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PREFACE

A systematic investigation has been carried out on seven kaolin samples collected

from the major deposits in India, i.e., Kasargod and Trivandrum (Kerala), Koraput

(Orissa), Kutch (Gujarat), Bankura (West Bengal) and Pali (Raj asthan). The total work is

presented in 7 chapters. Chapter 1 deals with the general introduction on kaolin with

respect to its formation, mineralogical and structural aspects, unique properties and

industrial uses. This chapter also describes the iron minerals associated with kaolin and

their effect on the optical properties. The national / international status on kaolin research

is also discussed.

Chapter 2 explains the methodology adopted for characterization of clays and

impurity minerals. The techniques involved are wet chemical analysis, ICP-AES, UV-Vis

spectrophotometry and flame photometry for chemical assay, XRD and thermal analysis

(DTA/TGA) for mineralogy, particle size distribution analysis, brightness and colour

measurements, EPR, Mossbauer, FTIR and UV-Visible spectroscopy and electron

microscopy (SEM, HR TEM - EDS and EPMA). Procedures for the methods adopted for

concentration / removal of impurity minerals are also given.

Results on the characterization of the run-of-mine (ROM) and size classified

kaolins are presented in Chapter 3. This chapter also gives details on the speciation of

iron minerals and suggests the methods for value addition ofkaolin. All clays under study

are highly kaolinitic and the quantity and type of ancillary minerals vary from clay to

clay. Quartz is the common impurity and micaceous, ferruginous and carbonaceous

minerals also exist either singly or in combination. The three kaolin samples from Kerala

are kaolinitic with impurities of quartz, rutile, anatase and iron oxides / hydroxides. Pyrite

is the major iron impurity in Koraput clay whereas mica dominates in Pali and Bankura

samples. The Kutch kaolin is associated with iron stained titania. Size classification

increases the percentage of fine fraction. The optical properties of the clays also improve

during size classification due to the removal of the coarse colored minerals. DCB

treatment has given a picture of the total soluble/free iron in the samples. Kaolins from

Kasargod, Trivandrum, Koraput and Bankura respond well to the DCB treatment. Pali

and Kutch samples show very poor response.
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Chapter 4 gives an account of the separation of impurity minerals by

hydrocycloning, parming, alkali treatment and magnetic (hand magnet) techniques and

their chemical and mineralogical characterization. The iron content in the impurity is

high, but XRD analysis indicated low crystallinity. It is reasonable to think that the same

minerals may be present in the clay as fine particles. Hematite and goethite are found to

be major ancillary minerals present in Kasargod and Trivandrum clays with some

ilmenite in one sample. Kutch clay contains mostly anatase and hematite, whereas

Koraput sample contains pyrite and goethite. Goethite and mica are found in Bankura and

Pali samples with some hematite in the former and calcite in the latter. It is observed that

size classification removes most of the quartz but does not significantly remove the

coloring impurities except in a few cases. Uniform distribution of these impurities in all

size fractions is thus indicated.

Chapter 5 is on the spectroscopic (EPR. Mossbauer, Infra red and UV-Visible)

and microscopic (Optical, SEM, HR TEM-EDS and EPMA) studies on selected samples.

The spectroscopic and microscopic data obtained clearly substantiate the findings

detailed in Chapters 3 and 4. The EPR spectral studies of selected samples were carried

out at room temperature to characterize the minor components in clays that contain

unpaired electrons and also to assess the effectiveness of chemical bleaching. Since the

iron content in the clay samples was too low to be measured by the instrument, the

impurity minerals concentrated by panning were subjected to the Mossbauer spectral

studies. The characteristic isomer shift (6), quadruple splitting (AE) and KOe values

obtained from the spectra gave information on the type of iron impurity. FT IR studies

explain the ordering in kaolinite, its crystallinity, and the presence of impurity minerals.

UV-Visible spectral studies on impurity minerals concentrated by panning was carried

out to identify the iron species present based on their electronic spectra i.e., (i) Fe+3

Ligand Field Transitions (ii) Ligand to Metal Charge Transitions and (iii) transitions

resulting from the simultaneous excitation of magnetically coupled Fe+3 cations which

occupy adjacent sites.

Electron Probe Micro Analysis (EPMA) of ROM and impurity separated by

hydrocycloning gave the distribution pattem of the elements indicating the mineralogy.

ROM and size classified products (SCPI and 2) of the clays were examined under SEM
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to understand the size and shape of the particles. Due to the uniqueness of the impurity

minerals in Kutch and Koraput clays, HR TEM -EDS of selected samples from these

clays were taken to get a detailed particle wise microanalysis data.

In Chapter 6, an attempt has been made to correlate the Fe-Ti content in the clays

with their optical properties. It has been observed that the total iron content (analytical

iron) cannot be directly related to the optical properties of the clay. Iron can exist in two

forms, “structural” and ‘free” which has been distinguished by their response to the DCB

treatment. Small amount of iron in kaolinite structure does not affect the brightness

because the Fe atoms are too far apart to allow any electronic transition. However, the

same amount of Fe if present in the small quantities of ancillary minerals imparts color

and affects the brightness of kaolin. Hence, the optical properties of kaolin are not

directly related to the ‘analytical” iron content, but are dependent on the species of iron

present in the clay.

The investigation on Koraput kaolin has been discussed in Chapter 7. During the

size classification studies, it was observed that the conventional method could not be

adopted for this clay due to the high acidity. The clay water slurry was yellow in color

and resulted in precipitation during dilution. Subsequent filtration and drying resulted in a

product with yellowish brown color. Detailed study was conducted to solve this problem

and a modified method has been suggested to get product clay of acceptable brightness.

Conclusions drawn out of the detailed investigations of the kaolins are given at

the end. This includes results of the characterization of the ROM clay, beneficiated

products and the impurity minerals, correlation of the Fe and Ti minerals with the optical

properties, suggestions on the possible value addition by using advanced processing

techniques and comparison of the product samples with Indian and international

specifications for different applications. All the results have been published in joumals

and / or presented during national and international conferences.
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CHAPTER l

INTRODUCTION

Kaolin or china clay is one of the most versatile industrial minerals with wide

range of applications. Minor quantities of quartzitic, ferruginous, micaceous,

carbonaceous and titanoferrous minerals are generally associated with kaolin. These

ancillary minerals are deleterious since they adversely affect the properties and make

kaolin unsuitable for many applications. Hence their removal is of prime importance in

the optimum utilization of kaolin. Physical, chemical, mineralogical, spectroscopic and

microscopic techniques are generally employed for identifying and quantifying the

ancillary minerals. Based on the nature and quantity of impurity minerals, beneficiation

techniques for value addition are selected and sequentialized.

1.1 Clay minerals

Clay minerals are a group of hydrous aluminum silicates with a layered structure

and very small (less than 0.005 mm or microscopic) particle size. They are usually

produced by weathering of rocks and occur widely in mudstones, shales, marine

sediments and soils. Different geologic environments produce different clay minerals

from the same parent rock. The present definition (Brindley, 1972) states "clay minerals

belong to the family of phyllosilicates and contain continuous two-dimensional

tetrahedral sheets of composition T205 (T = Si, Al, Be etc) and are linked by sharing three

comers of each tetrahedron, where the fourth corner will be pointing to any direction.

Here, the tetrahedral sheets are linked in the unit structure to octahedral sheets, or to

groups of coordinated cations, or individual cations."

Phyllosilicates display a two-dimensional framework of infinite sheets of SiO4

tetrahedrons as represented in Figure l.l. They exhibit a Si:O ratio of 2:5 resulting from

the sharing of three oxygen atoms in each tetrahedron and six fold symmetry in

undistorted sheets (Bailey et al., 1985). The basic structural feature of phyllosilicates is

the combination of layers of psuedohexagonal network of SiO4 tetrahedra (silica

tetrahedral layer) and layers of cations in octahedral coordination (octahedral layer). The

two kinds of octahedral layers are known: gibbsite and brucite layers. The gibbsite layer

has a dioctahedral arrangement; ie., there are two cations of Al for each six OH ions,
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whereas a brucite layer is trioctahedral there being three cations (Mg, Fe) for each layer.

Composite arrangement of each of the Al octahedral and S_i tetrahedral layers result in a

1:1 structure as in kaolinite (a two-layer structure); or an octahedral layer sandwiched by

two tetrahedral layers resulting in a 2:1 structure ( as three-layer structure), as in

montmorillonite and illite. The phyllosilicate types are divided into groups on the basis of

charge on the layers and on the nature of octahedral-tetrahedral layers (Bailey, 1980).

The schematic representation of the common clay minerals is given in Figure 1.2.

“Kaolinite” is the most versatile industrial clay mineral and abundant species of the

phyllosilicate family.

Some minerals have got all charges balanced within the crystal whereas certain

others contain charge unbalances within the crystal structure. These minerals are said to

contain a permanent charge. Also, the tetrahedra and octahedra with which the

phyllosilicates are built require a cationzoxygen radius ratio of 0.255 - 0.414 and 0.414 ­

0.732 respectively. Mineral analysis over the years has indicated that many ions are

fotmd in the phyllosilicates and Table 1 gives the variety of ions which can fit into either

tetrahedral or octahedral polyhedra. Aluminum is unique in that respect and it falls right

on the line between the two, making it possible for the trivalent Al to replace some of the

quadrivalent Si, resulting in an imbalance of “-1” for each substitution. Also at times

divalent ions get substituted in the octahedral layer of dioctahedral minerals, and trivalent

ions in the octahedral layer of trioctahedral minerals. In these cases there will be,

respectively, a negative and positive imbalance of charge. A second source of charge on

the minerals is the broken bonds found at the mineral edges. Since, the structure carmot

be extended infinitely, at some point there will be oxygens without all charges satisfied

by cation association. In these cases a hydrogen ion from solution will normally satisfy

the requirement and it will depend entirely on the solution pH. Therefore, these charges

are called either pH-dependent charge or variable charges.

1.1.1 Kaolin mineral - structure

Kaolin is tentatively defined by the International Committee on Correlation of

Age and Genesis as “an earthy rock characterized by a significant content of kaolin

minerals” (Keller, 1978) and the word “kaolin” is derived from the name of the Chinese

town Kao~Ling (or Gaoling, "high ridge“), located in the J iangxi Province of southeast

9



China, where the written description of porcelain can be found (Grim, 1968). Kaolin

minerals are included under the l:1 dioctahedral phyllosilicates of kaolin-serpentine

family. Kaolinite, a clay mineral with an oxide formula of Al2O3.2SiO;.2l-I20 and with a

Si/Al ratio 1.0 is the principal mineral in kaolin. Kaolinite is chemically, Al; Si;O5 (OH)4,

having an ideal chemical composition of SiO2 — 46.54%, A1203 - 39.5%, H20 - 13.96%.

It is a layered alumino-silicate mineral made of alternating sheets of octahedrally

coordinated aluminum and tetrahedrally coordinated silicon that are bonded by hydroxyl

groups giving it a platy hexagonally shaped crystals structure. Here silicon is in 4-fold

co-ordination with oxygen ions and the resulting tetrahedra share corners to form a two

dimensional sheet with all epical oxygens pointing in one direction. Octahedrally co­

ordinated aluminium ions are linked to the epical oxygens of the silica sheet to fOI‘I'l’l a

second layer. Shared hydroxyl groups satisfy the remaining co-ordination sites of the

aluminium ions . The resulting crystal is triclinic with the cell parameters

a = 5.139 A° ; b = 8.932 A° ; c = 7.371 A°;

0. = 9l.6°; [_’>= l04.8°; Y=89.9°

Kaolinite was first described as a mineral species in 1867 for an occurrence in the Jari

River basin of Brazil.

Kaolinite occurs with varying degrees of disorder in its layer stacking (Brindley,

1980; Tchoubar et al, 1982) and has a low shrink-swell capacity and a low cation

exchange capacity (1-15 meq/l00g.). It is a soft, earthy, usually white mineral produced

by the chemical weathering of aluminium silicate minerals like feldspar. In many parts of

the world, it is colored pink-orange-red by iron oxide, giving it a distinct rust hue. Lighter

concentrations yield white, yellow or light orange colours. It is mined, as kaolin, in

Brazil, France, United Kingdom, Germany, India, Australia, Korea, China and USA.

Kaolinite crystals shows structural disorder due to the isomorphous substitution

resulting in the incorporation of Fe, Ti and Cr (Meads and Malden, 1975; Rengaswamy,

1976; Mestdagh, 1980 and Maksimovic et al, 1981) and also from the structural defects

(Plancon and Tchoubar, 1977a, b). Extensive study on the structural disorder of kaolinite

under taken by Brindley et al (1986), showed that the kaolinite from each mine has a

characteristic internal structural disorder which is fairly constant within the suite of the

samples from a given mine. The incorporation of foreign ions into the structure of

10



kaolinite results from the variability of chemical environment during its formation. The

incorporation of various cations into the structure of kaolinite and the ancillary minerals

present in kaolin are of great industrial significance.

The tetrahedron and octahedron are the building blocks of kaolinite. The basic

tetrahedral unit, Si - O combination has a radius ratio of 0.30, which means that the

silicon ion fits nicely into a tetrahedral polyhedron. An exploded schematic diagram of

this polydedron is shown in Figure 1.3a. Here the silicon ion shares its charge equally

between the four oxygen ions, leaving each oxygen with an excess charge of negative

one. This orthosilicate anion tends to react readily with alkali and alkali earth ions.

Similarly, the SiO44' anion does have another option open to satisfy the charges. ie., It is

also possible for an oxygen ion to bond with two Si ions, and thereby have its charge

balanced. Theoretically this could happen by the three face oxygen ions, the two edge

oxygen ions, or the single corner oxygen ion bonding with two silicon ions. There may be

several reasons that the first two options are not possible, but in the simplest explanation

either faces sharing or edge sharing would bring the two highly electropositive silicon

ions too close together. Thus, only a sharing of the corner oxygen ion is a viable option.

Bonding of each of the four oxygen ions with two silicon ions results in a quartz crystal.

In kaolinite, only one plane of oxygen ions bond with two silicon ions as indicated in

Figure l.3b. This bonding is extended in two directions to form a sheet of silicon

tetrahedrons and this sheet carries unbalanced charges on the apical O ions.

The second basic building block of kaolinite is an aluminum octahedral unit. The

aluminum/oxygen radius ratio is 0.41, which falls right at the maximum ratio for

tetrahedral coordination and minimum ratio for octahedral coordination. Depending upon

the conditions, aluminum can coordinate with either four or six oxygen ions. But within

the kaolinite mineral structure, the aluminum ion is ”more comfortable" in an octahedral

coordination and an exploded view of the aluminum octahedral unit is demonstrated

Figure l.3c. Here aluminum shares +0.5 of its charge with each of the surrounding

oxygen ions, leaving each oxygen ion with a negative 1.5 charge.

This excess negative charge on the oxygen ions needs to be balanced and the

charge can at least be partially balanced if each oxygen ion is bonded with two aluminum

ions. Once again, this could theoretically happen by the three face oxygen ions, the two
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edge oxygen ions, or the single corner oxygen ion bonding with two Al ions. In this case,

aluminum is slightly less electropositive than silicon and is able to approach close

enough, so that corner oxygen ions can be shared. In a matrix of these octahedral units,

each oxygen will be bonded to two aluminum ions, leaving it with a remaining -l charge.

The charge can be satisfied by attaching a proton (hydrogen ion) and this type of

structure is continued in three dimensions leading to the formation of the gibbsite mineral

(Figure l.3d).

The other option for balancing the remaining -l charge on the oxygen ions is to

bond with the sheet of silicon tetrahedral units with apical oxygen ions still having an

unbalanced charge. When the two sheets are brought together in such a way that the

apical oxygen ions of the tetrahedral layer also being in the octahedral layer, the charge

on these oxygen ions will get balanced by bonding to one silicon and two aluminum ions.

This is the basic structure (Figure l.3e) of the kaolinite mineral.

The kaolinite mineral is actually made up of many micelles piled one atop the

other (Figure 1.3f). Since the surface on one micelle contains hydrogen ions and the other

surface only oxygen ions, there is a tendency for hydrogen bonds to form between

micelles. While individual hydrogen bonds are very low energy, the bonding energy is

additive and the sum of the many hydrogen bonds between micelles results in the

micelles being very strongly bonded together and nearly impossible to separate. Thus,

kaolinite is a nonexpanding phyllosilicate and since each micelle is constructed of a layer

of silicon tetrahedral units and a layer of octahedral units, kaolinite is called a 1:1 clay

mineral.

1.1.2 Kaolin - Genesis

The mineral, kaolin forms in a variety of diverse environments such as (l).

crystallization in cavities within the rock (2) by replacement of other minerals (3)

alteration of water-laid elastic silicate parent material (4) in situ alteration of “primary”

silicate crystalline rock (5) kaolinization at an unconformity (6) hydrothermal

argillisation (7) in situ alteration of clay parent rock (8) sedimentary deposition of kaolin

mineral (9) diagenesis and (10) formation under complex geological conditions (Keller,

1977, 1978, 1985). The two natural processes capable of kaolinisation of aluminosilicate

rocks are weathering and hydrothermal alteration.
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The formation of kaolinite and its stability depend upon the changes within its

enviromnent. Kaolin minerals tend to develop preferentially in the humid tropics. Under

these climatic conditions, the fresh rocks and minerals in the presence of ample quantity

of water and favorable temperatures, chemically modifies to more stable phyllosilicate

phases (Weaver, 1985). Processes leading to formation of clay during chemical

weathering include hydrolysis, dissolution, hydration, oxidation and chelation. An

increase in rainfall, temperature and moisture enhances the amount of clay formed.

The influx of ground water has great influence on the type of clay mineral formed

from a particular primary silicate. When a primary silicate hydrolyses in an environment

of high acidity of H+, alkali and alkaline earth metals are removed by replacement. Then

the resultant product will be a 1:1 layered pyllosiliate. ln contrast, if the activities of the

metal ion remain relatively high, 2:1 layer clay mineral is formed (Weaver, 1985). In

addition to the above explained factors, the topography of the region also plays a major

role during clay formation. For the formation of thick kaolinite deposits, a large influx of

water over a long period of time is necessary. During the earlier stages of weathering, the

composition of the parent material can determine the type of clay formation. In addition,

the mineralogy of the parent rock, their texture, porosity, density, structure, fabric and the

degree of consolidation also influence the formation of clay minerals. Kaolinite was

reported to be fomied from various precursor minerals and pathways of “kaolinisation “,

ie., formation of kaolin by the weathering of alumino-silicate minerals or clay minerals

reported by many workers are given below. Feldspars are the most abundant constituents

of igneous and metamorphic rocks and the product of their weathering is the major source

of kaolinite in the earth’s surface. The structure of this tectosilicate consists of a

continuous three-dimensional network of SiO4 and A104 tetrahedra, with the positively

charges sodium, potassium and calcium situated in the interstices of the negatively

charged network (Deer et al, 1976). In a study of residual kaolin derived from feldsphatic

rocks in Southem Appapachians, Sand (1956) noted that kaolinite was the major mineral

in Georgia sample and mica is found to be the intermediate phase during this

transformation. Also, study of the alteration of K-feldspars has shown the formation of

K-mica or illite as the intermediate phase between feldspar and kaolinite (Keller, 1970).

