercially available copper chromate pigment used in the ceramic industry.
The charge transform and the d-d transition in Fe increase absorption in visible light (380 nm to
780 nm), decrease the L* value and exhibits good blackness. The colouring axis a* increases as
the amount of iron oxide doped increases; this agrees with the former chapter; the iron oxide gives
a reddish shade to the pigment. Besides, the proper placement of iron in the position of copper
caused the pigment to be more opaque and enhanced the index of refraction, as the ionic radii of
iron are smaller than that of copper. Moreover, this index of refraction is in good agreement with
other experiments. Finally, compared to the commercial one, the FeosCuosCr.04 has the optimal
chromaticity values of L*=32.96, a*=1.01, and b*=1.41.
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CHAPTER FIVE

EFFECT OF ADDING EXTRACTED IRON OXIDE ON THE COLORING PROPERTY
OF COPPER CHROMATE; A COMPARATIVE STUDY.
Zekarias G. Eticha*, Thomas C Alex, Olu Emanuel Femi, Abubeker Yimam Esayas
Alemayehu*
ABSTRACT

Industrial waste is now being recognized as a viable replacement for some raw materials in
industrial ceramic pigments. The root cause of improved colour tonalities is the synthesis route,
starting materials, and external factors. In this study, iron oxide extracted from steel slag has been
added to synthetic copper chromite pigment to create a spinel structure of FexCu1xCr204 (0 < x <
1) black pigment comparable with synthetic iron doped copper chromate pigment using a solid
state mechanism. In a similar fashion to the former experiment, the starting materials were mixed
using agate mortar and pestle, then further using an attrition mill. The reaction of the compounds
was then facilitated by pelletizing using a pressing machine and calcined at 1350°C for 3 h. Then,
the pelleted sample was ground and sieved to get a proper-sized powder. In the end, the sample's
crystallographic, morphological, optical, and colouring properties were investigated using
characterization instruments; XRD, FTIR, SEM with EDS, and UV VIS NIR. XRD data and the
analysis revealed the presence of some new peaks as well as the shift in peak position to the lower
Bragg angle due to the increase in doped iron. Similarly, increasing the doped iron on copper
chromate causes the microstrain to decrease, which agrees with the previous result. Furthermore,
the SEM image shows smaller agglomerations, but they are better than the synthetic iron-doped
copper chromate, with sizes ranging from nano to micro. The UV-VIS result confirmed the
formation of black pigment, while the FTIR reveals the synthesized pigment is a spinel structure.

In addition colouring axis best fit with the synthetic iron-doped copper chromate.

Keywords: Spinel structure, black pigment, circular economy, extracted iron oxide
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5. INTRODUCTION

5.1 Background and Justification

Inorganic black pigments are frequently used to suit various purposes in a wide range of industrial
applications, such as as a starting raw material in porcelain tile and sanitary ware body
formulations and glaze compositions. The contemporary use of these pigments has increased
dramatically due to increased demand and aesthetic considerations in the ceramic industries [34,
126]. As a result, inorganic black pigments account for roughly 25% of total market consumption.
Most pigments were synthesized from synthetic precursors, salts or metal oxides, and those
precursors are highly purified and expensive, raising the production cost [181, 284, 285].
CuCr204 inorganic black pigments, lIron-Cobalt Chromate and Chrome-Iron Nickel, as
representative of spinel-type oxides, can be considered one of the best black pigments made from
synthetic starting materials, often used in the ceramic industry due to their excellent stability [254,
287]. But, the recent increase in the price of cobalt-bearing black pigments and the most frequent
usage and broad application of iron oxide made researchers extensively study alternative sources
to prepare ceramic pigments [222, 192].

Contemporary trends are changing the research area towards utilising less expensive alternative
raw resources, such as various types of industrial waste. Although such materials do not generally
have good chemical purity, they are widely investigated as starting materials since they may
produce a favourable result [287]. Furthermore, the use of recycled industrial waste as a raw
material for another product is a focusing area that has a circular economy idea, where industrial
production is focused on recycling materials, and this concept is attested to and has gained
significant attention by European Circular Economy [288-290].

Various efforts have been made to turn industrial waste into raw ingredients for ceramic pigment
industrial applications. For example, the green pigment was synthesized by Krysztafkiewicz et
al.2008, [291] using post-galvanic sludge and other industrial wastes [292], while prim et al.
prepared a pink pigment from sheet metal treatment waste together with pure hematite [217].