Tsuzuki and Kawabe (1983) suggested that dissolution — reprecipitation mechanism is
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responsible for the entire sequence of alteration of feldspars to kaolinite and Anand et al

(1985) has shown the formation of kaolinite from weathered feldspars in the absence of

any noncrystalline precursor. Kaolinisation of biotite (micaceous mineral) is

accompanied by a change of chemical composition by exchange of some of its

components such as H20, K+, Mg”, Si+4, Fe”, Fe+3 with their surroundings. Wilson

(1966) and Banfield and Eggleton (1988) in their studies have reported the formation of

kaolinite and goethite as end products of weathering of biotite. Heavily altered biotite

from natural weathering environments is found to contain nearly completely oxidized Fe

in the mineral structure during the process of kaolinisation (Gilkes et al, 1979). Muller

and Bocquier (1987) found that kaolinite replacing micas in the tropics are F e-kaolinite

and with increasing weathering, it becomes richer in Fe and less well crystallized. Also,

many researchers have reported the formation of kaolinite from granite (Tardy et al,

1973; Clark, 1973) and mica (Stoch and Sikora, 1976; Craw et al, 1982, Sharp et al,

1990; Banfield and Eggleton, 1990; Sing and Gillkes, 1991; Roberson et al, 1991; Pevear

and Nagy, 1993 and Jeong, 1998b).

The most common parent minerals from which kaolin minerals form are feldspars

and muscovite. The transformation of potassium feldspars into kaolinite results from

weathering or hydrothermal alteration which leaches out potassium and silica according

to the equation,

2KAlSl303 + 3H2O ——> Al2Si2(Ol-l)4 + 4SiO;+ 2K(OH)
Potash F eldspar Water Kaolinite Silica Potash

Kaolins are classified based on their mode of formation and occurrence ie., the

residual and hydrothermal kaolins termed as primary and the sedimentary kaolins as

secondary. Primary kaolins are those that have formed in situ usually by the alternation of

crystalline rocks such as granites and rhyolites. The secondary kaolins are sedimentary

which were eroded, transported and deposited as bed and most of the kaolin deposits of

secondary origin are formed by the deposition of kaolinite which had been formed

elsewhere. Majority of the kaolin deposits in the world are primary in nature as special

geological conditions are necessary for both the deposition and preservation of secondary

kaolin.
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1.1.3 Kaolin resources

The most important kaolin resources in the world are in Devon and Cornwall in

Southern England and in South Carolina and Georgia in USA. Other important deposits

include those in Amazon basin in Brazil, in Brittany and Aquitaine basin in France, in

Bavaria and Bohemia in Spain, Suzhou in Jingsu province in China and in parts of

Eastem Europe, ie., in Germany, Czech Republic and Russia. There are very good

potential deposits in Indonesia and Australia. Extensive studies on these reserves have

been reported. Bristow (1968) has studied in detail the geology and genesis of the

deposits in south westem England. The deposits in Georgia are well described by

Patterson and Murray (I975), Hurst (1979), Hurst and Pickering, 1989; Hurst et al, 1997;

Schroeder et al, 2002; White et al, 1991; Schroeder and Shiflet, 2000; .Schroeder et

al,2004. Storr (1983) and Konta (1980) have reviewed the properties of kaolins from

Germany and Czech Republic respectively. Studies by Zheng et al (1982) show that

Suzhou deposit is very large and the indicated reserves are over 20 million tons. Studies

are also going on the kaolin reserves in South Western Australia and Indonesia (Singh

and Gilkes, 1992 & Hart et al, 2002). An overall description of kaolin deposits through

out the world was given by Keller (1977) in a series of his research publications.

The world kaolin production as reported by Roskill Information services, London

for the year 2006 is approximately 27 million tones. The major producers and exporters

of kaolin are USA, Brazil, UK, Germany, China and Czech Republic and account for the

66% of the total production. India, Uzbekistan and Colombia are also important

producers but could only cater the needs of the national market.

Kaolin reserves in India are found in most of the states but are concentrated in

Orissa, Rajastan and West Bengal. Indian kaolin deposits are classified by application

and most of the known deposits contain either mixed or ceramic grades of kaolin. Known

paper coating grade deposits are relatively small. The total recoverable reserves of kaolin

in India are placed at 1400 million tons, which is about 56% of the total reserves. Among

these 695 million tons (67%) of the total reserve falls under possible category, 301

million tons (29%) under probable category and 46 million tons (4%) under proven

category. The major recoverable reserves of china clay is available in different parts of

the country and the state wise resource is, West Bengal (Birbhum) — 350 Million Tons
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(MT), Orissa (Sambalpur, Koraput) — 300 MT, Jharkhand (Shinbhum) -100 MT,

Rajasthan (Chittorgarh, Jaipur, Baswada) — 180 MT, Gujarat (Kutch, Banaskantha) — 100

MT and Kerala (Trivandrum, Kundara, Kasargod) - 140 MT. Small china clay reserves

are there in many other states also. Out of the above reserves, kaolin deposit from

Trivandrum is found to be of superior quality.

1.2 Characterization, properties and industrial uses of kaolin

Physical, chemical, mineralogical and morphological characterization of kaolin

is of utmost importance for evaluating the sample for possible applications. Physical

properties include particle size, specific gravity, oil absorption capacity, acid and water

solubles, optical properties such as brightness and color values. For certain high value

applications, particle size distribution and brightness of the kaolin are critical. Chemical

assay gives information on the concentration of the major (Si and Al) and minor (Fe, Ti,

Mn, alkali and alkaline earth metals etc.) elements in the sample. The wet chemical

method proposed by Bennett and Reed (1971) still holds good for the chemical

characterization though more sophisticated X-ray Fluorescence analysis is also used.

“Rational analysis” by calculation from the chemical composition indicates the minerals

present. Mineralogical characterization of kaolin as well as identification of ancillary

mineral contents is carried out by X-ray diffraction method and Brindley (1980) has

given a detailed account of the same in his studies. Thermal analyses (DTA & TGA) are

also used for the identification of minerals. The morphology of kaolin can be understood

by scanning and transmission electron microscopy. Keller in his works (1976a, 1976b,

1976c, 1978, and 1980) has shown that morphology of the kaolinite is controlled by the

source material. Electron microprobe analysis (EPMA) gives chemical assay of

individual particles of even nanometer size. Spectroscopic studies also contribute to the

kaolin investigations. IR and NMR spectral analysis indicates the crystallinity of kaolin

as well as the presence of ancillary minerals. Even though EPR and Mossbauer spectra do

not give much information on kaolinite, they have contributed greatly to the study of iron

minerals in kaolin.

Kaolin is one of the versatile industrial minerals and is extensively used for many

applications (Murray, 1977 and 1963). It is unique in nature because it (1) has got

specific chemical composition and is chemically inert over a relatively wide pl-I range

16



(except for catalytic activity in some organic systems) (2) is white or near white (3) has

good covering or hiding power when used as a pigment or extender in coating and filling

(4) is soft and nonabrasive (5) has low conductivity of both heat and electricity (6) has

got fine particle size, shape (morphology) and surface chemistry and (7) is lower in cost

than most minerals with which it competes (Murray,l986) Furthermore, calcination of

kaolin increases its brightness, makes its surface more compatible with organic systems,

improves light scattering, enhances dielectric character and increases hardness for

polishing, thereby significantly augmenting the area of application. The diverse range of

applications can also be classified into six categories according to primary functions; in

film formation, in fiber extension, in polymer extension and reinforcement, as a carrier,

adsorbent, diluents etc and also as a polishing agent (Bundy, 1993).

Kaolin finds application in variety of industries like paper, ceramics, rubber,

plastics, cement, ink, catalyst, fiber glass and also for some special uses (Figure 1.4).

High value addition is achieved when the processed clay finds application as pigment in

paper and paint industries (Murray, 1986). The most important use of kaolin is in

papermaking, both in filling and coating, but it gets maximum value addition, when it is

used for coating application. Paper is coated to improve brightness, opacity, gloss,

smoothness and most importantly to improve printability. Uncoated paper is composed of

largely of cellulose fibers interwoven in the random and open configuration and this

paper can not be used for high end applications. The fine particle size and platelet shape

of kaolin are ideal for imparting a smooth, denser and more uniformly porous surface and

thereby giving better gloss, brightness, opacity and uniform ink receptivity. Kaolin is the

major pigment used in coating color formulations and its properties for coating purpose

have been reviewed by Bundy (1991). Kaolin with fine particle size is used in film

formation as it greatly enhances the quality of films formed by polymers that are used as

binders. This application in film formation includes paper coating, paint and ink. There is

no naturally occurring or synthetic pigment which has got better rheology, brightness,

opacity in coatings and contributes effectively to film gloss at low cost.

Though considerably less important than paper coating, paint represents a

significant market for kaolin. Titanium dioxide is the dominant inorganic pigment used in

the paint industry followed by calcium carbonate. Kaolin has got the remaining share in
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the extender pigment use (Anon, 1987) and is used for exterior water based paints and oil

based paints. Steig (1959) has reviewed the increased opacity of kaolin added paint films.

Kaolin is the major inorganic pigment used in ink. Ink formulations are similar to those

of paper coating and paint. The most important uses of kaolin in inks are to improve ink

holdout and to extend both colored and white pigments (Brushwell, 1964; Stoy, 1989)

There is no critical specification for kaolin in certain applications such as in

cement industry where the only concern is light color and chemical composition. Ceramic

industry is a large user of kaolin in white ware, insulators and refractory. For ceramic

industries, the specifications are variable as the individual users may have different

requirements as to strength, plasticity, fired color, shrinkage and pyrometric cone

equivalent (PCE).

Kaolin is used in rubber industries because of its reinforcing and stiffening

properties. Kaolin with fine particle size gives good resistance to abrasion and is used

extensively in non—black rubber goods. It finds application in plastic industry because

kaolin aids in producing a smooth surface finish, reduces cracking and shrinking,

obscures the fiber pattern when fiberglass is used as reinforcement, contributes to a high

dielectric strength, improves resistance to chemical action and weathering. It is also used

extensively in production of cracking catalysts and molecular sieves. Calcined kaolin

with 90% particles less than 2 um is used as a polishing agent in toothpaste, automobiles

and soft metal polishes.

Thus kaolin possesses a broad range of properties necessary for high performance

applications. Above all, the low cost of this material makes it one of most versatile

industrial minerals. The approximate cost of different commercial kaolins available in

Indian market is given in Table 2.

1.3 Kaolin beneficiation - International practices

Extensive research has been carried out by various research groups all over the

world to identify the beneficiation methods suitable for the value addition of kaolin

samples specific to a particular deposit and is still going on. The raw kaolin can be value

added by employing suitable beneficiation techniques and the methods of beneficiation

depend upon the quantity and nature of impurity minerals associated with it and the end

use of the material. Most kaolins are usually air-floated or wet processed to get the
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cleanest brightest products. Prior to air-floating, kaolins are crushed dried and pulverized.

The pulverized material is floated in an air stream and classified with a whizzer separator.

Fine particles are thus separated from the coarse kaolin. The most sophisticated wet

process provides not only higher purity but enables production of a broader range of

particle sizes and shapes. The general wet processing methods consist of blunging

(forming clay-water suspensions), degritting (removal of coarse particles or grit), and

particle size classification by hydrocycloning or centrifugation, dewatering and drying.

The size classification produces different grades of kaolin with varying particle size

distribution. Increase in the finer fraction can result in improved brightness due to the

increase in surface area and hence more light scattering sites. During sizing, coarser

(quartz) and / or denser (ilmenite, rutile etc.) impurity minerals get separated. Even small

quantities of the coloring impurities in the finer fractions contaminate the clay and reduce

its brightness. Hence, these impurities can be removed only by special techniques such as

froth flotation, selective flocculation magnetic separation, oxidative/ reductive bleaching

etc., depending upon the nature and quantity of impurities (Murray et al, 1993; Jepson,

1988). Reduction using sodium dithionite (hydros) is generally included in kaolin

beneficiation to remove reducible iron impurities. Ozonation is used to oxidize the

organic matter and iron complexes in “gray” kaolins and improve the brightness.

Delamination, a grinding process to cleave stacks of kaolin platelets, is generally

carried out on coarse clay fractions to get high aspect ratio platelets. Calcined kaolin is

produced by heating the kaolin at about 1000-1050°C for a few hours. The ‘calcined’

kaolin has better optical properties, but requires milling for achieving the specified

particle size (Stoch, 1987; Chandrasekhar, 2002).

1.4 Iron Minerals in kaolin

Minor quantities of transition elements such as iron, titanium and manganese are

generally present in kaolin as ancillary minerals which adversely affect its optical

properties. The valance state of the ion and its atomic position in the structure depend on

the conditions of formation of the mineral (Muller and Calas. 1993; Muller et al.,

l995).The trivalent iron is the most common and most deleterious impurity present in

kaolin. Iron may be present either in the form of free oxides (or hydroxides) or

associated with the kaolinite / ancillary mineral structure. The common Fe-oxide minerals
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in clays are hematite and goethite (Malengreau et al, 1996). Iron oxides and oxy

hydroxides are present in most soils / kaolin and are the most abundant metallic oxides in

most soils (Schwertmenn and Taylor, 1989). Goethite (0.-F€OOH) which gives a yellow

to brown colors, and hematite (0.-F6203), which gives red color, occur in many soils.

They are the important constituents of the highly weathered soils of tropical and

subtropical regions that contain kaolinite as the major clay mineral and are the sensitive

indicators of pedogenic environments (Schwertmenn, 1985).

Other iron minerals usually found along with kaolin are pyrite, ilmenite, iron

stained anatase maghemite, lepidocrocite, akaganeite and secondary mica. The form in

which iron is present in the kaolin, influences it’s properties and end use (Yvon et al,

1982a; Delon et al, 1982). The intimate coexistence of kaolinite, hematite and goethite in

many kaolin deposits has made the study of their individual crystallo-chemical properties

diflicult. Mineral study is further complicated by the fact that Fe isomorphically

substitutes for Al in kaolinite and Al isomorphically substitutes for Fe in goethite and

hematite (Schroder et al, 1998). Fe and Ti may be present in discrete quantities in the

structure of kaolinite substituting for Al or Si. Mossbauer (Malden and Meads, 1967) and

EPR (Angel and Hall, 1972; Meads and Maiden, 1975) techniques have provided

evidence that ferric iron exists as a constituent in the octahedral layer of kaolinites.

Rengasamy et al (1975b) reported the chemical composition of soil kaolinites calculated

from selective dissolution data. When the extracted Fe” content were included in the

octahedral composition, the SiO2/R203 molar ratio obtained was near to the ideal ratio of

2.0. Also, Electron micro probe studies (J epson and Rowse, 1975) have shown that both

Fe and Ti occur possibly as isomorphous constituents in kaolinite. Substituted Ti can be

distinguished from Ti oxides in a scheme of selective dissolution using hydrofluotitanic

acid (Dolcater et al, 1970).

Residual white kaolins are formed by the weathering of magmatic rocks. The

governing factor of their formation is the phenomenon of dissolution of relatively soluble

minerals of primary rock, mainly feldspars and they are replaced by less soluble minerals

such as kaolinite and other clay minerals. In the reducing environment, the iron set free in

these processes is removed as soluble F e+2 cation and pure white kaolin of high quality is

formed (Stoch,l987). However, under certain conditions part of the iron may be
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preserved in the kaolin and accumulation of iron in kaolins is possible due to (a) local

precipitation of low soluble iron minerals under changing oxidizing-reducing conditions

and CO2 and S concentrations (magnetite, hematite, siderite, sulphides, crystalline and

amorphous hydroxides) (b) incorporation of iron cations into the structure of newly

formed layer silicates (kaolinite, smectite, secondary micas etc.) (c) adsorption of iron

oxides on the surface of kaolinite and covering of surface by iron oxides and (d)

formation of insoluble iron containing organic complexes. Organic matter plays a double

role in the process of iron circulation. It diminishes the pH value and the redox potential

(Eh), accelerating the extraction of iron as soluble ferrous ions. Simple organic acids

form soluble complexes with iron acting as an accelerator of iron leaching. Humic and

other organic acids of large molecules, form insoluble complexes of iron and stabilizes it.

Extensive research has been carried out on the nature of iron impurities in kaolin,

which leads to the conclusion that iron is present as a part of the kaolinite or ancillary

mineral (mica or titania) structure ie., “structural iron” or as separate iron minerals such

as oxides, hydroxides, oxy-hydroxides, sulphides and carbonates ie., “free iron” (Jepson,

1988). Distinguishing between these two forms of iron is very important from the

practical point of view for selecting suitable methods for their removal. Many researchers

have shown that iron in kaolin can exist as coatings on the surface of the mineral

(Bahranowski et al, 1993; Fysh et al, 1983a, b), or isomorphously substituted for Al in

dioctahedral sites (Malden and Meads, 1967). Iron can also occur within the kaolinite

structure as occluded ferric oxides (Malengrau et al, 1994) as well as partly dispersed

through out kaolinite and partly clustered into segregated isostructural domains within the

dicoctahedral sheet of kaolinite (Schroeder et al, 1998). ‘H NMR studies by Stone et al

(1988) have shown that Fe ordering within kaolinite can be quite variable and that there

is no direct correlations between the amount of “Fe” in kaolinite and ordering of “Fe”

within the kaolinite structure.

Recently, Schroeder and Shiflet (2000) have carried out the first quantitative

measurement of Ti-bearing phases in a pale yellow (cream) east Georgia deposit. Their

studies has shown that “Fe” is getting isomorphously substituted into “Ti” in anatase and

other Ti-bearing phases and indicating that anatase is formed from the Fe-Ti precursors

like ilmenite. Grey and Reid (1975) and Larrett and Spencer (1971) suggested the ferrous
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to ferric pathway for oxidative weathering of ilmenite, which involves a progressive

removal of ferrous Fe by leaching, leaving behind rutile as the end product. During the

above process pseudorutile was found to be the intermediate product. Gray kaolins

generally contain significant amounts of sulfides and organic matter and the coloration is

due to the minor amounts of phases such as pyrite, marcasite, ferrous silicates and

kerogen. They remain intact in the reduced conditions underneath as long as they are less

chemically disturbed (White et al., l99l).This phenomenon is similar to that observed in

soils. Many researchers (Dudas et al, 1988; Evangelou and Zhang, 1995; Lumsdon et al,

2001) have studied the geochemistry of acid sulfate soils ie., soils derived from pyrite

parent materials (Fanning and Fanning, 1989) are strongly influenced by the iron and

sulfur weathering products (Lumsdon etal., 2001) and the common secondary minerals

formed from the weathering of pyrite are iron oxides (eg.,goethite and ferrihydrite) and

iron sulfates (iarosite).

1.5 Optical properties of kaolin

The optical properties pertinent to white minerals including kaolin are brightness,

whiteness, yellowness and Lab color values (expressed in ISO units). Brightness

represents the % of reflectance of light at a wavelength of 457 nm. Researchers have

monitored the changes occurring in the spectrophotometer curve for material (pulp)

throughout the bleaching cycle. They found out that the large changes are occurring in

the blue-green region whereas only minor changes are observable in the red region

(Figure 1.5a). Based on the results, blue area was chosen to take measurements which

would best correlated with observable changes in brightness during the bleaching process

(Figure l.5b). It is on this basis that 457 nm was taken as the effective wave length for

measuring brightness .It is worthwhile to mention that, brightness measurement takes into

consideration only the blue part of the visible spectrum and ignores the yellow and red

portions. Hunter whiteness and yellowness indices have the advantage of single number

quantities that are based on the entire visible spectrum. The whiteness formula relates

better to people’s visual assessment than brightness whereas yellowness indices normally

do not correlate well with the visual judgment of yellowness. The Lab system based on

the color opposites gives a better representation of the colors. The term “L” is a measure

of lightness / darkness and varies from 100 for perfect white to O for absolute black. The
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red / green color is indicated by “a”. The more positive is its value; greater is the

reddishness and negative value indicating greenish ness. Similarly, the yellow / blue

shade is represented by “b”, positive value for yellow and negative for bluishness.

Kaolins are informally classified on the basis of their color ie., either as gray,

pink, red or cream based on its coloration due to the presence of minor amounts of

various “Fe” phases. Red kaolins are predominantly colored by hematite and cream

kaolins are colored by goethite and anatase. Gray kaolins generally contain significant

amounts of sulfides and organic matter and the coloration is due to the minor amounts of

phases such as pyrite, marcasite, ferrous silicates and kerogen. (White et al., 1991).

The white colour of kaolin is greatly affected by the presence of iron mineral

impurities. Color of a mineral can be best explained by the crystal field formalism and is

shown by predominantly ionic crystals containing ions with unpaired electrons. These

usually originate in elements with partially filled d shells such as V, Cr, Mn, Fe, Co, Ni,

and Cu. Of these transition elements, Fe is the most plentiful (about 5% of the earth's

crust) and is therefore the dominant color contributor in minerals. Divalent iron makes

silicate minerals dark green or black. Trivalent iron participates in charge transfers that

are strongest in the ultraviolet, but somewhat effective in the visible range. Thus the blue

end of the spectrum is absorbed and the reddish orange color is imparted to the silicate

mineral. Brightness and Lab color components are influenced by iron minerals and iron

bearing anatase. Iron decreases brightness and “L” value whereas anatase increases “b”

to cause yellowness

1.6 Present work

Extensive studies have been reported on important kaolin deposits all over the

world over the years by various research groups. The information provided by their

studies has helped the value addition of these particular kaolin deposits to a great extent.

Since the processes leading to formation of kaolin during chemical weathering changes

fi'0m one deposit to another, the formation of kaolinite, its properties and the nature and

type of ancillary minerals associated with it varies. This implies that, the information

available in the literature can not be taken as such to understand a kaolin deposit of

different geological origin. So an exclusive in-depth study of each kaolin deposit is

needed to understand the clay mineralogy and impurity mineral species.
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In the present work, a comprehensive study has been carried out for the first time

on kaolin samples. No such data has been reported so far on any of the kaolin deposits in

India. Seven major deposits have been selected from the states of Kerala, Orissa, Gujarat,

West Bengal and Raj asthan. Physical, chemical, mineralogical, microscopic and

spectroscopic studies were conducted to characterize the samples. Speciation of iron and

titanium minerals in these kaolins has been carried out by separating them from kaolin by

various methods and characterizing by different techniques. Attempt has also been made

to study the influence of iron and titanium on the optical properties of kaolin. It has been

established that optical properties of kaolin are not directly related to the quantity of the

iron present, but dependent on the form (species) in which “Fe” occurs. A variety of

instrumental techniques including X-ray diffraction, spectroscopy (UV-Vis., FTIR, EPR,

Mossbauer) and microscopy (Optical Microscopy, SEM, TEM - EDS, EPMA) have been

used for getting information and arrive at the conclusions.

Pyrite is found to be the major ancillary iron mineral in china clay sample from

Koraput district of Orissa which is one among the samples taken for the present study.

Beneficiation of this sample by wet route can not be done by conventional methods due

to the high acidity of the clay suspension in water. During the investigation, a Laboratory

Level method has been developed for removing the Fe mineral impurity from this clay by

which considerable value addition could be achieved.

Most of the findings have been presented in national and international

conferences and published in cited journals.
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A Table 2 Approximate cost of commercial kaolins in India

!

T Sl;0No  W W Kaolin Grade 0 MApprox.0Indian Marlieti “I
Rate/Ton (Rs)if

it Anhydrous prefiium coating grade 8,000 — 12,000
A A11l{\/_drous second coatinggirade  6.000 - 9,000 p

-1

0
1L

3 Anhydrous paper fillmg grade 5,000 — 8,000
4 W Calcined clay (paper coating and paint 0grade)M ?23,000 ~ 20,000 A AMA

F
1

1 it 5 Calcined clay (Ceramic grade) 5,000 — 10,000
-F

i

.

.|.
1

0 Hydrous filler grade 1 05,000 — 7,000__\ . ___  .. - - -_-_- __-_ .7 1 Raw clay p 100 - 350
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CHAPTER 2

EXPERIMENTAL PROCEDURES AND INSTRUMENTAL

TECHNIQUES

The experimental methods adopted for the characterization of clay samples and

lncillary minerals are presented in this chapter. It also deals with the methodologies

followed for the size classification of clays, separation of the impurity minerals and the

chemical and physical methods to identify the iron and titanium mineral species in kaolin.

Principles of the instrumental techniques for X-ray diffraction analysis, particle size
I

distribution analysis, measurement of optical properties, spectroscopic analyses like

UV-VIS, EPR, Mossbauer and ICP-AES, microscopic studies such as optical
V.

lmicroscopy, SEM / TEM-EDS and EPMA are also briefly described here.

_ In order to prepare a representative sample for the investigation, the run -of -mine

clay was size reduced to 1-1.5” and thoroughly blended by centre displacement

§,._/pcthod where the sample heap centre was changed 20 times by ‘shoveling’ ie., the entire

g-material was shifted by shovel from the original place to another place and again the

{whole clay was shoveled back to the original place. This blended clay constitutes the bulk

lfced which was spread with uniform thickness and the required quantities were collected
l

_’.

lfiom different spots as representative samples for characterization and size classification.

i;The material was stored in polythene bags.
r.

>.

>

Characterization

r

The ROM clay and the products of size classification are analyzed for their

gphysical, chemical and mineralogical properties. The products obtained after (i) reductive

ibleaching with hydros (sodium dithionite) and (ii) dithionite-citrate-bicarbonate (DCB)

l'1l'¢BlII16I1l were also analyzed for their chemical assay and optical properties.

Spectroscopic and microscopic studies were also conducted on selected samples.

The instrumental / experimental analyses have been carried out as per standard

procedures and are categorized as follows:

Chemical # Maj or and minor elements — by classical method of chemical

Analysis
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Physical

Mineralogical

Spectroscopic

Microscopic

( Morphological)

The details of the instruments by which the characterization has been carried out are as

given below:

Trace elements — by Inductively Coupled Plasma-Atomic

Emission Spectroscopy (ICP-AES)

Optical properties

Particle size distribution

Relative density

pH

Solubility in water and acid

X-ray Diffraction Analysis (XRD)

Differential Thermal Analysis (DTA)

Thermo Gravimetric Analysis (TGA)

Rational Analysis

Inductively Coupled Plasma-Atomic Emission

Spectroscopy (ICP-AES)

Electron Paramagnetic Resonance Spectroscopy (EPR)

Mossbauer Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR)

UV-Visible Spectroscopy

Optical Microscopy (OM)

Scanning Electron Microscopy (SEM)

High Resolution Transmission Electron Microscopy (with

Energy Dispersive X-ray spectroscopy) — (HRTEM-EDS)

Electron Probe Micro Analysis (EPMA)

l. Flame photometer, Systronics, Model 128

2. UV-Visible spectrophotometer Genway, model for colorimetric analysis
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UV-Vis. Spectrophotometer, Shimadzu, model UV-2450 for studying the impurity

concentrate.

3. Inductively Coupled Plasma-Atomic Emission Spectrometer (ICP-AES)

4. X-ray Diffractometer (Philips analytical) with Ni-filtered Cu KO, radiation (4OKV,

20mA)

5. DTA (Seiko Thermal Analyser Model 320) and TGA (Shimadzu Thermal Analyser

Model 50 H)

6. Particle size analyzer, Model Sedigraph 5001, Micromeritics, USA

Brightnessmeter , Model Color Touchm Model from Technidyne Corporation, USA.

I. pH meter, Model Systronics

.-9. FTIR Perkin — Elmer spectrophotometer

710. EPR Varian model E-1 12 spectrophotometer.

ill.Mossbauer spectrometer ( 57Co source in Rh matrix as the Mossbauer source; at IIT,

1. Kanpur and JNV University, Jodhpur)

@312. OM Leika model optical microscope, Japan.

I3. SEM JEOL JSM 5600 LV
P

Q4. HR TEM -EDS (University of Gei , Germany)

E15. EPMA Scanning Electron Microscope, JEOL, Model (JXA-8100), Japan at RRL,
1

1

L.

Phubaneswar.

§i2.l.l Chemical analysis

The oldest and most established determinative method for studying clay minerals

%t0 find out the chemical constituents. Major elemental analysis methods have changed
Pramatically over the last 50 years. Initially the “Classical Scheme” of analysis, involving

mwmposition of the sample followed by gravimetric determination, developed by_) dell and Hooffman (1983), Groves (1951) and Hillebrand et al (1953) was adopted as

dmd procedure. Subsequent development of colorimetric methods has led to theirP” uction into more rapid analytical techniques, which needs only small quantities of
\

Copies (Shapiro and Brannok, 1953). The recent induction of sophisticated analytical
l
V hniques such as flame photometry, atomic emission and absorption, inductively

goupled plasma and X-ray fluorescence spectroscopy have greatly reduced analysis time

ind sample quantity with out affecting the accuracy. With the advent of sophisticated
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3

ogical, spectroscopic and microscopic techniques, instrumental techniques are

_f w unquestionably superior to chemical analysis for clay mineral identification. But, for

oomplete characterization, chemical analysis is still essential because the structural

ula can be calculated and the distribution of cations in the structure can be defined

tly only by this method. A full characterization includes the determination of all the

jor, minor elements and cation exchange capacity.

The main purpose of chemical analysis is to determine all the elements present in

1 "1"

sample. Unlike many other fields of analysis, where the percentage of a given element

ijnesent is recorded, the silicate and ceramic analyst report the percentage of oxides. This

Einnvention is followed as it represents the truer picture of the constitution of the material.

iror example, kaolin approximates to a formula Al203.2Si02.2H2O and if the results are
}gnpressed as percentage of Si02, A1203 etc., it will give a more useful picture than merely

as Si, Al, 0 contents. The origin of this convention probably lay in the method
13

{bf classical analysis wherein most of the constituents were actually weighed as oxides.

A further convention to be noted is that generally the “complete” analysis of

glholirl comprises of the determination of Si02, A1203, Fe203, Ti02, Ca0, MgO, K20,

fNa20 and Loss on Ignition (LOI). Classical methods of chemical analysis are widely used

"for the aluminosilicates (Bennett and Reed, 1971). In the present study, the samples were

analyzed by standard wet chemical and instrumental methods. The L01 was determined

“by igniting pre-weighed samples of kaolin at lO25°C for lh and calculating the

percentage of loss in weight. The Si02 was estimated gravimetrically, A1203 by

bomplexometry, Fe203 and Ti02 by colorimetry and Na20, K20 and Ca0 by flame

photometry. The elements present in traces such as arsenic, barium, bismuth, cadmium

etc were determined by ICP-AES.

2.1.1.1 Loss on ignition

The organic impurities, water molecules associated with clay sample (water of

crystallization) and carbonates in the clay mainly contribute to loss on ignition at an

elevated temperature. Nearly one gram of finely ground and dried samples (at ~l 10°C

lh) was weighed accurately and transferred into a tared platinum crucible. It was placed

ina muffle furnace and heated slowly at a constant rate of 6°C/min.to lO25°C and soaked

lfor one hour. The sample was then cooled in a desiccator and weighed. Heating and
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cooling was continued to get a constant weight. The loss in weight gives the ignition loss

of the material.

Loss on ignition (%) = Loss in wegght of the sample x 00
Initial weight of the sample

2.1.1.2 Determination of silica

About 0.5 g of finely agated dried (~1 10°C lh) and cooled sample was weighed

accurately into a platinum crucible and fused with about 3 g of fusion mixture (equimolar

mixture of potassium and sodium carbonates). After cooling, the melt was extracted with

30 ml of 1:1 HCl and l ml of 1:1 HQSO4. The silicic acid precipitated was dehydrated

initially on a water bath and finally baked in an air oven at 110°C for 1 hour. After

cooling, 10 ml con. HCl and 40 ml of water was added to it, the contents were warmed

and filtered through Whatman No.40 filter paper. The residue was washed first with hot

dilute HCl and then with hot water till free from chlorides (checked with dil.AgNO3

solution). The filter paper along with precipitate was transferred to a platinum crucible

and heated slowly to 1000°C; cooled and weighed till constant weight (X) is obtained.

After moistening the contents of the crucible with water, a few drops of 1:1 HZSO4 and 10

ml of HF was added and evaporated to dryness. During this process, the whole SiO2 is

volatilized and removed as SiF4.

SiO2 + 6HF —-—> H2 [SiF6] + ZHZO

H2 [SiF6]"'-—> SiF4 + ZHF

The crucible along with the contents were heated at ~l000°C, cooled and weighed

(Y). The difference in weight (X-Y) gives the SiO2 content.. . X - Y I00% Silica content = L ) i X "
Weight of the sample

2.1.1.3 Estimation of aluminium, iron & titanium

(a) Preparation of stock solution

The first step involved is the preparation of sample solution from which these

elements are estimated. About 0.5 g of well agated and dried sample (at ~-110°C 1h) was

accurately weighed in a platinum basin, moistened with water and added 10 ml of H;SO4

(1:1) and 10 ml of HF (48%). The contents of basin were evaporated on a heated sand

bath to fumes of H2804. The basin was cooled, l0 ml HF was added again and
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evaporated to copious fumes of SO; and ultimately to dryness. The residue was fused

with ~3 g of potassium pyrosulphate. After cooling, the melt was treated with 3% HZSO4

and heated on a steam bath to obtain a clear solution. The solution was transferred to a

250 ml standard flask and made up to the mark. This is the stock solution for

determination of aluminium, iron and titanium.

b) Estimation of Aluminium (by volumetry)

To a 20 ml of stock solution pipetted out into a conical flask, 25 ml EDTA

solution (0.02M) was added. A drop of methyl orange solution and 1:1 NH4OI—I was

added to it until the color changed from red to yellow. 10 ml buffer (pH 5.3) was added

and heated to boil for five minutes. After cooling, 5 ml of buffer was added and the

solution was titrated against standard zinc acetate solution (0.02M) using xylenol orange

as indicator. The end point was indicated by a clear change of colour from yellow to

orange. About lg of NaF was added and it was boiled for 5 minutes. After cooling, 10 ml

of buffer was added and was titrated against standard zinc acetate solution to get the

second titre value “V” ml.

%ofalumina (A1203) = (V x a x 100) - 0.6378 Ti
W

a= equivalents of alumina in g/ml of zinc solution, W = weight of sample and Ti ­

percent titania in the sample.

When a known excess of EDTA is added to the stock solution, all the aluminium

ions form complex with EDTA. The first titre value corresponds to the EDTA remaining

after the complexation with aluminium. When NaF is added to this solution and heated

to boil, the Al-EDTA complex decomposes to form more stable Al-F and EDTA

equivalent to the aluminium content is liberated. This liberated EDTA was titrated

against zinc acetate solution and the titre value corresponds to the aluminium present in

solution.

c) Estimation of iron and titanium (by colorimetry)

Colorimetric analysis is based on Beer ~ Lambert Law, which is combination of

two theories put forward by Lambert and Beer dealing with the effect of thickness of the

absorbing medium and concentration of the colored constituent in the solution on the

intensity of the transmitted light. According to this law, when a monochromatic light
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passes through a transparent medium, the intensity of the transmitted light decreases

exponentially as the thickness of the absorbing medium and concentration of the

absorbing substance increases arithmetically.

ie., log IO/It = a . c. l

Where Io - Intensity of the incident light of wavelength X

I, - Intensity of the transmitted light

c - Concentration of the medium

l - Thickness of the absorbing medium

a - molar absorption coefficient, if ‘c’ is expressed in mole L "

and ‘I’ in centimeters

Thus the optical density of the solution is directly related to the concentration of

the metal ion in solution.

Estimation of iron as F e;Q;

Ortho (1:l0)phenanthroline (C12HgN2.2H2O) forms a red colored complex with

ferrous iron [Fe-(o-phenanthroline)3]2+. In this complex, Fe(II) is bonded to the two ‘N’­

atoms of the ligand to form a chelate, which is stable over a pH range of 2-9. For

estimating the iron, Fe (III) in the sample is reduced to Fe (II) using hydroxyl ammonium

chloride and complexed with the ligand. Usually, the pH is adjusted between 5 and 6

using tartaric acid to avoid the hydroxide precipitation.

For the estimation of iron, 5 ml of the stock solution (a) was transferred to a 100

ml standard flask and 2 drops of para nitrophenol indicator and 10 ml of tartaric acid

were added. The solution was neutralized with concentrated ammonia to the yellow color

of the indicator and acidified with a few drops of 1:1 HCl. 2 ml of hydroxyl armnonium

chloride and 10 ml of l, 10 phenanthroline were added and diluted to the mark. The

optical density of the solution was measured at 510 nm in a cell against the reference

blank prepared in the same way without sample. A calibration graph was drawn using a

set of values obtained with O, 2,4,6,8 and 10 ml of standard Fe2O3 solutions in the same

way as in sample solution and the iron content in the sample was determined from this

graph.

% Fe2O3 = iron oxide content (from graph) x made up vol. x 100
Sample wt. x vol.of solution taken for measurement
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Estimation of titanium as TiO;

Titanium forms a peroxy complex with hydrogen peroxide. The yellow colored

species formed at pH > 2 is believed to be [Ti (OH) 2(H;O) (HzQz)] 2+ and in order to

avoid the hydrolysis of titanium, a dilute sulphuric acid medium is usually used. The

maximum optical absorption is observed at 41Onm.

For the estimation of titanium, 20 ml of the stock solution was pipetted out into a

100 ml standard flask and 10 ml of 6% hydrogen peroxide was added to it and made up to

the mark. A blank was also prepared with out hydrogen peroxide. The absorbance of the

colored solution was measured at 410 mn against a blank. Absorbance for a set of

standard titania solutions where color was developed in the same way as the sample

solution was also measured and a calibration graph was drawn based on the obtained

values. The titania content in the sample was obtained from this graph.