On the other hand, different research outputs have been reported in preparing black and brown
pigment using industrial wastes [293, 294]. For example, black spinel pigment was synthesized by
incorporating iron oxide (Fe2Oz) powder into the dried electroplating sludge, and the waste was

transformed into black spinel pigment (FeCr.O4) [295]. Similarly, copper and steel slag by
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managing the Fe/Cr molar ratio, iron waste from the steel rolling industry in combination with
chromium ore, electroplating sludge containing Cr/Ni, and residual sludges from Cr/Ni/Cu plating
dried and calcined at higher temperature are some of the results in the black pigment preparation.
The findings indicated that the use of less pure raw materials becomes a cause of compositional
instability and are unable to keep the chromatic value constant [285, 149, 296, 297].

Yet, this process requires proper pre-treatment of the industrial waste before combining it with the
synthetic metal to obtain pigments with the intended property. As a result, this experimental work
reports the effect of adding extracted iron oxide from steel slag with relatively less impurity on the
copper chromate pigment using the solid-state mechanism and compares its property with the one
synthesized using pure synthetic precursor.

5.2 MATERIALS AND METHODOLOGY

5.2.1 Preparation of synthetic iron-doped copper chromate pigment

Synthetic iron-doped copper chromate with a structure FexCu1.xCr.04 (x= 0.25, 0.75, and 1) was
synthesized using a solid-state method. The powders were mixed with the stated stoichiometric
weight percentage proportion and ground in an agate mortar and pestle for 30 min. Next, the
ground powders were added to an attrition mill for further mixing using acetone as a wetting
medium for 1:30 h at 1000 rpm. After mixing in the attrition mill, the mixed sample was dried in
an oven at 80°C for 15 h, and finally, the dried sample was ground using an agate mortar and pestle
for 1 h. The powder sample was sieved using #100 mesh size, and it was then Pelletized using a
pressing machine at 18.133MPa (1ton) with a diameter of 25mm. The pellets were calcined at

1350°C for 3 h at a rate of rising and lowering temperature of 50°C/min.

The calcined pellets were ground using an agate mortar and pestle for 1hr, sieved using #100 to

get a powder, and labelled with code as shown in Table 5.1 for further characterization.
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Table 5. 1 Elemental composition and corresponding code of extracted iron oxide added

copper chromite with FexCu1xCr204

No Chemical Composition Code
1 x=1 A1
2 x=0.75 Az
3 x=0.5 Az
4 x=0.25 As

5.3 CHARACTERIZATION

PXRD at room temperature with a Rigaku X-ray diffraction (XRD) was used to assess the
produced samples' crystalline nature and phase purity. Data was gathered utilizing continuous
scanning. The X-ray source consists of copper-sealed 0.6KW Cu K emission lines from a 40
kV/15mA generator. The measurements ranged from 20 to 60°, with a 0.02° step and a 0.12 s/step
scanning rate. The data were analyzed using origin 19, and the diffractogram peak was matched
using Xpert Highscore Plus software with a Joint Committee for Powder Diffraction System-
Powder Database File (JCPDS-PDF) database.

The FT-IR was utilized on spectrum 65 FT-IR (PerkinElmer) in the range 4000-400cm™
(resolution: 4cm™, number of scale:4) with KBr pellets. The morphology of the materials was
examined using a scanning electron microscope (ESEM, model Quanta 200, with a resolution of
up to 3nm), and the chemical composition was determined using EDS.

The optical property of the synthesized powder pigment was analyzed using a UV-VIS
spectrophotometer (carry 100 UV-VIS spectrophotometer, Agilent technologies) in the
wavelength range of 200-800nm.

Similarly, the refractive index(n) of the extracted iron-doped copper chromite was calculated from
the UV-VIS data, and the colouring coordinate was determined using CIE-1931 colour space using
the CIExyz axis and transformed to spherical coordinates L*, a*, and b* using the equations

described in Chapter 4.

75



5.4 RESULT AND DISCUSSION

5.4.1 XRD Analysis Results of Extracted Fe-Doped Copper Chromite

The XRD patterns of extracted iron oxide added spinel copper chromate black inorganic pigment
is shown in Figure 5.1 below.

According to the substitution principle, Fe replaces Cu to form FexCu1.xCr204, where x = 0.25,
0.5, 0.75, and 1%. The coordination number of Fe is 6 [298], according to the Pauling rule,
resulting in the [FeOg] octahedron and doping influencing cation distribution, like substituting one
or more ions from a spinel lattice with any other metal ions. Substituent ions alter host materials'
structural, electrical, colouring, and magnetic properties as they could occupy different lattice sites
depending on their preferences.

The main peaks of pure iron chromate (FeCr.0O4) and extracted iron-doped copper chromate
pigment have similar peaks with the synthetic iron-doped copper chromate peaks, as shown in
Chapter 4 (Figure 5.1 b). Besides, the crystallographic plane indexed with the FeCr.04 shows
some extra peaks shown in Figure 5.1, which may happen due to the impurity in the extracted iron

oxide, as depicted in chapter 3.
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Figure 5. 1 X-ray diffraction pattern of FexCui1xCr204 with (a) extracted iron-doped copper
chromate with JCPDS-PDF No of FeCr204 (b) synthetic iron-doped copper chromate

At the same time, the diffraction peak shown in Figure 5.2 shifted slightly to a smaller angle as
the Fe doping increased [299]; this agrees with chapter 4 since the copper with higher ionic radii

was replaced by the smaller ionic radii iron [278, 279].
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Figure 5. 2 XRD peak of (a) Different composition of extracted iron-on CuCr204 pigment (b)
Shift in Bragg angle due to extracted iron oxide addition

The average crystallite size of extracted iron oxide doped to copper chromite was computed using
the Debye Sherrer equation [300, 301]:

o __ka
" Bcos6

The constant k-is shape factor k= 0.9, 1=0.15406nm, is the wavelength of the XRD machine and,
B-the Full Wave Half Maximum (FWHM) in radian, and 6 the Bragg angle in radian. The result
in Table 5.2 confirmed an increase in crystallite size as the amount of extracted iron was added to
the copper chromite pigment, which agrees with [302] and chapter 4 result.

Similarly, the lattice parameters were changed due to doping. Micro-strain is defined as the root
mean square of variations in lattice parameters across individual crystallites and is calculated using
the proposed formula.

__ Bcosb
4
Where ¢ is the microstrain, g is the Full Wave Half Maximum (FWHM in Radians), and @ is the

&

Bragg angle in radians. The results in Table 5.2 show that the Microstrain decreases as the amount
of extracted iron oxide added to the synthetic copper chromate increases. Moreover, the reduction

in the microstrain due to the doped extracted iron oxide distorts the microstructure [260].
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Table 5. 2 Crystallite size and microstrain of each sample

Sample Powder Aq Az As

g

The average Crystallite size (nm) 12.12 11.93 10.64 10.56
MicroStrain (107%) 2.793 3.036 3.30 3.40

It also agrees with the XRD peak shift crystallite size and ionic radii relationship since the ionic
radii of iron oxide are lower than copper's [280, 304].

5.4.2 FTIR Analysis of Extracted Fe-Doped Copper Chromite

The FT-IR transmittance spectra of FexCu1xCr.04 (x= 0.25, 0.5, 0.75 and 1) powder pigment
measured at room temperature are shown in Figure 5.3. The spinel oxide spectra containing
transition metals with oxidation states of +2 and +3 typically have four distinct brands: 800—-650
cm? (v4), 600-500 cm™ (v,), 450-300 cm™ (v3), and 200-150 cm™ (v,) [299].

In similar ways to the previous experiment in chapter 4, absorption bands in the 600-500cm-1
range correspond to the inherent stretching vibration of the Mtetra-O band at the tetrahedral site
(Cu-O and Fe-0) [272]. In contrast, bands in the 499-385cm-1 range correspond to octahedral
metal ion stretching (Cr-O) [279]. Hence, peaks in FTIR of the extracted iron-doped copper
chromate also assure the formation of a spinel structure.
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Figure 5. 3 FTIR spectra of extracted iron oxide were added sample with a general formula
of FexCuixCr204 (x=0, 0.75. 0.5. 0.25)
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5.4.3 SEM with EDS Analysis of Extracted Fe-Doped Copper Chromite

The microstructure and elemental composition of the sample containing extracted iron oxide added
copper chromite were investigated by SEM/EDS, shown in Figure 5.4.