% TiO2 = titania content (from graph) x made up vol. x 100
Sample wt. x vol. of solution taken for measurement

2.1.1.4 Estimation of sodium, potassium and calcium (Flame photometric method)

The concentration of sodium, potassium and calcium in clay samples were

determined by flame photometric technique. The essential features of the instrument are a

suitable flame into which the sample solution is aspirated through a nebuliser unit, a

collimating lens system to collect light from the flame, a filter designed to transmit only

the characteristic emission of a particular element, a photo cell and a digital read out unit.

Here the intensity of the radiation of the samples is compared with that of the standard

samples measured under the same conditions.

Nearly 0.1 g of finely agated, dried (~110°C lh) and cooled sample was weighed

accurately into a platinum basin, moistened with water and added 1 ml of perchloric acid

and 5 ml of HF (48%). The contents of basin were evaporated on a heated sand bath to

fumes of HZSO4. The basin was cooled, 5 ml HF was added again and evaporated to

copious fumes and ultimately to dryness. After cooling, to the melt 5 drops of 1:1 HCl

and water was added and heated on a steam bath to obtain a clear solution. The solution

was transferred to a 100 ml standard flask and made up to the mark. This is the stock

solution for determination of sodium, potassium and calcium The concentrations of K20,

Na;O and CaO in the samples were detennined by selecting the suitable filter.
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2.1.1.5 Analysis of trace elements

Determination of elements present in traces is carried out using ICP-AES. When a

solution containing various metal ions are introduced into a flame, characteristic colors

are produced and when the light from the flame is passed through a spectroscope, several

lines are seen, each of which has got a characteristic color. A definite wavelength can be

assigned to each radiation, corresponding to its fixed position in the spectrum. Normally

an electric arc is used to excite the atoms and the spectra are recorded photographically

by means of a spectrograph. Since the characteristic spectra of many elements occur in

the ultraviolet region, optical system made from quartz is used for dispersing the
radiation.

ABS make use the emissions due to line spectra. The line spectra consists of

definite lines, characteristic of atoms or atomic ions which have been excited and emit

their energy in the form of light of definite wavelengths. According to quantum theory,

each atom or ion possess definite energy states in which the various electrons can exist

and in the ground state the electrons will have the minimum energy. When application of

sufiicient energy, one or more electrons can be ejected to the higher energy state further

from the nucleus. But these excited electrons tend to return to the ground state by

emitting the extra energy as a photon of radiant energy. Since there are definite energy

states and only certain changes are possible according to quantum theory, only a limited

number of wavelengths are possible in the emission spectrum. The lines in the spectrmn

from any element always occur in the same positions relative to each other. When

sufiicient amounts of several elements are present in the source radiation, each will emit

its characteristic spectrum and this is the basis of AES.

The intensity of a spectral line depends largely upon the probability of the

required energy transition taking place. Also, the number of lines appearing in the

spectrum is determined by the energy of the excited atoms, which in turn is depended on

the energy of the exciting source. In order to achieve the maximum atomization, plasma

can be used as the source for atomization. It produces a cloud of highly ionized gas,

composed of ions, electrons and neutral particles. The inductively coupled plasma (ICP)

was used for atomization as it produces a greater number of excited emitted atoms,

especially in ultraviolet region, than that obtained by the relative low temperatures used
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in normal FES. Further, the plasma source has got greater degree of precision, thus

making it possible to produce spectra of a large number of elements and this allows

carrying out multi element determinations possible over a wide concentration range.

The <45um fraction samples (2”stub hydrocyclone overflow) of the clays were

analyzed for the elements such as arsenic, barium, bismuth, cadmium, cobalt, chromium,

copper, magnesium, manganese, nickel, phosphorous, lead, sulphur and zinc.

2.1.1.6 Determination of Ferrous oxide

Ferrous iron forms major part of the iron content of rocks and minerals and its

estimation is essential for calculating the structural formulae of the clay minerals. Fe (II)

was determined based on the method proposed by Shapiro and BI‘3I1I1Ol( (1952).

As prolonged grinding can result in oxidation of ferrous to ferric iron, a gentle

grinding (< 70 mesh size) under alcohol was done (Kolthoff and Sandell(l956). Nearly

0.5 g of agated, dried (1 10°C for lh) and cooled sample was weighed accurately into a

platinum crucible and to it 10 ml of 1:1 HZSO4 and 10 ml of HF (48%) was added .The

mixture was boiled over a gas bumer and was plunged into a beaker containing 300 ml

of 2.5% boric acid solution. The solution was mixed gently and to the above solution, 10

ml of diphenylamine sulphonate indicator was added and titrated immediately with 0.1 N

potassium dichromate solutions to a purple end point. A reagent blank was also carried

out.

1 ml of 0.0l67M K2Cr2O7 _=_5.58 mg Fe(II)

2.1.1.7 Determination of pyrite

Pyrite in clay was estimated as per the analytical procedure given by Schneider

and Schneider (1990). The method involved two selective extractions

(a) ovemight dissolution of non-pyritic iron (including hematite, Fe3O3) in concentrated

hydrochloric acid and then diluting the same with distilled water to 2.5 N and boiling it

for l hour under atmospheric pressure and

(b) dissolution of total pyritic and non-pyritic iron, including hematite, from a separate

sample in two steps which involve (i) initial dissolution in concentrated HCI followed by

dilution to 2.5 N and boiling for 30 minutes, followed by (ii) the addition of 3 N nitric

acid (to dissolve pyrite) and boiling for 30 minutes.
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The filtrates from the two extractions (a) and (b) were then analyzed for iron. The

pyritic iron was determined as the difference in iron content of the two extractions.

(a). Selective extraction of nonpyritic iron

Nearly 1 g of agated, dried (~ll0°C lh) and cooled sample was weighed

accurately into a 250 ml conical flask, ll ml of concentrated HCI was added, mixed

thoroughly, closed and kept ovemight (12 hours). The contents were diluted to 50 ml, an

additional 50 ml of 2.5 N HCl was added and boiled for 1 hour in covered condition.

Then the contents were cooled, rinsed with 20 ml of HCI (1:10) and filtered through

Whatman No.5 filter paper and was washed 5 times with 2 ml of HCI solution (1:10).

The transparent or yellow-green colored filtrate was obtained depending on the content of

acid soluble compounds. The acid insoluble part, which remained in the filter paper, was

discarded and the filtrate was treated with 5 ml Con.H2SO4 and 3 ml of HNO3 and was

evaporated to dense SO3 fumes. After cooling, the residue was diluted with distilled

water to 250 ml in the standard flask and the aliquot of the solution was taken for the

determination of Fe.

(b) Selective extraction of total Qoyritic and nonpyritic) iron

In the case of extraction of total iron, nearly 1 g of agated, dried (~l 10°C lh) and

cooled sample was weighed accurately into a 250 ml conical flask. The ovemight (12

hours) treatment of the sample with ll ml of concentrated HCI was done as described

earlier. The contents were then diluted to 50 ml, an additional 50 ml of 2.5 N HCI was

added and boiled for 30 minutes. The sample was then cooled and filtered through

Whatman No.5 filter paper after rinsing the flask with 20 ml of 2 N HNO3. Subsequently,

it was washed 5 times with 2 ml 2N HNO3. The filtrate is treated with 5 ml of conc.

H2804 and evaporated to dense white fumes of S03. After cooling, the residue was

diluted with distilled water and boiled for a few minutes. The sample solution was then

diluted to 250 ml in a standard flask and an aliquot of the solution is taken for the

determination of Fe by colorimetric method as described earlier.

% of pyritic Fe = % of Fe from extraction (b) - % of Fe from extraction (a)

From the quantity of pyritic iron, the percentage concentrations of pyrite in the samples

were calculated.

49



2.1.1.8 Organic Carbon

The organic carbon content in the clay samples were determined by wet

combustion method (Gross, 1971). Nearly 0.5 g of agated dried (~l 10°C lh) and cooled

sample was accurately weighed into a 500 ml conical flask, 10 ml of K2Cr2O7 and 20 ml

of H2804-Ag;SO4 solutions were added to it. The flask was gently heated to 150°C for 2

minutes and allowed to cool.The excess KZCQO7 was estimated by back titration with

FeSO4 solution after adding 10 ml of 85% H3PO4, 0.2 g of NaF and 30 drops of

diphenylamine indicator and diluting it to 200 ml. The end point is a change of color

from blue to bright green. A blank analysis was conducted for each series of samples.

The percent organic carbon in the sample was calculated as follows,

% of organic carbon = (_ ml FeSO.l) blank — (ml FeSO.1) sample x 0.3
Weight of the sample

2.1.1.9 Sulphur

The method adopted here is usually used for the determination of most of the

insoluble sulphides. Here sulphur is oxidized to H2804 by bromine in carbon

tetrachloride solution followed by nitric acid, and is determined as basium sulphate.

2FeS2 + 6HNO3 + l5Br2+ l6H2O = 2Fe(NO3)3 + 4H2SO4 + 30 HBr

The sample was ground well in an agate mortar and was heated in an air oven at ~l 10°C

for 1 hour. After cooling, a known weight of the samples (~0.5 g) was taken in a dry 400

ml beaker and to it 6 ml of a mixture of 2 volumes of pure liquid bromine and 3 volumes

of pure carbon tetra chloride was added . The mixture was kept in the fume cupboard in

the closed condition for 20 minutes and with occasional swirling of the contents of the

beaker. Then about 10 ml of conc. I-INO3 was added to be beaker and the contents were

again kept in the closed condition for another 20 minutes with occasional swirling of the

contents. The contents in the beaker were then heated in a hotplate for 1 hour to remove

bromine and the remaining liquid was evaporated to dryness in a steam bath. It was then

treated with 10 ml HCI and the contents were evaporated to dryness to eliminate most of

the I-INO3. Silica present in the sample was then dehydrated by heating the beaker at

90°C for 1 hour in an air oven. The residue obtained was then moistened with 2 ml of

cone.HCl and after after 5 minutes, it was diluted with 50 ml of hot water after rinsing the

sides of the beaker and cover glass with water. The contents were then digested in steam

bath at 100°C for 10 minutes in order to dissolve the soluble salts and after cooling, 0.2 g
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of aluminum powder was added to it to reduce the Fe (III). The solution was then gently

swirled and after cooling the contents, 1I1I‘l€I' side of the beaker as well as the cover glass

was rinsed with water. It was then filtered through a Whatman No 5 paper and the filtrate

was collected in a 1 lit beaker. The filter was then thoroughly washed with hot water and

the filtrate and the washings were dilute to 600 ml after adding 2 ml of conc.HCl to it.

Sulphate was then precipitated in cold by running in from a burette, without stirring, a 5

percent solution of barium chloride at a rate of 5 ml / min (5 ml in excess was added).

The content was then gently stirred and was kept undisturbed for ovemight (12 hours) for

the complete settling of the precipitate. It was then filtered through a Whatman No 5

paper, washed with warm water till free from chloride and ignited to constant weight.

The percentage of sulphur was calculated based on the weight of barium sulphate.

2.1.1.10 Cation exchange capacity

A known quantity (~0.5 g) of the well ground, pre-heated (~1 10 °C 1 h),

cooled sample was mixed with 30 ml of ammonium acetate solution was kept was kept

overnight (12 hours). To the above mixture, 1 drop of sodium chloride solution was

added, mixed well and was centrifuged. The clay is then washed with rectified spirit and

was again centrifuged and this is continued till the sample has become free from chloride

ions. To the washed sample, 10 ml of distilled water and 0.5 g of .MgO were added and

was distilled for 30 minutes. The distillate formed is collected in a stoppered conical flask

containing saturated boric acid solution containing a drop of mixed indicator. The colour

changes of the solution from pink to green indicates the collection of the distillate. After

the distillation is over, 50 ml of the distillate was titrated against standard hydrochloric

acid for a colour change of green to pink. One blank titration was also carried out.

C.E.C (m. equ. / = _(_Blank value — sample value) x Normality of acid x 100
100 g of sample Weight of sample

2.1.2 Physical characterization samples

The physical properties of clay samples such as pH, relative density, solubility

(matter soluble in HCI & in water) and grit content were determined as per the procedure

given in the Indian Standard Specifications (IS 505, 1995)
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2.1.2.1 pH

The hydrogen ion concentration or pH is expressed as the logarithm to the base 10

of the reciprocal of the hydrogen ion concentration. Measurement of pH has significance

in understanding the clay surface as well as in the processing steps. Hence, the ROM clay

is subjected to this study.

Nearly 25 g of the sample was mixed with 100 ml of freshly prepared distilled

water (in the ratio 1:4) and stirred for 5 minutes. The slurry was filtered through

Whatman No. 40 filter paper. The first 20 ml of the filtrate was discarded and the pH of

the remaining filtrate was measured.

2.1.2.2 Relative Density

About 10g of the clay sample was dried (at ~110°C lh) and accurately weighed

into a previously dried and weighed specific gravity bottle (W1). The weight of the bottle

and the contents was noted (W2). The bottle was nearly half filled with water, placed on

an evaporating dish and evacuated for air bubbles by using a vacuum pump. The bottle

was then filled with boiled water, and the weight was found out (W3). The weight of the

bottle completely filled with water alone was also detennined (W4). From the mass of the

sample and its loss in weight in water, relative density of the sample was calculated as

given below

(W2 — Wl)
Relative Density = -------------------------- -­

(W2 - W1) ' (W3 — W4)
2.1.2.3 Matter soluble in hydrochloric acid

About 2g of the dried clay was weighed accurately (W|) and transferred to a

round-bottomed flask with 100ml of 0.2 N HCl. A reflux condenser was cormected to the

flask and the mixture was boiled on a heating mantle for 5 minutes. It was cooled and

filtered through a sintered glass crucible (G-4). The residue was washed free from

chlorides and the filtrate was taken in a silica basin and evaporated to dryness on a water

bath. The mass was cooled and weighed. Heating and cooling was repeated to get

constant weights (W2).

Matter soluble in HCI, % by mass = 100 W2/ W]
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2.1.2.4 Matter soluble in water

Nearly 10g of the dry material was weighed accurately into a beaker (W5).

Rectified spirit (5 ml of )was added to wet the sample and mixed thoroughly. Water

(250ml ) was added, the suspension was boiled for 5 minutes and allowed to cool to room

temperature. Sufficient quantity of bromophenol blue indicator was added to give a

visible color followed by dil. HCl (0.1 N HCI) until blue color disappears.The contents of

the beaker was transferred to a 250 ml volumetric flask, diluted to the mark with water

and mixed well by shaking. It was filtered through a filter paper, rejecting the first 50ml

of the filtrate. 100ml of the clear filtrate was taken in a porcelain dish and evaporated to

dryness on a water bath. The residue was dried at ~l10°C, cooled and weighed till

constant mass was obtained (WR).

Matter soluble in water, % by mass = 250x WR/ W3

2.1.2.5 Grit content and recovery (ROM clay)

About 100g of clay was dried, accurately weighed and added to 1 liter of water

and allowed to slake ovemight. The slurry was agitated mechanically and is passed

through a 350 mesh (BS sieve). The material retained in the sieve as well as the material

passed through the sieve were separately dried at 100 i 5°C and weighed. The

percentages of particles above and below 45 um size were calculated, which

corresponded to the grit and recovery respectively.

2.1.2.6 Particle size distribution analysis

Usually, particle size distribution analysis is done mainly by sieving techniques,

sedimentation teclmiques, laser diffraction light intensity fluctuation techniques etc. The

sedimentation technique is based on Stoke’s law, which is the most widely used for clays.

According to Stokes law the terminal velocity of a particle falling under the influence of

gravity is directly proportional to the density of the particle and the viscosity of the

falling medium.

Assuming the particles to be of near spherical shape, Stokes Law is applied to

calculate the diameter of particles by correlating the terminal velocity ‘V’ of particle

settling under gravity in a medium of viscosity ‘11’. Thus
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,/l8r;Va = ————; where a = Stokes’ diameter of the particle, DP =
(DP _ D1. )g

Density of particle, DL = Density of liquid and g = Acceleration due to gravity

The clay samples (fraction below 45 um) were analyzed for its size distribution

by sedimentation method. The sample is made into slurry and the particles are dispersed

ultrasonically in presence of sodium hexameta phosphate. This slurry is poured into the

mixing chamber of the instrument where a magnetic stirrer keeps the particles in

suspension. At the appropriate time, the slurry is pumped into the analysis cell, which is

placed in the path of X-ray beam, and the particles are allowed to settle under gravity

force. The particles in the path of the beam absorb X-rays. The amount of X-ray absorbed

at that point in the cell where the beam is located, is determined as percentage of X-ray

absorption with the highest particle concentration. Based upon the particle falling rate,

this percentage is related to the maximum particle size above that point in the cell. The

resulting particle size data are processed by the system computer. The rate of particle fall

due to gravity is calculated and X-ray absorption, which is directly related to the

concentration of particles, at different heights and time is determined and the results are

obtained as graphs and tabular reports. The size distribution as well as the average

particle size of the sample was obtained from a graph with cumulative mass % versus

particle diameter in micro meters.

2.1.2.7 Optical property measurement

The optical properties pertinent to kaolin are brightness, Lab color values, Hunter

whiteness (HW) and yellowness (HY) which are measured using a brightness meter

The basis of all color measure is the electromagnetic spectrum (Figure 2.1) and

only the region between 400 to 700 nm is visible to human eye. When a ray of light

strikes a layer of a material, four possible phenomena occur such as reflection,

transmission, scattering and absorption (Figures 2.2a and 2.2b). The phenomenon which

influences the whiteness of a material is its light reflecting capacity ie., for a material to

appear as white, sufficient amounts of all wavelengths of light has to be scattered back in

the direction of the viewer (ie., multiple reflection and refraction inside the material

should be minimum). When the light ray strikes the colored matter, the light energy is

absorbed and converted to heat. Therefore, the light is not re-emitted from the material
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thereby reducing its reflectance. Brightness is the measure of the percentage reflectance

of blue light of very specific spectral distribution with reference to a standard material

(paper standard) having 100 % light reflecting power and is measured at an effective

wave length of 457 nm.

The color values give information on the “shade” of the material in accordance

with the visual appearance. The spectrophotometer measures the reflectance of different

wavelengths of light, and then it is converted to color scale which matches with the

visually observable color. For this purpose, in 1931, Commmission Intemationale de

l’Eclairage (CIE) introduced the tristimulus functions X (red), Y (green) and Z (blue).

This is based on a cone angle of 2 degree viewing and illuminant C, whose spectral

power distribution agrees well with that of typical daylight. In 1958 Richard Hunter

transformed the CIE color space to more visually uniform and more easily understood L,

a, b color space. The concept of color co-ordinates is based on the color opposites (Figure

21.3). Therefore “L” is the measure of lightness and varies from 100 for a perfect white to

Ofor absolute black. A positive value for “a” indicates redness, negative “a” greenness,

positive “b” yellowness and negative “b” blueness.