FEG-SEM images of selected samples were taken to examine the morphology of prepared
samples. Figure 5.4 shows the FE-SEM photograph of FexCu1.xCr.O4 samples. The sample looks
at a uniform particle size distribution with some agglomerates but better particle distribution than
the synthetic iron-doped chromate, as observed in Figure 5.4. The milling process and the
selection of sieve size cause a considerable decline in the particle size of the powders. Moreover,
as a witness, some impurities from doped extracted iron oxide were introduced in the EDS result

shown in Figure 5.4.

Figure 5. 4 SEM images and EDX spectra of the black pigments, with a composition of
FexCui1xCr204, having A1 x=1, A2 x=0.75, As x=0.5 and As x=0.25

5.4.4 Optical Property of Extracted Fe-Doped Copper Chromite
The optical transmission spectra of FexCu1.xCr204 black powders were measured in the visible
range from Az to A4, as shown in Figure 5.5. The absorption edge is found to be almost parallel to
the wavelength axis, and the increase in peak has been observed at a lower wavelength as the
amount of the extracted iron oxide added to synthetic copper chromite increases, which is in
agreement with the literature [304].
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Figure 5. 5 UV-VIS Spectroscopy of FexCu1xCr204

Moreover, the absorption spectra obtained by adding extracted iron oxide to the synthetic copper
chromite to get FexCu1-xCr204 are similar to the results obtained in chapter 4. In addition, the
refractive index shown in Figure 5.6 better agrees with the commercial one [282] and the one
synthesized using synthetic iron-doped copper chromate earlier in chapter 4.

The refractive index increases as the amount of doped iron oxide increases; the result is in good

agreement till the doped iron oxide becomes 0.75 and with chapter 4.
3.0

2.8 1

Refrective Index
N) N )
N SN o
1 M 1 M 1 M

N
o
.

=
[ee]
.

T — T T T
02 03 04 05 06 07 08 09 10

FexCu1-xCr204
Figure 5. 6 The relationship between the refractive index and the amount of extracted iron
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The pigment must create opacity in the coating. When a coating is opaque, the pigment particles
scatter and absorb light, preventing it from reaching the substrate. In addition, since the smaller
radii replace the larger radii, the powder becomes denser and a potential absorbent of the pigment
as its refractive index increases.

5.4.5 Coloring Property of Extracted Fe-Doped Copper Chromite

The chromatic properties of the synthesized FexCu1.xCr.04 (x = 0, 0.25, 0.50, 0.75 and 1) powder
pigments were assessed from their UV-VIS diffuse reflectance CIE 1931 colour coordinate values
depicted in Table 5.3. The systematic doping of iron in CuCr.04 causes the increase in a* value
from 1.02 to 1.27; this implies the addition of iron oxide gives a reddish tonality to the synthesized
pigment. On the other hand, the increase in iron causes the b* value to decrease hence getting more
bluish in tone. As a result, the Chromatic value and Hue reach the maximum value at 0.5% weight
percentage mixing of iron oxide. In addition, the lightness value of the pigment lies in the range
of black colour, which is comparable with the synthetic black pigment shown in Chapter 4 and
comparable with the commercial black pigment [192, 305].

Table 5. 3 the colour coordinate of FexCui1-xCr204 (x =1, 0.75. 0.5 and 0.25)

Compound L* a* b* C H
FeCr,04 32.34 1.27 1.12 2.52 414
Feo7sCUp25Cr:0s | 32.4 1.13 1.20 2.57 46.7
FeosCuosCra04 32.48 1.06 1.38 2.96 52.47
Feo25Cuo7sCr.04 | 32.49 1.02 1.39 2.43 53.73
FeCrzo4 32.3 1.20 1.07 2.34 41.7
Feo5CU2sCr0s | 32.4 1.11 1.09 2.29 44.48
FeosCuosCrz204 32.96 1.01 141 3.03 54.39
Feo2sCuUo75Cr04 | 32.49 1.04 1.25 2.60 50.2
CuCr04 32.52 0.94 141 2.93 56.3