The brightness and the color values are measured as per the ISO standards. The

clay sample was dried in an air oven at ~110°C for one hour, cooled and pulverized for

l0 seconds using an Anglo Pulveriser. Thereafter, this powder was compacted into a disc

of 4 cm diameter by applying a uniform load of 55 kg for 30 seconds in a Hand Powder

Press Apparatus. Then the pellet was introduced into the brightnessmeter (Color TouchTM

Model from Technidyne Corporation, USA) and the optical properties like brightness,

Lab color values, HW and HY were measured

2.1.3 Mineralogical Analysis

2.1.3.1. X-ray Diffraction analysis

X-ray powder diffraction (XRD) is the most widely used technique used for the

identification and characterization if clay minerals (Brindley and Brown, 1980;

Wilson1966).

Clay minerals consist of tiny crystals which are themselves made up of ordered

array of atoms arranged in a periodic way. X-ray diffraction can be visualized as a

reflection of the incident beam by parallel, closely spaced planes of atom within a crystal.
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W.L.Bragg in 1912 gave a geometrical interpretation of the diffraction by a crystal

grating. According to him the condition for diffraction is given by the relation,

n7» = 2d sin9 where

n = order of the reflection

7\. = wavelength of X-rays (in A)

d = inter planar distance and.

9 = angle of diffraction.

From this, the‘d’ values pertaining to characteristic reflections of each mineral

can be calculated. The identification of the minerals is done by comparing the d-spacings

and relative intensities of the sample with the standard reference data (formerly J SPDS

file).

Randomly oriented samples were prepared by pressing about 0.5 g of the clay

unifonnly into the shallow cavity of a glass sample holder using a glass slide. The

powder XRD patterns were obtained on a diffractometer on a diffraction range 5-60°

(29).

2.1.3.2 Thermal Analysis

The thermodynamic changes in solids and reaction between the materials are

determined by thermo gravimetric analysis (TGA) and differential thermal analysis

(DTA). In TGA, the loss in weight of a material is determined as a function of

temperature while in DTA, differential temperature due to endothermic and exothermic

transition or reaction in a sample is plotted as a function of temperature or time with

respect to an inert reference material such as alumina. Thermo chemical methods give

information due to decomposition of materials, oxidation, phase transition, vitrification,

crystallization etc.

Qiflerential Thermal Analysis

DTA is a technique for studying the thermal behavior of material as they undergo

physical and chemical changes during heating. The name is derived from the differential

thermocouple arrangement, consisting of two thermocouple wires, where the first one is

placed in the sample to be analyzed and the other one in the standard reference material

(which does not undergo any thermal transformations over the temperature range being

studied). When the temperature of the sample equals that of the reference material, the
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two thermo couples produce identical voltages and the net output will be zero. But, when

there is difference in voltage between the two, it will refer to the difference in

temperature between the sample and the reference material at that point of time. The pV

outputs from the differential thermocouple pair is then amplified and are recorded. The

results are recorded as DTA curves, in which, by convention, A pV is plotted on the

ordinate with endothermic peaks pointing downward, and exothermic peaks pointing

upward from the horizontal base line and the temperature is recorded increasing from left

to right on abscissa.

Thermo Gravimetric Analysis

TGA of the sample is done by heating the material at a controlled rate or at a

fixed temperature above the ambient. This produces a loss in weight due to the

dehydration, desorption, decomposition or oxidation of the material. TGA essentially

observes change in weight of the material as a function of temperature (dynamic heating)

or time (isothermal heating). In actual practice, it involves the measurement of the mass

of a substance as a function of temperature, while the substance is subjected to a

controlled heating. In a typical TG curve, the mass of the sample is recorded on the

ordinate (decreasing downwards) and temperature is recorded on the abscissa.

In the present study, the DTA experiments were carried out in an air atmosphere

at a heating rate of 40°C/minute and using alumina as the reference material.

2.1.3.3 Rational Analysis

Although methods have been suggested from time to time for separating the

mineralogical compounds of clays, these have not proved particularly satisfactory.

Adequate estimates of the chief components can be made, however, by calculation from

the ultimate analysis on the basis of limited assumptions. These so-called proximate

analyses or preferably, calculated mineralogical compositions can provide with

sufficiently adequate picture for most practical purposes.

The calculated mineralogical composition of clays has followed two main lines

ie., “Feldspar” and “Mica” basis. The older method was to consider all basic oxides as

occurring as orthoclase feldspar, K2O.Al;O3.6SiO2, so that the oxides Na2O, CaO and

MgO were all regarded as K20. The modem trend in calculating the “mineralogical”

composition is to use the so-called “mica convention” which deals with the alkalis,
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alumina, silica and ignition loss, and to list the remaining elements as oxides unless there

is direct evidence of the form in which they occur as, for instance, with TiO2 which is

usually present as anatase. With this calculation the alkalis are calculated separately as

“paragonite”(soda mica) and “muscovite”(potash mica), the remaining alumina appears

as kaolinite, the remaining silica as “quartz” and any excess LOI as “carbonaceous

matter”.

The rational analyses of the clay samples including the ROM, beneficiation

products and impurity concentrates were calculated based on the “mica convention” from

the chemical assay.

2.1.3.4 Crystallinity measurements

The presence of defects in kaolinite structure is often studied using X-ray

diffraction (XRD) procedure, as the XRD pattems of different kaolinites vary in peak

intensity modulation and peak position. In spite of this, it is very difficult to translate the

observed changes in crystal perfection into a coherent and quantitative description of the

defect structure. Due to the importance in the estimation of the degree of disorder in

kaolinite structure, empirical relations were used.

The most widely used relation. to study the crystal structure of kaolin minerals is

the one proposed by Hinckley (1963) and is known as “crystallinity index” or Hinckley

index (HI). This index is a ratio of (i) the sum of the heights of the reflections (110) and

(lll) measured from the inter-peak background and (ii) the height of the (110) peak

measured from the general background (Figure €L.4a). The basis of this procedure is that

“as crystallinity decreases, the proportion of random shifts between adjacent layers

increases by + n b/3 units, resulting in resolution of neighboring peaks and an increase in

the inter peak diffraction intensity. At the same time, an increase in the frequency of

defects would decrease the absolute intensity of (110) peak. Similarly, DTA can also be

used to understand the crystalline nature of the kaolinite. A slope ratio method was

introduced by Robertson et al (1954) to detect the differences in the shapes of DTA

curves. Slope ratio is defined as the ratio of the angels (ot, B) made between a vertical line

at the peak maximum and the tangents to the left and right limbs of the peak (Figure

fi.4b).
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2.1.4 Spectroscopic studies

Molecular spectroscopic techniques, usually used to study the clay minerals,

involves the interaction of electromagnetic radiation with materials in order to produce an

absorption pattem (ie., a spectrum) from which structural or compositional information

can be deduced. Electromagnetic radiation is conventionally divided into a number of

distinct regions, each of which covers a range of energies that corresponds to different

molecular processes (FigureQ.5). They are,

l. Radio frequency (lO5— 109 Hz) corresponding to the energy involved in changing

the direction of spin of a nucleus (Nuclear Magnetic Resonance, NMR)

2. Microwave (109 to 3xl0lO Hz). This range covers the energy involved in

changing the direction of electron spin (Electron Paramagnetic Resonance, EPR)

and the separations between rotational energy levels of gaseous molecules

3. Infrared (3x10l0 to 3x1Ol4 Hz). Separations between vibrational energy states

occur in this region and the technique based on infrared absorption is employed in

this region.

4. Visible and Ultraviolet (3x10l4 to 3x10l6 Hz). This region corresponds to the

separations between the energy levels of valance electrons.

5. X-rays (3xl0l6 to 3xl0l8 Hz). The energies of transitions involving inner-shell

electrons occur in this region, and

6. Gamma (7) rays (3xl0l8 to 1021 Hz). These correspond to the energies required

to change the energy states of nuclear particles (Moss Bauer Spectroscopy)

All of the above energy states are quantized, ie., they occur as discrete

values and the energy states of all atoms and molecules are determined by a set of

quantum numbers which determine the number and related energies of the states in the

various regions of the electromagnetic spectrum.

Molecular spectroscopy involves both absorption and emission spectroscopy. In

absorption spectroscopy, the absorption of radiation is monitored as it is swept through a

range of frequencies. For example, absorption at a frequency v implies that the specimen

contains energy levels separated by hv, where h is the Planck’s constant (6.626xl0-34).

ln emission spectroscopy, transitions occur from higher to lower energy states with the
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emission of radiation. The sample is excited by a radiation source and the radiation

emitted as it returns to thermal equilibrium is detected and analyzed.

2.1.4.1 Electron Paramagnetic Resonance (EPR) spectroscopy

EPR spectroscopy aims at the detection of unpaired electrons and their

characterization with respect to their chemical environments. It is a powerful technique

for identifying the various types of association of paramagnetic metal ions with clay

mineral, ie., on the basal surfaces, within the inter lamellar spaces, or as part of the

aluminosilicate structure and can be used to characterize the minor structural or surface

components, having unpaired electrons, in clays.

Usually, free electrons (in the absence of crystal or magnetic field) are randomly

aligned, but in the presence of an extemal magnetic field, they can take up 2S+1 (where S

is the net spin) different orientations, distinguished by quantum numbers ms. The relative

energies of these two states are proportional to the applied magnetic field B, and is given

by

E ms = guBB ms

where pg . Bohr magneton (9.273l x l0'24 J/T)

g - spectroscopic splitting factor

Electrons in the lower energy state, ms = -1/2, can be excited to the upper state,

ms = +1/2 by electromagnetic radiation of appropriate frequency to satisfy the resonance

condition, ie.,

hv = gpBB

where v - frequency of the applied radiation (Hz)

h - Planck’s constant

At resonance condition, a strong coupling occurs between the electron spin and

the radiation. A strong absorption occurs as the electron spin makes the transition

between the two states. It implies that the energy at which the resonance occurs is

proportional to the applied magnetic field and most of the EPR work is carried out at a

frequency of 9 GHz known as X-band.

The actual experimental set up involves measurement of the magnetic fields at

which the paramagnetic molecules come into resonance with the applied monochromatic

microwave radiation and the different types of paramagnetic species were identified
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based on the g-value, which varies according to the orientation of orbital containing the

unpaired electron relative to the direction of the extemal magnetic field. For instrumental

purposes, an EPR spectrum is usually recorded as the first derivative of the absorption

spectrum. The EPR spectral measurements at 9.42 GHz(X-band) of the ROM clays,

products of beneficiation and impurity minerals were carried out at room temperature

under identical conditions.

2.1.4.2 Mossbauer spectroscopy:

Transitions are observed between the energy levels in an atomic nucleus in the

gamma-ray region of the electromagnetic spectrum in Mossbauer spectroscopic analysis.

When a gamma ray is emitted from a nucleus in a free state, the nucleus recoils and the

energy of recoil is related to mass of the nucleus as follows

ER = mvz/2

When the nucleus is part of a crystalline structure, such as clay mineral, the recoil

energy is absorbed by many atoms, to such an extent that a fraction of the emissions is

recoil-free. A similar process occurs on absorption and it is the study of the recoil-free

absorption of those gamma- rays that are emitted without recoil which forms the basis of

Mossbauer spectroscopy.

Nuclear energy levels of the nuclear transitions are precisely defined and their

changes with variations in the enviromnent of the nucleus are very small. It is thus

necessary to use radiation that has an exceedingly small spread of energies in order to

observe the spectral structure from interactions between the nuclei and their surrounding

electrons. In Mossbauer spectroscopy, this is achieved by modulating the energy of the

gamma rays by simple Doppler motion, where the radiation source is moved relative to

the absorbing specimen. Only small velocities are required and jr_l cm/s covers the range

of energies required for 57Fe Mossbauer spectroscopy.

The magnitude of the electric monopole interaction between the nucleus and its

surrounding electron is determined by the electron density at the nucleus and the

parameter isomer shift (6), is used to describe the shift in the centre of the spectrum

between the sample being investigated and a known standard, usually metallic iron.

lsomer shift occurs in aluminosilicate minerals because the radial distributions of the

atomic orbitals are such that electrons in 3d orbitals spend part of their time closer to the
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nucleus than electrons in core s-orbitals (Figure 3.6). This decreases the attractive

coulomb potential between the nucleus and the s-electrons Therefore, any change in the

number of d-electrons changes the magnitude of the electron density at the sample

leading to a positive isomer shift. Also, the d-electron density on the iron is determined

primarily by the oxidation state [Fe (II) has six 3d electrons; where as Fe (III) has five].

The distributions of valance electrons and charges in the surrounding lattice is

determined by measuring the magnitude of the quadrupole splitting (ie., splitting of

energy levels of a nucleus having a spin, I > ‘/2 by the interaction with an electric field

gradient).

A Mossbauer spectrometer consists of a drive unit which moves the source to

modulate its energy, a gamma-ray detector, a data storage system along with various

amplifiers and a out put devise. The Mossbauer peaks are Lorentzian in shape and the

line widths in clay mineral specimens can be broadened due to the in homogeneities in

the coordination enviromnent of the iron atoms, leading to the spreading of the spectral

peaks over a range of values.

2.1.4.3 Fourier Transformed Infra Red (FTIR) spectroscopy:

The IR spectra originate from the different modes of vibration and rotation of

molecules. The IR region of the electromagnetic spectrum is divided into three main

sections ie., (a) near IR (overtone region; ii = 12500 to 4000 cm'1), (b) middle IR

(vibration — rotation region; ii = 4000 to 400 cm") and (c) far IR ; ii = 200 to 10 cm").

The main region of interest for analytical purposes is the middle IR. At wave numbers

below 4000 cm", the radiation has got sufficient energy to cause changes in the vibration

energy levels of molecules and these are accompanied by changes in the rotational energy

levels.

IR spectroscopy has been used as a rapid non-destructive physical method for the

suuctural analysis of clay minerals. The absorption of IR radiation by clay minerals

depends critically on atomic mass, and the length, strength and force constants of inter

atomic bonds in the structures of these minerals. Also, only those vibrations which

undergo a change in dipole moment are IR active. The IR spectrum of a clay mineral can

provide fcmdamental information on mineral identification, crystallinity, size and shape

of the mineral particles and on isomorphous substitution.
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The clay sample was ground finely to < 2 um in size using conventional agate

mortar and pestle (to minimize the scattering of incident IR radiation and to avoid

distortion and broadening of absorption bands). It was then dispersed in KBr in the ratio

(l:200) and pressed into discs. The sample is scanned and spectrum is the recorded over a

range of 4000 to 300 cm" and the transmittance (T %) verses wave number (cm") plots

were taken.

2.1.4.4 UV-Visible spectroscopy:

Solutions of transition metal ions absorb light in the UV or visible regions of the

electromagnetic spectrum and can be colored (i.e., absorb visible light) due to the

excitation of d electrons within the metal atoms from one electronic state to another.

Electronic transitions

The absorption of UV or visible radiation corresponds to the excitation of outer

electrons. There are two types of electronic transition which can be considered;

l. Transitions involving 1:, 0', and n electrons

2. Transitions involving charge-transfer electrons

When an atom or molecule absorbs energy, electrons are promoted from their ground

state to an excited state. In a molecule, the atoms can rotate and vibrate with respect to

each other. These vibrations and rotations also have discrete energy levels, which can be

considered as being packed on top of each electronic level.

A

Energy

Rotational Vibrationalelectronlc levels electronic levels

The possible electronic transitions of 1:, o", and n electrons are;
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A Antibonding o'*t of tn _> U 0-’ Antibonding rr* t9-HT rr-+rr

Energy

o—>|

O———>

Non-bonding n

Bonding 11

© Bonding O‘

‘ I 0
0 —> 0 Transztzons

An electron in a bonding o orbital is excited to the corresponding antibonding

orbital. The energy required is large. For example, methane (which has only C-H bonds,

and can only undergo o —> 0' transitions) shows an absorbance maximum at 125 nrn.

Absorption maxima due to 0 -—> 0' transitions are not seen in typical UV-Vis. spectra

(200 - 700 nm)

‘ I I
n -> 0 T ransztzons

Saturated compounds containing atoms with lone pairs (non-bonding electrons)

are capable of n —> 0' transitions. These transitions usually need less energy than 0 —> 0 l

transitions. They can be initiated by light whose wavelength is in the range 150 - 250 mn.

The number of organic functional groups with n -—> oi peaks in the UV region is small.

‘ Q O O
n -» rr and 71' —> rr Transztzons

Most absorption spectroscopy of organic compounds is based on transitions of n

or rt electrons to the 10' excited state. This is because the absorption peaks for these

transitions fall in an experimentally convenient region of the spectrum (200 - 700 mn).

These transitions need an unsaturated group in the molecule to provide the 1r electrons.

Molar absorbtivities from n —> 1:‘ transitions are relatively low, and range from 10

tol00 L mol" cm". 1r —> 1:‘ transitions normally give molar absorbtivities between 1000

and 10,000 L mol" cm".
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The solvent in which the absorbing species is dissolved also has an effect on the

spectrum of the species. Peaks resulting from n —> 1:‘ transitions are shifted to shorter

wavelengths (blue shift) with increasing solvent polarity. This arises from increased

solvation of the lone pair, which lowers the energy of the n orbital. Often (but not

always), the reverse (i.e. red shifl) is seen for 1: —> rt‘ transitions. This is caused by

attractive polarization forces between the solvent and the absorber, which lower the

energy levels of both the excited and unexcited states. This effect is greater for the

excited state, and so the energy difference between the excited and unexcited states is

slightly reduced resulting in a small red shift. This effect also influences n —> 1:‘

transitions but is overshadowed by the blue shift resulting from solvation of lone pairs.

Charge transfer absorption is exhibited by many inorganic species which are

called charge-transfer complexes. For a complex to demonstrate charge-transfer behavior

one of its components must have electron donating properties and another component

must be able to accept electrons. Absorption of radiation then involves the transfer of an

electron from the donor to an orbital associated with the acceptor. Molar absorbtivities

from charge-transfer absorption are large (greater that 10,000 L mol" cm-1).

The samples were ground well and a dilute suspension (0.1 mg/10 ml) of the same

in distilled water (pH-5.65) was prepared. It was then dispersed well in an ultrasonic bath

for 20 minutes and the absorbance was measured using a cell of 5 cm height and 1 cm

width. The spectral measurements of the samples were carried out under similar

experimental conditions.

2.1.5 Microscopic Studies

Microscopy is defined as any technique used for producing visible images of

structures too small to be seen by the human eye, using a microscope or other

magnification tool. Microscopy has evolved with the development of microscopes and

there are three main branches ie., optical, electron and scamiing probe microscopy.

Optical and electron microscopy involves the diffraction, reflection, or refraction of

radiation incident upon the subject of study, and the subsequent collection of this

scattered radiation in order to build up an image. This process may be carried out by wide
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field irradiation of the sample (optical microscopy and transmission electron microscopy)

or by scanning of a fine beam over the sample (scanning electron microscopy). Scanning

probe microscopy involves the interaction of a scanning probe with the surface or object

of interest.

2.1.5.1 Optical Microscopy

Optical microscopy involves passing visible light transmitted through or

reflected from the sample through a single or multiple lenses to allow a magnified view

of the sample. The resulting image can be detected directly by the eye, imaged on a

photographic plate or captured digitally. The maximum resolution that can be achieved

by this method is approximately 0.2 microns and can be used only for imaging dark or

strongly refracting objects. The sample was spread on a glass slide and the individual

particles were examined and the micrographs were taken.

2.1.5.2 Electron microscopy

The main feature of electron microscopy is the unusual short wavelength of the

electron beams, substituted for light energy and are designed for very high magnification

usage. The wavelengths of about 0.005 mn increases the resolving power of the

instrument to fractions of a nanometer and makes it possible to clearly see both the nano

and macro sized particles. Electrons, which have a much smaller wavelength than visible

light, allow a much higher resolution. The main limitation of the electron beam is that it

must pass through a vacuum as air molecules would otherwise scatter the beam. Instead

of relying on refraction, lenses for electron microscopes are specially designed

electromagnets which generate magnetic fields that are approximately parallel to the

direction that electrons travel. The electrons are typically detected by a phosphor screen,

photographic film or a charged-coupled device (CCD).

Two types of electron microscopes are in use today and they are scanning and

transmission.

Scanning Electron Microscopy (SEM)

SEM allows surfaces of objects to be seen in their natural state without

staining. The specimen is put into the vacuum chamber and covered with a thin coating of

gold to increase electrical conductivity and to avoid blurring of image. The electron beam
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then sweeps across the object building an image line by line as in a TV Camera. As

electrons strike the object, they knock loose showers of electrons that are captured by a

detector to form the image. Magnifications with this microscopy are limited to about

75,000 -100,000 diameters.

Scanning electron microscopic techniques were used for the accurate observation

of particle morphology. In the scanning microscope, the electron gun is operated at

electron energy of 20KeV with a beam diameter of 20-25 mn. A very dilute suspension of

the sample in acetone was dispersed well, to avoid agglomeration, by placing it on a

ultrasonic bath for 20 minutes. Then one drop of the dispersed suspension was deposited

on a polished stud and the acetone was allowed to evaporate. The surface of the sample

was coated with a thin gold film of 10-20 mn thick, by sputtering. This helps to remove

the charging effect produced on the sample surface due to high energy beam, by earthing

it. The samples were motmted in the chamber and the system is evacuated. The electron

beam was scanned on the sample and the maximum magnification possible is 100,000.

A dilute suspension of the sample for SEM analysis was prepared by dispersing it

in acetone using ultrasonic bath. A drop of the suspension was put on a polished stud and

the dried sample was given gold coating. Then it was examined under the microscope.

Transmission electron microscopy_(TEM)

TEM is an imaging technique whereby a beam of electrons (l00,000 volt) is

transmitted through a specimen and the image formed is magnified and directed to

appear either on a fluorescent screen or layer of photographic film or to be detected by a

sensor such as a CCD camera. Objects as small as 1 mn can be examined by this method

and the total magnification over 20 million times can be achieved. Furthermore, the

advent of high resolution transmission electron microscopy (HR-TEM) allows the direct

observation of crystal structure and therefore has an advantage over other methods as

there is no displacement between the location of a defect and the contrast variation

caused in the image. However, it is not always possible to interpret the lattice images

directly in terms of sample structure or composition. This is because the image is

sensitive to a number of factors (specimen thickness and orientation, objective lens

defocus, spherical and chromatic aberration), and although quantitative interpretation of

the contrast shown in lattice images is possible, it is inherently complicated and may
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require extensive simulation of the images. Computer modeling of these images has

added a new layer of understanding to the study of crystalline materials.

To stimulate a measurable response from a specimen, an electron or photon beam

isaimed down into the sample to be characterized. At rest, an atom within the sample

contains ground state (‘unexcited’) electrons situated in concentric shells around the

nucleus. The incident beam, however, excites an electron in an iI11'l€l‘ shell, prompting its

ejection and resulting in the formation of an electron hole within the atom’s electronic

structure. An electron from an outer, higher-energy shell then fills the hole, and the

excess energy of that electron is released in the form of an X-ray. The release of X-rays

creates spectral lines that are highly specific to individual elements; thus, the X-ray

emission data can be analyzed to characterize the sample in question. Energy dispersive

X-ray spectroscopy (EDS or EDX) is an analytical tool predominantly used for chemical

characterization. Being a type of spectroscopy, it relies on the investigation of a sample

through interactions between light and matter, analyzing X-rays in its particular case. Its

characterization capabilities are due in large part to the fundamental principle that each

element of the periodic table has a unique electronic structure and, thus, a unique

response to electromagnetic waves.

Electron Probe Microanalysis

EPMA is an elemental analysis technique which uses a focused beam of high

energy electrons (5 - 30 KeV) to non-destructively ionize a solid specimen surface

(including thin films and particles) for inducing emission of characteristic x-rays (0.1 - 15

l(eV). The spatial resolution of x-ray microanalysis of thick specimens is limited to a

volume with dimensions of approximately 1 micrometer due to electron scattering

effects. This volume may be even larger for low energy emission lines that can still be

excited by lower energy electrons that have been highly scattered a significant distance

from the impinging beam on the specimen surface.

Quantitative matrix (inter element) correction procedures based on first principle

physical models provide great flexibility and accuracy in analyzing unknown samples of

arbitrary composition. Spatial distribution of elemental constituents can be visualized

quantitatively by digital composition maps and displayed in gray scale or false color.
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These quantitative procedures have been demonstrated to produce error

distributions characterized by a standard deviation of less than 3% relative when the

samples are in the ideal form of a metallographically polished bulk solid. Standards

utilized in these analyses are in the form of pure elements or simple compounds (e.g.,

Mg0 or GaP). This analytical approach provides great versatility in the analysis of multi­

element unknowns of virtually any composition, with the significant exception of light

elements (atomic numbers less than 8). Detection limits are of the order of 100 ppm with

wavelength dispersive spectrometry and 1000 ppm with energy dispersive spectrometry.

Typical applications include metallurgical studies, failure analysis, thin film, particulate

analysis, mineral analysis, ceramic analysis, and many others.

EPMA basically works by bombarding a micro-volume of a sample with a

focused electron beam (typical energy = 5-30 keV) and collecting the X-ray photons

thereby induced and emitted by the various elemental species. Because the wavelengths

of these X-rays are characteristic of the emitting species, the sample composition can be

easily identified by recording WDS spectra (Wavelength Dispersive Spectroscopy). WDS

spectrometers are based on the Bragg's law and use various moveable, shaped

monocrystals as monochromators.

2.2 Separation

Size Separation of clays

# Hydrocyclone

Impurity minerals

# Density gradient separation (Pamiing)

# Size separation (Hydrocyclone)

# Chemical method (Alkali treatment)

# Magnetic separation (Hand magnet)

# Reductive Bleaching (dithionite method)

# Dithionite-Citrate-Bicarbonate method

The following equipments were used for the separation studies:

l. Clay Washing Plant (Edward and Jones, UK)

2. Hydrocyclone (Mozley, UK)
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2.2.1 Size separation of clay samples

The raw kaolin can be value added by employing suitable beneficiation

techniques and the methods of beneficiation depend upon the quantity and nature of

impurity minerals associated with it and the end use of the material. The most

sophisticated wet process provides not only higher purity but enables production of a

broader range of particle sizes and shapes. The general processing methods, adopted for

both primary and secondary kaolins, are blunging (forming clay-water suspensions),

degritting, particle size classification via hydrocycloning or centrifugation and drying.

The size classification produces different grades of kaolin with varying particle size

distribution. Increase in the finer fraction can result in improved brightness due to the

increase in surface area and hence more light scattering sites. During sizing, coarser

(quartz) and / or denser (ilmenite, rutile etc.) impurity minerals get separated The

conventional size classification flow sheet is given in Figure 2.7­

The main objective of the size classification experiments is to achieve the

optimum possible refinement of the clay ie., removal of the coarse impurity minerals and

enrichment of the fines in the clay. In order to achieve the same, in the present study, all

the clay samples (except that from Orissa) were blunged and screened though 300 pm

screen (coarse desanding) and size classified using a set of hydrocyclones (ie.,for

removal of medium sized impurities and enriching the fine clay). The methodology

adopted for the size classification of the clays is given below.

Blungirgg and coarse de-sanding__(> 3 00 ,umfi"acti0n_)

Blunging is the first major processing in clay beneficiation or removal of coarser

impurities. During this operation, the aggregated clay-sand particles get loosened thereby

achieving liberation of the clay from ancillary mineral impurities. Blunging can be done

by providing mechanical energy in the form of shear agitation. De-aggregation of the clay

in presence of water was done in a vertical micropilot blunger and the total slurry volume

was kept fixed at 40 litres. The solid loading and time for blunging for each clay were

fixed based on the grit content and viscosity of the sample.

In the present study, 30 % (w/w) slurry (clay - water suspension) of the ROM

clay was prepared and was blunged (de-aggregated) using the high speed blunger (rpm ­

I440) in the Clay Washing Plant for 10 minutes. The slurry was then screened though
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300 pm screen and the finer fraction (< 300 pm) is taken for the further size
classification.

Size separation / classification using Hydrocyclones

(i) Removal of > 45 um fraction or de-gritting using 2”stub cyclone

Conventionally, medium desanding of the clay is done using hydrocyclone

classifier keeping a separation size at about 45 pm. This size has got a lot of significance

in china clay processing, since particles below 45 pm are essentially considered as

“clay”. To achieve separation at 45 pm, l4” diameter standard cyclones are employed in

clay processing plants. Since the throughput of 14” cyclone is between 40-175 M3/hr

(40,000 — 1, 75,000 litres/hour) it is impossible to carry out separation experiments with

this cyclone in the laboratory or even in pilot plants. Hence, a 2” stub cyclone, which

gives a separation size nearer to that of a l4” cyclone but with very low throughput, has

been used for de-sanding in this case. Stub cyclone is a short cone cyclone ie., having a

large cone angle and a shorter body length.

The clay slun'y after wet screening (coarse de-sanding) at 300 um is homogenized

at three levels as follows.

a. In S.S tank (65 L capacity) using a marine propeller stirrer - by taking batches

of about 40 L. This is then transferred to the hydrocyclone test rig for
classification studies

b. In hydrocyclone test rig sump — by pumping and re-circulation and finally

c. In the sump and hydrocyclone — by pumping after introducing the slun'y to the

cyclone.

The size classification is carried out at following experimental conditions,

Hydro cyclone — 2” stub; % solids — 24; Inlet feed pressure: 25 psi; Vortex finder /

Spigot - 14.3/4.7 mm

The fractions < 45 pm and > 45 pm were taken for further studies and a portion of <45

pm slurry was further size classified for enriching the fines.

(ii) Enrichment of finer fraction (< 2 pm fraction) using l” hydro cyclone

The <45 |J.ITl fraction slurry obtained after 2” stub cycloning was homogenized

well as mentioned above and further size classified using 1” hydro cylone (narrow sized

cyclone having longer body length) for further enrichment of the fines. The experimental
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conditions were chosen so as to get a separation cut size of 2 um. The following are set

experimental conditions for the same.

Hydrocyclone - 1 inch; % solids - 15; Inlet feed pressure: 55 psi; Vortex finder/ Spigot

- 7.0/3.2 mm

The classification of the clay by the 2”stub, and l”hydro cyclones was carried out

at specific experimental conditions so as to achieve maximum efficiency of separation

(Table 1). The final product of size classification (F SCP) was the dried sample from the

overflow slurry of the l”hydrocyclone separation

Dewatering and drying

At every stage of size classification, part of the product slurry was dewatered and

dried for further characterization. The slurry was kept for a few hours so that maximum

solids settled at the bottom. The supematant portion was decanted; the concentrated

slurry was taken in a S.S tray and dried on a water bath to get the dried material.

Koraput clay

The china clay from Orissa was found be acidic in nature due to the presence of

pyrite particles. Wet processing of acidic clay is extremely difficult, as it will corrode the

metallic parts of the processing equipments. It was observed that most of the pyrite

particles in this clay were present in the coarse size range (>45 um). When the clay was

mixed with water for carrying out the wet processing as per the general method, the

slurry color changed to yellowish brown and the product clay was found to be yellow in

color. The optical properties were found to be inferior to those of the raw clay. Hence, a

detailed study was conducted on this clay and a modified process was established for

getting a good product. Chapter 7 gives the details of this study.

2.2.2 Impurity minerals

The physical methods for separating the “F e-rich” minerals are based on the

particle size, density and magnetic properties of the impurities. Coarse minerals like

quartz, feldspar etc are removed to a great extent during size classification. However,

ferruginous, titanoferrous, carbonaceous and micaceous minerals generally exist in finer

fractions also which influence the properties of clays for most of its applications.

Depending upon the species, techniques for their removal are to be selected. Impurities

separated / concentrated by various methods are characterized for their identification and
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quantification. They include (1) the underflow solids of hydrocyclone classification, (2)

the insoluble portion during the 5M NaOH treatment, (3) the impurity minerals separated

by panning and (4) using hand magnet to concentrate only ferro/ferri magnetic materials.

The response of clays to the DCB treatment needs special mention since it gives

information on the soluble iron minerals in the clays. DCBT is the well-known technique

for dissolving and separating the “free” iron in solids and clay minerals. The iron

minerals like oxides, hydroxides, oxy hydroxides, carbonates, sulphides etc. dissolve

during DCB treatment and can be easily removed and hence termed as “free” iron. Iron

present in the structural framework of kaolinite or other minerals like mica, anatase,

feldspar etc. is not extractable and hence termed as “structural”. Even though the latter

type of iron does not generally influence the clay brightness, concentration above a

certain limit impart slight coloration to the clay. The iron oxides and oxy hydroxides are

often poorly crystalline in nature and present at low concentrations in soils and clays

samples (Kampf & Schwertmann, 1982). Hence, the impurity has to be concentrated for

characterizing the ‘Fe” phases by X-ray diffraction and spectroscopic teclmiques.

Concentration of impurity minerals bvgpanning

Panning is a combination of water washing and density separation employed to

remove kaolinite and quartz and to emich ancillary minerals. Here the impurity minerals

are separated / concentrated based on their density gradient and is well suited method for

the concentration of Fe-containing minerals. Concentration of coarser as well as the finer

impurity minerals is carried out by this method. A dilute suspension (10% w/w) of the

ROM clay was prepared in distilled water and it was stirred well with a low speed

mechanical stirrer. Most of the clayey portion was removed by decantation method after

washing it with distilled water several times. When it is free from clayey matter, the

denser impurity minerals are then separated by pamiing

ROM clay ._> Slurrying __> Stirring (de-aggregation) ___> Settling of heavies

Decanting of clayey portion iv water washing m Wet panning of the

3 times heavies (to remove quartz)
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Concentration of impurity minerals using 2 ” stub hydrocyclone

The impurity minerals having particle size between 300 and 45 um are separated

in the underflow of 2” stub hydrocyclone and quartz is the major impurity removed by

this technique. The methodology adopted has been described under 2.7.2.2. The iron

minerals of this particle size range also accompany the coarse quartzite minerals.

Concentration of impurity minerals using hand magnet

The samples were washed with acetone and dried in an air oven at 200°C for 12

hours and the magnetically susceptible impurities were separated using a hand magnet.

Concentration of “F e-oxides ” bv 5M-NaOH treatment

Identification and quantification of iron oxides in kaolin is very difficult due to

their poor crystallinity and low concentration.The Fe-oxides are concentrated by treating

the clay with reagents like NaOH and Na2CO3. During this treatment, siliceous and

almninous cements, which frequently bind the kaolin particles into aggregates get

dissolved and clean up the crystalline compounds, thereby assisting their separation. A

high ratio of dissolution reagent to sample weight ensures much better dissolution and

avoids saturation of the solution with Si and Al.

The product sample after size classification with 2” stub hydrocyclone (ie., < 45

pm fraction) was subjected to 5M-NaOH treatment. One gm of the sample was mixed

with 100 ml of 5M NaOH solution in a 150 ml teflon beaker and the contents were boiled

for 60 minutes in a heating mantle. It was then cooled, centrifuged and the supematant

liquid was decanted. The residue was subsequently subjected to a set of washing,

centrifuging and decanting ie., once with 25 ml 5M NaOH, twice with 0.5 M HCI (20

minutes contact time) to dissolve the sodalite, twice with 25 ml of 1N (NI-I4)2CO3 to

remove NaCl and finally twice with 25 ml dist. water to remove NH4 and CO3. The

residue was then heated for l2 hours in an air oven at 110°C. The above experiment was

repeated many a times (15 times) to get an appreciable quantity (~ 1 g) of Fe-oxides. This

method was developed by Non'ish and Taylor in 1961 and later modified by B.Singh &

Gilkes, 1991 to improve its efficiency.

Reductive bleaching

Bleaching is the processing of whitening a substance through chemical action. It

makes color bodies in the substance more soluble and therefore easily removable during
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processing. Bleaching can also involve chemical processes that change the ability of the

color bodies to absorb light by changing their degree of unsaturation. Sodium dithionite

(Na;S;04), commonly known as ‘hydros’, is the universally used reducing / bleaching

agent in china clay processing.

The ferric iron in the clay is reduced to ferrous state by sodium dithionite in acid

medium. The latter being more soluble can be removed by filtration and washing. The

optical properties like brightness and color values of the clay before and after bleaching

are measured and the “bleach response” of the clay is indicated by the change in these

properties. There is a disproportionation reaction occurring to the dithionite ion at first2- + 3 +2
S204 + Fe203 + 4H ___.> 2HSO + 2Fe + H20

Which is negligibly slow above pH 7.0? The rate of this reaction increases with

decreasing pH and the most suitable value is found to be between 2.5 and 3.0.

Nearly 20g of clay (FSCP) was added to 80 ml of double distilled water. The

slurry was stirred in a beaker using a magnetic stirrer and its pH was measured. The pH

of the slurry was adjusted to 2.5-3.0 by the drop wise addition of dil. HZSO4. About 0.06

g(3kg per ton) of sodium dithionite (hydros) and 0.5 ml a 10% solution of of tri sodium

phosphate were added to the slurry. After slow stirring, the slurry was kept for about 30

minutes. The clay was then filtered and washed thoroughly till free of iron. The product

clay was dried first on a water bath and then in an air oven at ~ll0°C. The optical

properties of the dry products were measured and compared with those of the feed clay

for bleaching.

Dithi0m'te-Citrate-Bicarbonate Treatment (DCBT)

DCB treatment is a well established method used to quantify the ‘free’ and the

‘structural’ iron content in clays. The beneficiated products ie., the final size classified

product (FSCP) of all the clays were subjected to DCBT adopting the method given by

Mehra and Jackson (1960) as given below.

4oH' + s,o4 2____, 2so32- + 21120 + 2e

2
2Fe+3 + 2e ——> 2Fe+

To 25 gm of the clay sample taken in a 250 ml beaker, 100 ml of 0.3 M sodium

citrate solution (pH-5.1) and 10 ml of sodium bicarbonate (8.4g/100ml) was added and
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the contents were mixed manually. It was then immersed in a water bath and heated to ~

75°C. Then 1 gm of the reducing agent ie., sodium dithionite was added to the reaction

mixture, mixed well and the beaker was kept closed for 5 minutes with occasional

manual stirring. After 5 minutes, one more gram of the reducing agent was introduced

into the reaction medium and the contents were kept closed for another 10 minutes with

occasional stirring. The temperature of the reaction mixture was kept at 75-76 °C through

out the experiment, which was monitored using a continuous digital temperature

recording set-up. After the reaction, the contents were cooled and 10 ml of saturated

.\‘aCl solution and 10 ml of acetone were added. It was then filtered, washed with

distilled water till free from Fe2+ ions [the same was confirmed by checking with

acidified (with dil.HCl) potassium thiocyanate solution] and dried. The DCB treatment

was carried out three times on the same sample to check the maximum removal of iron.