81



5.5 CONCLUSION

This work reported a successful preparation of ceramic pigment by adding extracted iron oxide in
different weight percentages to the synthetic copper chromate using a solid-state mechanism. The
final result was investigated using various instruments, which showed the formation of a black
colour with a spinel structure of FexCuixCr204. The XRD result indicated a slight shift in
diffractogram towards the lower Bragg angle as the amount of doped iron oxide increases, which
agrees with the synthetic iron-doped copper chromate. The occurrence of peak shift is an indication
of the mismatch in the ionic radii of copper and iron ion. Furthermore, some peaks were detected
on the graph, indicating some impurities in the extracted iron oxide, as was determined in chapter
4. The impurity in the iron oxide does not affect the colouring property but brings some shift in
the colouring axis. The SEM result shows a slight uniformity, better than the synthetic iron-doped
copper chromate; still, it requires the utilization of a suitable sieve to get a uniform particle size
distribution. The result displayed in the FTIR also confirmed the interaction of metal and ligands
and the formation of spinel structure. Finally, the UV-VIS result indicated that the peak forms a
parallel line to the horizontal axis, which suggests light absorption in the whole wavelengths
(property of black pigment). Furthermore, an increase in refractive index causes the pigment to
scatter and absorb light sufficiently to prevent it from reaching the substrate or making the coating
opaque (higher refractive index). In the end, the refractive index of the synthesized pigment agrees
with the commercial black pigment and with the synthetic iron-doped copper chromate until the
doped iron oxide becomes 0.75.
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CHAPTER-SIX
GENERAL DISCUSSION, CONCLUSION, AND RECOMMENDATION

6.1 GENERAL DISCUSSION

Customers require various colours for different purposes and applications to decide what they like
and dislike. They elicit various emotional responses, such as excitement, energy, and calmness.
Colour emaotions are the feelings elicited by specific colours or colour combinations [306]. Colours
are never seen in isolation in our daily lives but are always presented in conjunction with other
colours; this is true when we examine our surroundings, ranging from the inside of a building to
an entire cityscape [307].

Black pigments are used extensively in today's ceramic buildings because they can give pleasure
and withstand dirt and other external factors. In addition, those black inorganic pigments are used
in various industrial applications to colour ceramic tile and bricks, accounting for approximately
25% of total inorganic pigment consumption [308]. Iron-chromite and Co-or Ni-containing spinels
are examples of commercial inorganic black pigments [296]. However, since Cobalt-containing
raw materials are expensive and hazardous to human health, iron-containing chromite spinels,
synthesized at temperatures above 1000°C from a mixture of iron and chromium oxides, are widely
concerned [34].

Recently, several researchers investigated the synthesis of inorganic black iron-chromite and
copper chromate pigment with iron- or chromium-containing industrial wastes. It was then
introduced into the ceramic matrix to produce black ceramic tiles [38, 285]. In addition, different
researchers have investigated structural factors spinel, optical bandgap particle size, and the like
to produce a pigment with a property compared with the commercial one in colour (chroma).
This report presented two main parts; extracting iron oxide and synthesising black inorganic
pigments. The first part of the research reported the extracted iron oxide from steel processing
industry waste (steel slag). The study investigated the chemical composition, the purity of the
extracted powder, structural properties, the relationship of the firing temperature with the
crystallite size, and colouring properties. In the second investigation, the three inorganic metal
oxides, copper oxide, chromium oxide, and iron oxide, were mixed using the solid-state method.
The microstructure, optical and colouring properties were used to identify and compare with the

commercial. Finally, the synthetic iron oxide has been replaced by the extracted iron oxide, the
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black spinel colouring pigment has been synthesized, and its properties have been investigated and
compared with the synthetic one. In the spinel pigment’s synthesis process, the different weight
proportion of the copper has been replaced by the iron oxide to get the comparable property of the
commercial one.

Most importantly, the research output will address the challenges in the steel industry waste and
open the door to finding a substitute for commercial black pigments as it is used widely. In
addition, the different extraction process has been critically investigated from the literature to
select the suitable one for the process we employed.

In chapter one, the classification of pigments based on the chemical composition, their pros and
cons, historical background of the pigment usage, and criteria for selection of inorganic pigment
like cost, ease of use, and environmental friendliness are stated. The problem statement, overall
aim, research objectives, scope of the research, and conceptual/theoretical frameworks were
presented.