2.3 Calcination

Calcined clay has got a lot of demand in the clay based industres due to its

improved properties, especially due to high brightness value. Heating of the clay at 550

‘C produces the meta kaolin and on further heating it gets transformed into silicon spinal

at 900 °C and finally to mullite and cristabolite at 1000-1 100°C. The changes in kaolinite

during thermal treatment are as follows.

Kaolinite[Al2Si2()5(OH)4] ~550°C Metakaolinite [Al2Si2O7]

Metakaolinite 3 [Al2Si2O7] ~ 900°C [3Al2O3.4SiO2 + 2SiO2]———:>
Silicon Spinel

3Al103.4SiO2 1000-l 100°C Mullite + Cristabolite>

3Al2O3.2SiO2 + 2SiO2

Calcination of the washed samples (fraction <45 um) was carried out and the optical

properties of the products were tested for their suitability as pigments. The heating of the

clay sample (~ 50 g) was done in a programmable fumace at l100°C with a heating rate

of 6°C / minute. The bed thickness of sample was kept as 1 cm and the temperature was
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maintained for one hour. The sample was then cooled; powdered and optical properties

were measured.
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Table 1 Details of the experimental conditions set for the size classification of
kaolin samples at different size ranges

Blunging Size Separation

Sample

Percent
Solids

Time Percent
Solids

Feed inlet
Pressure
(Psi)

Vortex
Finder/Spigot
(mm)

Kasargod-1 clay
Blunging
2” Stub cycloning
l” cycloning

Kasargod-2 clay
Blunging
2” Stub cycloning
1” cycloning

Trivandrum clay
Blunging
2” Stub cycloning
1” cycloning

Kutch clay
Blunging
2” Stub cycloning
1” cycloning

Bankura clay
Blunging
2” Stub cycloning
l” cycloning

Pali clay
Blunging
2” Stub cycloning
1” cycloning

35

45

35

35

35

35

10

10

10

10

10

10

30 2512 60

20 2512 60

19.0 2514.8 60

18.0 2514.8 60

27.0 2516.1 60

19.0 2514.8 60

14.3/4.7
7.0/2.2

14.3/4.7
7.0/2.2

14.3/4.7
7.0/2.2

14.3/4.7
7.0/2.2

14.3/4.7
7.0/2.2

14.3/4.7
7.0/2.2
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CHAPTER 3

CHARACTERIZATION AND POSSIBLE VALUE ADDITION

OF THE KAOLINS

Kaolin or china clay is one of the most important “white” minerals and for most

of its applications, the clay has to be characterized for its physical, chemical,

mineralogical and morphological properties and then value added by suitable processing

techniques. Highest value is achieved for paper coating and pigment (in paper and paint)

grade products for which superior optical properties and fine particle size are essential.

Quartz and parent rock minerals are present in the kaolin mostly in coarse size and the

main coloring impurities are ferruginous, titanoferrous, micaceous and carbonaceous

minerals. All these impurities are to be removed to achieve specific particle size and good

brightness. Kaolin calcined at ~l 100°C is used in paper and paints as pigment and as

reinforcing material in polymers and plastics.

Identification and quantification of the impurities plays an important role in the

selection and sequentialisation of beneficiation processes. Modem techniques for

achieving stringent specifications for kaolin are still largely alien to India even though the

country has got a vast reserve of this mineral resulting in the underutilization of this non­

replenishable resource. The main reason is the difficulty in the speciation of all impurity

minerals and lack of technical knowledge on modern beneficiation methods. The

modemization will result in better quality processed china clay thereby achieving more

\2lll€ added consumer end products. This will also help in utilizing the marginal /

mbmarginal deposits of the country and reducing or even stopping the imports.

lrcmendous potential exists for the bulk export of the processed clay to Japan and other

Asian countries and also to Europe. Only technological up gradation can make us

globally competitive. In this context, a comprehensive study of the major clay deposits of

mecountry is highly relevant.

The present chapter deals with the detailed investigations as given below on

kaolin samples from seven major deposits of five states of India.

l.Details and location of the mines

I. Physical, chemical, mineralogical and morphological characterization of the raw clays
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3. Beneficiation of the clays by physical and chemical methods such as (a) size

classification to enrich the finer fraction and to remove the coarse impurity minerals (b)

chemical leaching of the product clay using sodium dithionite for removing the iron

impurities and (c) calcination of the < 45 um fraction samples at 1l00°C to test for its

application as pigment and in polymers / plastics.

-l. Characterization of the beneficiated clays for their relevant properties

5. Comparison of the properties of the beneficiated samples with the Intemational and

lndian Standard specifications for various industrial applications.

Details of the samples taken for the present study are given in Table 3.1 and the

locations of the mines are marked in the Figure 3.1. Specifications for kaolin for some

important industries are also given in this chapter. Comparison of the properties of the

samples with the required specifications gives information on the utilitarian aspects of

these clays as well as the level of beneficiation to be carried out for each sample.

3.] Kaolin from Kasargod district of Kerala (Kasargod 1)

3.l.l Physical properties

The raw clay has a dirty white color, indicating the association of colored

impurities. It is easily slaking in nature and has a near-neutral pH (5.63). Specific gravity

of the sample is 2.66 which is slightly higher than that of “kaolinite” mineral. The size

classified products have lower values almost matching with that of ideal kaolinite (2.6).

Small quantities of heavy minerals may be present in the clay and are possibly getting

removed dining size classification. The matter soluble in acid and water in the raw clay is

low and changes marginally in the products of size classification.

The cation exchange capacity of the raw clay is 8.41 meq/100g which falls in the

range of values for kaolins (1-15) in general. Cations due to their positive charge are

attracted to negatively charged surface of the clay. In kaolinite, the charge is primarily

due to the dissociation of the hydroxyl groups and is pH dependent. In strongly acidic

clays, the Al-OH polymers adsorbed on the negative exchange sites forms source of pH

dependent charges. A higher pH value gives rise to more negative charges which lead to a

higher CEC. The cation exchange capacity depends on the amount and type of organic

matter and clay apart from its pH dependence (Brady and Weil 1996). The charge on

clay minerals is variable and influences the exchangeable ions in solution. A low pH
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causes protonation and a positive charge is formed on the surface of the clay minerals

llroth and Ellis, 1996) resulting in low CEC. Generally kaolinites have CEC values in

therange 1-10 [Chi Ma & Eggleton, 1999]. Table 3.1.1 gives the general properties of the

clay and its beneficiated products.

Particle size distribution analysis of the raw clay shows that the grit content is not

hifli, ~ 10%, but the fines are relatively less (the fraction < 2pm is only 35%). Screening

and separation using 2”stub hydrocyclone has resulted in marginal decrease in < 45 pm

fraction (from ~ 54.90% to 56.10% along with an increase in the < 2 pm fraction (35.0 %

to43.90%). Further sizing with l” hydrocyclone is found to enhance the < 2 pm fraction

to 62.10 %. The size distributions in the raw and processed samples are given in Table

3.1.1. The variation in the fine fraction during size classification processes is depicted in

Figure 3.1.3.

The optical properties of the raw clay are found to be poor. The relatively low

lightness (L) and Hunter Whiteness (HW) values indicate the presence of darkfblack

colored impurities in the sample. At the same time, the color values “a” (redness), “b”

(yellowness) and Hunter Yellowness (HY) are found to be high indicating the presence of

reddish/yellow impurities in the clay. Size classification increases the brightness of

samples only marginally ie., by 3.2 (in SCP1) and 3.48 (in SCP2) units. Though there is a

2.2 unit improvement in the L value of SCP1, only a marginal improvement of the same

isobserved in the case of SCP2. The reddishness of the material also does not get

reduced appreciably during size classification and is evident from the “a” values. But

there is slight decrease in the yellowness of SCP1 and SCP2 as indicated by the HY and

‘b" values. The improvement, even though very small, in the optical properties of the

samples may be due to the removal of some of the coarse colored impurities. The

marginal reduction in the Fe2O3 content of SCP1 and SCP2 also supports the same.

Optical properties, % Fe2O3 and % TiO2 values of ROM are given in Table 3.1.1 and

those of beneficiated samples in Table 3.1.3. For pigment grade kaolin, brightness should

be>80% ISO and beneficiation to achieve this level is one of the challenging tasks in

kaolin beneficiation.

The conventional reductive (‘hydros’) bleaching removes only very small amount

of ‘Fe’ from SCP2. The brightness improvement is also marginal (~ 0.22 units). After the
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reductive bleaching, only a marginal improvement in the L and HW values and a small

reduction in “a”,” b” and HY values are observed. This indicates the ineffectiveness of

me method to remove the “free” iron to a greater extent. “Structural iron” is the iron

substituted in the structure of kaolinite and / or the ancillary minerals like anatase, mica

etc. and are not easily leachable. The DCB method (Mehra and Jackson, 1960) removes

the free iron oxides with a minimal effect on the crystalline clay and this extractable iron

tsafair estimate of pedogenic iron oxides in soils and kaolins (Ole K.Borgaard, 1988).

lhebrightness improvement obtained for the sample SCP2 is almost same for 2"‘! and 3'd

DCB treatments. So the SCP2 sample subjected to two successive treatments is taken as

the DCBT product. The brightness is increased by ~8.6 units with a decrease in % Fe;O3

from 0.70 to 0.50 indicating that part of the iron in the sample is “free” and leachable.

The brightness/whiteness of kaolin is dependent on the overall effect of the “Lab ” color

values. lt has been established that the “free iron” is more soluble than the “structural”

tron and hence the former is more easily removed by chemical leaching. The “L” value

of the sample increases on DCB treatment by 2.9 units. The “a ” value (reddishness) of

the sample comes down from 0.91 to 0.32 units indicating the removal of most of the

“free” reddish iron oxy hydroxides. Similarly, the “b” and HY values are also found to

decrease substantially from 3.74 to 1.12 and 5.65 to 1.70 units respectively confirming

the decrease in yellowness.

The brightness, L and HW values of SCP1 are found to decrease on calcination.

lhedecrease in “L” and HW values indicates the formation of a dark shade on the kaolin

during calcination. During the heat treatment, the structure of kaolinite and other minerals

breaks down and the iron gets liberated and oxidized to colored oxides, thereby reducing

the brightness of the clay. Incidentally, the “a” and “b” color and HY values of the

sample are also found to increase after calcination. Optical properties of the benficiatd

products are given in Table 3.1.3.

3.12 Chemical assay

The chemical constituents in the raw and beneficiated samples are given in Table

3.1.1. Theoretically, “kaolinite” contains 46.51% SiO2, 39.54% A1203 and 13.95% LOI.

The silica content in the raw clay is slightly higher and LOI is lower which indicate the

presence of “free” silica. Sample SCPI is found to be more kaolinitic and is evident from
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he increased A1203 content. This shows that 2” stub cycloning has removed the coarse

mliea particles and enriched alumina in the clay. The LOI value of SCPI has also

mcreased to almost that of ideal kaolinite, indirectly indicating the removal of silica. But

hesilica content in the sample SCP2 is slightly higher than that in SCPI and this may be

he to the enrichment of fine silica particles in this particular size region. A marginal

decrease in the alumina content and LOI supports the same. DCB treatment has produced

oochange in the chemical assay other than removing part of the iron. This confirms that

mealuminium silicate framework of kaolinite mineral is not disturbed by this treatment.

lt is seen that size classification has produced a marginal decrease in the Fe;O3 and TiO2

content of the samples SCPI and SCP2 indicating partial removal of denser impurity

minerals Figure 3.1.4. The presence of appreciable quantities of Fe2O3 (~ 70% of that in

ROM) in SCP2 indicates the ultra fine size of the ‘Fe’ impurities which are retained in

the product during size separation. Incidentally, ~ 70% reduction in titania content is

observed in SCP2.

Reductive bleaching is found to be ineffective in removing the iron and is evident

from the marginal decrease in the Fe2O3 content in SCP2 after bleaching. But after DCB

treatment, the Fe2O3 has come down from 0.70 to 0.50 % and the optical properties are

enhanced. The extent of iron removal shows that significant amount of iron in the clay is

'f1ee” in nature ( ie., as separate iron minerals such as oxides, hydroxides, oxy­

hydroxides) and the rest is present in the structure of either kaolinite or ancillary

mineral (mica or titania). Also, the sharp decrease in the “a”, “b” and HY values,

wrresponding to the reddish and yellow shade of the material, confirms the removal of

the coloring iron impurities such as hematite and goethite. The marked improvement in

iheoptical properties of SCP2 DCB treated product shows that most of the “free” iron is

removed and the remaining is in the structure which does not affect the brightness of

kaolin. It is also worth mentioning that chemical leaching has not effected any changes

in the Ti0; content. The variation of Fe2O3 and TiO; content during beneficiation is

represented in Figure 3.1.4.

Other impurity minerals of Na, K, and Ca are present only in low concentrations.

Their presence in the finer size fractions indicate that they are almost uniformly

distributed in all size fractions. Results of the trace elements analysis of the clay is given
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mlable 3.1.2. No toxic elements are detected in the clay and the concentration of certain

elements such as Mg, Ba, Cr, S, P, Zn and Ni are found to be relatively high. However,

the concentrations of all these elements are found to decrease in the products of size

classification. DCB treatment is found to remove some of the trace elements like Mg, Zn,

Ba.Cr, Mn and Ni appreciably and some of them like As, Bi, Cd, Co, Cu, and Pb)

marginally. The properties and distribution of iron oxides and their association with

minor elements in soils have been studied [Singh and Gilkes, 1992]. They have observed

that most of these elements are concentrated with the iron oxides and their dissolution

kinetics in 1M HC1 indicate that some may be present in the structure of the iron oxides.

.1 similar dissolution phenomenon is possibly taking place for certain elements during the

DCB treatment also.

1.13 Mineralogical study

X-ray diffraction and thermal analyses give mineralogy of the clay. In XRD

studies, the d values of various peaks are characteristic of various minerals. The major

three peaks of kaolinite and the ancillary minerals commonly found in kaolin are

represented in Table 3.1.4. The XRD analysis data of the ROM and beneficiation

products is given in Table 3.1.1 and the powder pattems are represented in Figure 3.1.1.

lbe major peaks of kaolinite and the ancillary minerals commonly found in kaolin are

given in Table In the raw clay, kaolinite is found to be the major mineral along with

quartz, hematite, anatase and rutile as the ancillary mineral impurities. An increase in the

intensity of the kaolinite peaks and a decrease in the intensity of quartz peak in the XRD

pattems of SCP1, SCP2 and SCP2 DCBT clearly show the enrichment of kaolinite in the

sample during the size classification.

Thermal analysis data for kaolinite and ancillary minerals in kaolin is given in

Table 3.1.4 which includes the temperatures at which the characteristic endotherms and

G0ll'1Cl'H‘1S are formed (DTA). TGA of the ROM sample shows that the total weight loss

onheating is ~12.3%, which is near to that of the kaolinite mineral. The weight loss in

tbeiange 450 to 600°C corresponds to the dehydroxylation of kaolinite. The total weight

losson heating increases to ~l4.60% in both the SCPI and SCP2 samples which is near

totbat of the kaolinite mineral. The DTA pattems of the samples give endotherms and
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erotheims which are characteristic of kaolinite mineral. Table 3.1.1 gives the TGA and

DTA data of the samples.

Rational analysis data calculated from the chemical assay also indicate the

mineralogical picture of the samples. Table 3.1.5 gives the percentages of possible

minerals in “Kasargod 1” kaolin as calculated from the chemical assay. The rational

analysis data shows that the ROM sample contains kaolinite as the major mineral along

with small amounts of quartz, micaceous minerals (both muscovite and paragonite mica),

hematite and anatase. In the size classification products, the kaolinite content increases

with a simultaneous decrease in other minerals (especially mica) supporting the XRD

findings. Figure 3.1.3 shows the variation in kaolinite content during the beneficiation

processes.

3.1.4 Morphological characterization

Scanning electron microscopic analysis (SEM) pictures of the ROM and SCPI

samples are presented in Figure 3.1.2, which shows the presence of aggregates of pseudo

hexagonal kaolinite particles.

3.2 Kaolin from Kasargod district of Kerala (Kasargod 2)

3.2.1 Physical properties

The ROM clay is soft, easily slaking and its natural pH is 5.21 units (almost

neutral). It has a dirty pink color which indicates the presence of colored impurity,_

probably Fe minerals. Specific gravity values of the sample (2.63) is near to that of

kaolinite mineral (2.6) The specific gravities of the size classified product samples are

found to be slightly less and they perfectly match with that of ideal kaolinite. The matter

soluble in acid and water are also getting reduced marginally during size classification.

The cation exchange capacity of the raw clay (9.97 meq/ 100g) was found to be in the

range of values reported for natural kaolins (Table 3.2.1).

The particle size distribution analysis of the raw clay show that the grit content is

medium (36.8%) and the fines are relatively less (fraction < 2pm is only 26.83%) in the

sample. Screening and separation using 2”stub hydrocyclone has resulted in appreciable

increase of < 45 pm fraction (from ~ 36.37% to 54.30%) along with sharp increase in the

<2 pm fraction (26.83% to 45.70%). Further sizing using 1” hydrocyclone is found to

enhance the <2 pm fraction only upto 59.30 %. The size distribution in the raw and
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processed samples is given in Table 3.2.1 and the variation in <2p.m fraction is depicted

iniigure 3.2.3.

The optical properties of the raw clay are found to be poor. The lightness, L

i80.l2%) and HW (~49%) values are low, indicating the presence of colored impurities.

Tbecolour values, “a” (3.33), “b” (5.30) and HY (8.05) are on a higher side confirming

ibe presence of reddish and yellow coloured impurity minerals in the clay. Optical

properties, % Fe203 and % TiO; values of ROM and beneficiated samples are given in

Table 3.2.1 & 3.2.3. For pigment grade kaolin, brightness should be >80% ISO and

bcneficiation to achieve this level is one of the highest value additions of kaolin. Size

classification increases the brightness of samples by 6.1 (SCPI) and 7.0 (SCP2) units.

lbe“L” values of both the samples, SCPI and SCP2 are found to increase by ~5 units,

iuttbere is no significant improvement in the HW values. The increase in the “L” value

indicates the removal of materials, which imparts black shade to the clay. It is seen that,

ibereddishness (“a” value) and yellowness (“b” and HY) of the material has come down

marginally during size classification. The improvement in the optical properties of the

mmples is due to the partial removal of the coloring impurities which are coarser in size.

lbcmarginal reduction in the Fe203 content of the samples SCPI and SCP2 also supports

ibesame.