Chapter two stated the basic definition of pigment and basic classes, types of colourants, and
pigment properties. In addition, the principle of colour formation with the wavelength of each
colour in the visible light spectrum of the light, the relationship between energy bandgap and
colouring of metallic materials, the effect of metallic cation interaction as well as metal and ligand
interaction, coordination number and geometrical structure has been elaborated. Moreover, the
synthesis mechanism with pros and cons stated the principle of colour measurement. In the end,
research that has been done so far and the research gaps were stated in-depth.

In chapter three, the materials and methodology were stated. The experimental synthesis methods,
materials, and instrumentations used in this section of the dissertation are presented and
demonstrated thoroughly. The theoretical background of the instrumentation and working
principle were also stated, which can clarify better for the reader. In addition, the basic
instrumentations utilized in this research work were briefly demonstrated through the schematic
diagram and photographic images.

As briefly stated in chapter four, iron oxide was extracted from steel slag using the hydrothermal
method. In the process, sulphuric acid was used to leach iron from steel slag. Ammonia was applied
to precipitate the leachate in the liquor. Finally, Hydrogen peroxide was used to favour the
oxidation process so that all the samples remain with Fe**, which becomes Fe;Os through an

oxidation process. The stable temperature of extracted iron oxide was determined using
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Thermogravimetric analysis (TG-DTA). The sample was calcined at 700°C, 800°C, 900°C, and
1000°C, and the result confirmed that the hematite form of iron oxide is stable under the mentioned
temperature. Then, the sample powder crystallographic structure was examined by XRD, while its
particle size, chemical composition, morphology, optical, and colouring properties were
investigated using DLS, ICPMS/XRF, SEM-EDS, UV-VIS-NIR Spectroscopy, and Colorimetry,
respectively.

In Chapter Five, synthetic inorganic black spinel pigment has been synthesized using iron oxide
added to copper chromite by a solid-state method. In the process, synthetic iron oxide, copper
oxide, and chromium oxide were used, and they were mixed by solid-state method to get a black
spinel pigment with a general composition of FexCu1xCr204(0 < x < 1). First, the samples were
mixed using an agate mortar and pestle and then an attrition mill for further mixing; acetone was
used for mixing purposes. Then the sample was pelletized using a pressing machine and calcined
at 1350°C for 3 h, and It was then ground and sieved using #100 mesh size. Next, the sample
powder crystallographic structure was examined by XRD. At the same time, particle size,
chemical composition, morphology, optical, and colouring properties were investigated using
DLS, SEM-EDS, FTIR, UV-VIS-NIR Spectroscopy, and Colorimetry. Finally, the output
colouring property was compared with the commercial spinel black pigment.

In chapter six, the synthetic iron oxide was replaced by the extracted one (Discussed in chapter 4),
and the same steps in chapter 4 have been applied. Based on the result obtained in chapter 5, after
pelletization, the sample was calcined with an annealing temperature of 1350°C for 3 h; it was
then ground using an agate mortar and pestle and sieved using #100 mesh size. Except for the
particle size analysis using DLS, the crystallographic property, chemical composition,
morphology, and optical and colouring properties were investigated using XRD, SEM-EDS, FTIR,
UV-VIS-NIR Spectroscopy, and Colorimetry, respectively. Finally, the output colouring property
was compared with the result obtained in chapter 4.
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6.2 CONCLUSION

In conclusion, after performing all the experiments mentioned above, the significant findings

obtained are as follows;

Findings in the article “Effect of Annealing Temperature of Brownish-Red Pigment Based on Iron

Oxide Extracted by Hydrothermal Route from Mill-Scale Steel Slag” are

The chemical composition of the steel slag has been identified using XRF, and effective
extraction of iron oxide was done using the hydrothermal method. (composition of iron
oxide in the leached liquor was investigated using ICPMS). The colouring properties of the
pigment were also investigated in relation to the annealing temperatures. Moreover, the
crystallographic peak confirmed that the extracted powder is hematite with smaller
impurities observed at 900°C and 1000°C. The FEG-SEM result and the DLS confirmed
that the extracted samples agglomerated. In the end, the UV-VIS-NIR result indicated the
d-d electron transition, while the colouring axis confirmed the formation of a chart of
colour due to the variation in annealing temperature, which is a good insight for the pigment

industry.

Findings on the “Effects of Adding Iron Oxide (doping) on the Coloring Properties of Copper

Chromate Pigment” are:

The as-synthesized FexCu1xCr20s4 using XRD data, the phase and structural analysis
indicated that the pure form of CuCr.0s and FeCr.O4 obtained compared to their
corresponding JCPDS No. when x=0 and x=1, respectively. Doping synthetic iron to the
synthetic copper chromate cause the Bragg angle shift to the lower angle; it is a
confirmation that the smaller ionic radii iron takes the position of the relatively larger ionic
radii copper’s position. The perfect doping or replacement of copper by iron in the copper
chromate pigment was also proved by its micro strain results, and the microstrain decreases
as the amount of iron-doped in copper chromate increases. The FTIR result indicated the
occurrence of the peak between 600-500cm™ that is due to the stretching of metals at the
tetrahedral site with oxygen(Metra- O), that is (Cu-O and Fe-O) and in the range of 499-
385cmtis due to (M oc-O) that is (Cr-O) stretching. These stretchings are a confirmation
of spinel structure formation. The SEM-EDS confirmed a relatively better powder particle

distribution with no impurity introduced in it. In the end, the UV-VIS-NIR and colouring
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measurement confirmed the formation of Black pigment comparable with the commercial

one with an optimized result of L* = 32.96 as the pigment composition is Feo5Cuo.5Cr20a4.

The research article is “Effect of adding extracted iron oxide on the colouring property of copper

chromate; a comparative study.”

The extracted iron was doped effectively on the copper chromate pigment using a solid-
state synthesis mechanism to form a black spinel pigment with FexCu1xCr.04 (1< x < 0).
The crystallographic, morphology, optical and colouring properties were investigated and
compared with the synthetic one produced earlier. The crystallographic peaks obtained
from XRD data indicated the existence of some peaks due to the impurity of extracted iron.
But in a similar manner, the peak shifted towards the lower Bragg angle, which is a
confirmation of the lower ionic radii of iron replacing the relatively larger ionic radii of
copper. The pictogram obtained from SEM confirmed the best particle distribution were
exist; moreover, the EDS result indicated those impurities come from extracted iron. The
FTIR result showed that the peaks that occurred indicated the existence of M tetra-O and
M octa-O stretching, which is the confirmation of spinel structure formation. In the end, the
optical, colouring and refractive index obtained from UV-VIS-NIR data indicated that the
pigment is black, comparable with the synthetic one and the index of refraction increases

as the amount of iron-doped increases.

Finally, our findings are believed to provide insights into the alternative use of recycled raw

materials for the colouring pigments industry. As was witnessed by different researchers, spinel

structure black is more stable than the hematite-eskolite and other structures. Furthermore, the

sieve size also affects the particle size distribution, which has influenced the application of this

pigment.
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6.3 RECOMMENDATION AND FUTURE DIRECTION

Other research has been conducted on extracting pigment powder from industrial wastes. But a

challenging part is applying them to the market value, as it becomes inefficient in the amount of

pigment obtained from the waste and impurity issue. Sometimes the impurity issue may not affect

the research output as it brings some chart of colours for the pigment, but some salts in the powder

may end up deteriorating quickly. In this regard examining the impurities found in the extracted

powder, studying the effects on the Chroma and its long-lasting effect, and withstanding the advert

environment should be considered. In this regard, the research output recommends the following

Proper treatment and mechanism of the de-agglomeration process should be done on the
extracted powder to get uniform particle size distribution.

Considering effects of impurities found in the extracted powder should be investigated by
comparing its property with pure commercial hematite.

The cost-benefit analysis should be done on the extraction of iron oxide pigment to show
clearly its benefit in environmental remediation and economic support.

Recycling and applying other industrial wastes, for example, the leather industry, textile
industry, sugar industry waste and the like for pigment application, should be considered.
Further investigation should be done to apply the extracted pigment for corrosion
protection mechanisms.

Effects of the leaching agent concentration, leaching time and stirring rate on the amount
of extracted powder pigment and purity should be considered.

Different mechanisms should be implemented to study the effect of doping iron oxide on
copper chromate pigment as a comparative study.

In-depth research on the CICPs is required to apply for enhancing the cooling effects of
the pigment for room paint, to enhance the visible light reflecting ability of the pigment
and the like.
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