The conventional reductive (‘hydros’) bleaching removes only very small amount

of iron. Hence, the brightness improvement of the product sample SCP2 is also marginal,

only by ~ 0.52 units. The decrease in iron content, improvement in the L and HW values

and reduction in “a”,” b” and HY values are found to be very small. It implies that the

impurity minerals imparting dark/reddish and yellow shade to the material is unaffected

by this reductive bleaching technique and the extent of “free” iron removal is minimal.

DCB treatment improves the brightness substantially (~l5.7 units) and during this

process the Fe203 content reduces from 1.01% to 0.61%, indicating that part of the iron

inthe sample is “free” and leachable. The brightness/whiteness of kaolin is dependent on

tbeoverall effect of the “Lab” colour values. The “L” and HW values of the sample

increase after DCB treatment by ~7.0 and ~25 units respectively and it gives an idea

about the extent of removal of the dark coloured impurity minerals. After DCB treatment

'1” values (reddishness) of the sample has come down appreciably (~3.0 units)
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niicating the removal of most of the “free” reddish iron oxy hydroxides during DCBT.

Similarly, there was a marked reduction in the “b” and HY values (~ 2.6 and 4.2 units

respectively) in the DCBT product sample which contributes to the substantial decrease

:1 yellowness.

The brightness and HW values of SCPI sample was found to increase appreciably

trier calcinations with a small increase in its L value. Correspondingly, there was a

mrked decrease in the reddishness and yellowness of the sample as indicated by the

reduction in the colour (“a”, “b” and HY) values (Table 3.2.3).

3.2.2 Chemical assay

The chemical assay of the ROM and various beneficiated samples are given in

lable 3.2.1. The ROM clay is siliceous as indicated by the high silica, low alumina and

low loss on ignition. Sample SCP1 was found to be more kaolinitic in nature and is

oident from the increased A1203 content. That is, 2” stub cycloning has removed the

coarse silica particles and enriched kaolinite content in the clay. The LOI value of SCPI

hasalso increased to that of ideal kaoilnite, indirectly indicating the removal of silica.

Butsilica content in the sample SCP2 is slightly higher than SCPI and this may be due to

tbeenrichment of fine silica particles in this particular size region. A marginal decrease

mthe alumina content and LOI supports the same. It is seen that size classification has

produced some decrease in the Fe2O3 and TiO2 content of the sample, indicating the

removal (though marginally) of denser impmity minerals (Figure 3.2.4). The presence of

appreciable quantities of Fe;O3 (~ 88%) and TiO; (~72%) in the SCP2 sample indicates

tbcultra fine size of these impurities which are getting enriched in the product during size

rparation.

The presence of Fe and Ti and other impurity minerals of Na, K, Ca etc. in the

finer size fractions indicate that they are almost uniformly distributed in all size fractions.

Results of the trace elements analysis shows that the concentrations of certain elements

suchas Mg, Ba, Cr, S, P, Zn, Cu, Pb and Ni are relatively high in the raw clay and come

down in the beneficiation products (Table 3.2.2).

Reductive bleaching is found to be ineffective in removing the iron and is evident

from the marginal decrease in the Fe;O3 content of SCP2 R.B sample. But after DCB

rcannent, the Fe2O3 percentage was reduced by 0.54 units with a marked improvement in
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optical properties of SCP2-DCBT sample. The extent of iron removal shows that ~53%

of the total iron in the clay is ”free” in nature and the rest is present in the structure of

either kaolinite or ancillary mineral (mica or titania). Also, the sharp decrease in the “a”,

‘b" and HY values confirms the removal of the coloring iron impurities such as hematite

and goethite. The marked improvement in the optical properties of SCP2 DCB treated

sample shows that most of the “structural iron” may be present in the kaolinite structure.

lt is also worth mentioning that chemical leaching has not effected any changes in the

T10; content. The Fe2O3 and TiO2 content and optical properties of the beneficiated

samples are given in Table 3.2.3 and Figure 3.2.4 represents the variation in Fe2O3 and

T101 content.

31.3 Mineralogical study

XRD and thermal analysis data of the ROM and beneficiated products is given

inlable 3.2.1 and the XRD powder pattems in Fig. 3.2.1. Kaolinite is the major mineral

present in the raw clay along with quartz, hematite, anatase and rutile as the ancillary

mineral impurities (Table 3.1.4). An increase in the intensity of the kaolinite peak and

decrease in the intensity of quartz peak in the case of SCPI, SCP2 and SCP2 DCBT

clearly shows the enriclunent of kaolinite in the sample during the size classification.

Thermal analyses data of the ROM and beneficiated samples are given in Table

32.1. The total weight loss in the raw clay on heating is ~9.46% and this low value can

Tteattributed to low kaolinite and /or high silica content. This value increases, as the

ROM clay is beneficiated by size classification confirming the increase in kaolinite

aontent. DTA data indicate that the ROM and the size classification products are similar

giiing characteristic endotherm and exotherm of kaolinite mineral (Table 3.1.4). DCB

reatment does not have any impact on the thermal properties of the sample.

Table 3.2.4 gives the percentages of possible minerals in the raw and processed

samples as calculated from the chemical assay. The ROM sample is kaolinitic with

minor amounts of quartz, micaceous minerals (both muscovite and paragonite mica),

irmatite and anatase. During size separation, the kaolinite content increases in the finer

tiactions with a simultaneous decrease in the impurity minerals. Figure 3.2.3 indicates the

aerease in kaolinite content during beneficiation. Appreciable quantities of micaceous

minerals are getting removed during 2”stub hydrocycloning along with small quantities
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of hematite and anatase. However, the data shows that the impurity minerals are retained

in all size ranges.

3.2.4 Morphological characterization

Scanning electron microscopic (SEM) pictures of the ROM clay and SCPI are

shovm in Fig. 3.2.2. Typical “booklet” shaped kaolinite particles are observed in the raw

sample. The processed clay appears to have aggregates of pseudo hexagonal platelet

shaped particles of approximately 1-2 pm size.

33 Kaolin from Trivandrum district of Kerala

3.3.1 Physical characterization:

The ROM clay is soft, pink colored and easily slaking and has a neutral pH (6.89

units). Specific gravity values of the raw and size classified products are almost the same

and are near to that of kaolinite mineral (2.6). The matter soluble in water and acid are

low and do not change much during processing. The cation exchange capacity of the raw

clay (8.43 meq/100g) is found to be in the range of values reported for natural

laolins(Table 3.3.1).

Particle size distribution analysis (Table 3.3.1) of the raw clay shows that the grit

content is very low (6.20%), and the fines are quite high (69.29% < 2pm fraction).

Screening followed by separation using 2”stub hydrocyclone has resulted in marginal

decrease in < 45 um fraction (from ~ 24.51% to 16.42% along with a sharp increase in

the<2 pm fraction (69.29% to 83.58%). Further sizing using 1” hydrocyclone is found

wenhance the < 2 um fraction to 91.92 % (Figure 3.3.3).

The optical properties of the raw clay appear to be relatively good. But the sample

ishaving a pinkish shade as indicated by the color values. Optical properties and the %

Fe;0; and % TiO; of the beneficiated samples are given in Tables 3.3.1 and 3.3.3. For

pigment grade kaolin, brightness should be >80% ISO and beneficiation to achieve this

level is one of the highest value additions of kaolin. Size classification increases the

brightness of samples from 77.71 to 78.17 (SCPI) and to 80.86 (SCP2) units.

Accordingly, there is a marginal improvement in the “L” as well as HW values of the

SCPI and SCP2 samples.

There is a marginal decrease in the reddishness (“a” value) of the sample SCPI,

hutat the same time there is an increase in the yellowness values (“b” and HY). In the
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aseof the sample SCP2, reddishness and yellowness are found to be less which are

indicated by the “a”, “b” and HY values. This clearly shows that a portion of the coloring

inpurities such as hematite and goethite are getting removed during l” cycloning. The

Pei); values also show a corresponding decrease.

Only very small quantity of iron is removed by the conventional reductive

thydros’) bleaching and the brightness improvement of the product sample SCP2 is also

marginal (80.86 to 81.54). The improvement in the “L” and HW values and reduction in

'1'. “b” and HY values are also very small. Hence the reductive bleaching is almost

hefiective in the removal of “free” iron. However, DCB treatment improves the

trightness by from 80.86 to 89.85 with a decrease in % Fe2O3 from 0.35 to 0.18 units

indicating that most of the iron in the sample is “free” and leachable. The

hightness/whiteness of kaolin is dependent on the overall effect of the “Lab” color

values. The “L” and HW values of the sample increase after DCB treatment by 4.0 units

rnd~ 13.0 units respectively, indicating the removal of the dark colored minerals in clay.

After DCB treatment “a ” value (reddishness) of the sample has come down from 2.39 to

0.41 indicating the removal of almost all the “free” reddish iron oxy hydroxides. The “­

1' value is indicative of the greenish tinge the material has obtained after the removal of

illthe red colored impurity minerals. Similarly, the “b” (yellowness) and HY values are

foundto decrease substantially from 3.27 to 2.12 and 5.07 to 3.14 units respectively and

thereby decreasing the yellow shade of the sample. The decrease in yellowness can be

attributed to the removal of goethite during DCB treatment.

The brightness, L and HW values of SCP1 sample are found to increase

appreciably after calcination. Similarly, after calcination the reddish tinge of the sample

changes to greenish as indicated by the “a” value (1.76 to -0.39). Yellowness of the

sample is also getting reduced after calcination and is evident from the decrease in “b”

andHY values (Table 3.3.3).

3.3.2 Chemical assay

lhe chemical assay of the raw and beneficiated samples are given in Table 3.3.1

lhe ROM clay is found to be highly kaolinitic as indicated by the silica, alumina and LOI

values. Sample SCP1 and SCP2 were found to be more kaolinitic than ROM clay and is

evident from the increased A1203 content, ie., size separation has removed the coarse
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pnicles and enriched kaolinite content in the clay (Figure 3.3.3). The increase in the

l0l values of SCPI and SCP2 also indicates the marginal removal of the silica and is

clnseto that of ideal kaolinite. DCB treatment has produced no change in the kaolinitic

content of the sample.

lt is seen that size classification has resulted in a slight decrease in Fe2O3 and

T10; content of samples SCPI and SCP2 and which can be attributed to the removal of

necoarse coloring impurities (Fig.3.3.4) in the particular finer size ranges. However,

these impurities are retained to a great extent in the fine fractions indicating that they are

present in the clay in a wide size range.

Reductive bleaching is found to be ineffective in removing the iron as evident

from the Fe;O3 values in the sample before and after bleaching. But after DCB treatment

he Fe;O; % has came down and the optical properties have enhanced. The extent of iron

removal shows that ~ 49% of the total iron in the clay is ”free” in nature and the rest is

present in the structure of either kaolinite or ancillary mineral (mica or titania). Also,

he sharp decrease in the “a”, “b” and HY values, indicative of reddish and yellow shade

ofthe material, confirms the removal of the coloring iron impurities such as hematite and

gnethite. In fact, the “-a” value indicates that greenish tinge has replaced the reddishness

of the sample. The marked improvement in the optical properties of the DCB treated

product shows that most of the “structural iron” may be present in the kaolinite structure.

lhevariation of Fe2O3 and TiO; content during beneficiation is given in Figure 3.3.4.

Other impurity minerals of Na, K, Ca etc. are present only in low concentrations

inthe raw clay, but get emiched in the finer size fractions. Results of the trace elements

analysis shows that the concentrations of certain elements such as Mg, Cr, Zn, Ni, P and

Sare relatively high in the raw clay and come down in the beneficiation products (Table
Q5

23.2).

33.3 Mineralogical properties

X-ray diffraction, thermal and rational analyses give an overall picture of the

clay mineralogy. The XRD and thermal analysis data of the ROM and processed samples

are given in Table 3.3.1 and the XRD powder pattems are represented in Figure 3.3.1.

Kaolinite is found to be the major mineral in the raw clay along with quartz, hematite,

mtase, rutile, as the ancillary mineral impurities (Table 3.1.4). An increase in the
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mensity of the kaolinite peak and decrease in the intensity of quartz peak in the XRD

guncrnsof SCPl, SCP2 and SCP2 DCBT clearly shows the enrichment of kaolinite in the

sample during the size classification.

Thermogravimetric analysis data of the ROM and processed samples are given in

iable 3.3.1. The total weight loss on heating increases from raw to fine sized fraction

l2.78% to ~l4.2%). This value increases, as the ROM clay is beneficiated by size

classification confirming the increase in kaolinite content. The DTA patterns give

mdothenn and exotherm characteristic of kaolinite mineral (Table 3.1.4). This shows that

the both the product samples are highly kaolinitic. DCB treatment does not have any

impact on the thermal properties of the sample.

The rational analysis data of the raw and processed samples calculated from the

chemical assay gives the percentages of possible minerals in “Trivandrum” kaolin as

given in Table 3.3.4. It shows that the ROM sample is highly kaolinitic with small

amounts of quartz, micaceous minerals (both muscovite and paragonite mica), hematite

md anatase. Size separation enriches the kaolinite content and gives the percentages of

possible minerals in SCPI and SCP2 kaolin as calculated from the chemical assay. An

ideaabout the enrichment of the kaolinite during size separation can be obtained from

rational analysis (Figure 3.3.3). From the data it is clear that the kaolinite content in both

tbeprocessed samples is higher than the ROM clay and SCP2 has got the highest value.

The mica, hematite and calcite content in the size classified samples were also on a

higher side. The impurity minerals are thus distributed in all size ranges.

33.4 Morphological characterization Scanning electron microscopic (SEM) pictures of

the ROM and SCPl samples is presented in Figure 3.3.2, which shows the presence of

aggregates of pseudo hexagonal kaolinite particles and bigger quartz particles sticking to

rheclay.

3.4 Kaolin from Kutch district of Gujarat

3.4.] Physical characterization:

Physical properties of the raw and processed clay samples are given in Table

3.4.1. The ROM clay is soft and easily slaking and has a neutral pH (6.92 units) and dull

shite color. Specific gravity values of the sample (2.71) are higher than that of kaolinite

mineral (2.6) and this may be due to the presence of heavy minerals. Size classified
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gmduct samples are found to have slightly less value which matches with that of ideal

tmlinite. The matter soluble in water and acid are also getting reduced marginally during

sizeclassification. Cation exchange capacity of the raw clay is 9.34 meq/ 100g which falls

inthe range of values reported for natural kaolins.

Particle size distribution analysis of the raw clay show that the grit content is very

3ess(3.0%) and the fines are moderately high (58.30% < 2pm fraction) in the sample.

Screening and separation using 2”stub hydrocyclone does not make any increase in < 45

am liaction but it has increased the < 2 pm fraction (58.30% to 70.60%). Further

classification using l” hydrocyclone is found to enhance the <2 um fraction to 82.30 %.

1able3.4.1 gives the size distribution data of the raw and beneficiated samples and

Figure 3.4.3 gives the trend in increase in the fine fraction.

The brightness (70.34) and HW (65.96) values of the raw clay are found to be

relatively low. The L value is high (89.18) which may be because the blackish impurities

areof low concentration in the clay. However, the clay has a reddish - yellow shade as

indicated by the “a” (0.61), “b” (6.01) and HY (10.58) values and this accounts for the

dull color of the sample. The optical properties and % Fe2O3 and % TiO2 of the raw clay

mdbeneficiated samples are given in Tables 3.4.1 and 3.4.3. For pigment grade kaolin,

lrightness should be >80% ISO and beneficiation to achieve this level is one of the

diallenges in kaolin beneficiation. Size classification increases the brightness marginally

ie.. to 72.50 (SCPI) and 73.57 (SCP2) units and there is a simultaneous improvement in

the“L” as well as in the HW values. Interestingly, the size separation has not made any

impact on the reddishness of the product samples which is evident from their “a” values.

lhe yellowness of SCPI has remained as such whereas a marginal decrease is observed

for SCP2 as indicated by the decrease in HY value. The chemical assay values for Fe2O3

md T10; in these samples support this finding.

The conventional reductive (‘hydros’) bleaching does not improve the optical

properties of the product significantly and the reduction in Fe content is also very small.

This indicates that only small part of the free iron is getting removed by this method.

DCB treatment improves the brightness from 73.57 to 77.81 units with a decrease in %

1:30; from 0.43 to 0.27 units. Thus only a part of the iron is leachable. Incidentally, the

sample is found to contain significant amount of titania which does not change on DCB
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Tu?”
treatment. The brightness / whiteness of kaolin are dependent on the overall effect of _

I/l

'L|b” color values. It has been established that the “free iron” is more soluble than T

*9 l

'stnictural” iron and hence the former is more easily removed by chemical leaching. \.r;:\ .
‘L" and HW value of the sample increase after DCB treatment by 1.2 and ~ 7.47 units

respectively, indicating that only partial removal of the dark colored minerals is taking

place. After DCB treatment, “a” value (reddishness) of the sample has come down from

0.63 to -0.51 units indicating the removal of almost all “free” reddish iron oxy

hydroxides. The negative value for “a” is indicative of the greenish tinge achieved by the

clay after the removal of red colored impurity minerals. Similarly, the “b” and HY values

arefoimd to decrease from 6.09 to 5.16 and 9.67 to 8.03 units respectively. The decrease

ill yellowness can be attributed to the removal of goethite during DCB treatment. The

high yellowness values (“b” and HY) of the DCBT product indicate that considerable

amount of colored minerals still remain in the sample.

The brightness, “L” and HW values of SCP1 sample is found to increase

marginally afier calcination. Both the reddishness as well as yellowness of the sample are

decreasing only to a limited extent which is evident from the changes in color values ie.,

'a"(0.63 to 0.54), “b” ( 6.09 tb 5.78) and HY (9.67 to 9.21) (Table 3.4.3).

3.42 Chemical characterization

The chemical assays of the ROM and beneficiated clay samples are given in

Table 3.4.1. The ROM clay is found to be highly kaolinitic as indicated by the silica,

alumina and LOI values which are close to those of theoretical values for the mineral

laolinite. It is found that size separation is removed the coarse particles, but the

laolinite content has improved only to a limited extent. The silica, alumina and LOI

\Z.lll€S of SCP1 and SCP2 confirm the same which is schematically represented in the

Figure 3.4.3. DCB treatment has produced no change in the kaolinitic content of the

sample. lt is seen that size classification has resulted in a marginal decrease in the Fe2O3

content of the product samples which can be attributed to coarser particles of the iron

containing minerals in the particular finer size ranges. But the TiO2 content is found to

remain as such as in the ROM sample (Figure 3.4.4). The presence of appreciable

quantities of Fe2O3 (~ 50%) and TiO2 (~ 98%) in the SCP2 sample gives us an idea about
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tmultra fine size of the ‘Fe’ and Ti impurities which are mostly retained in the product

tiring size separation.

Reductive bleaching is found to be ineffective in removing the iron and is evident

fiomthe marginal decrease in the Fe2O3 content of SCP2 R.B sample. Even after DCB

mnnent the Fe;O3 % has come down only by 0.16 units with a marginal improvement in

droptical properties. The extent of iron removal shows that ~3 7% of the total iron in the

SCP2 sample is ”free” in nature ( ie., as oxides, hydroxides, oxy-hydroxides) and the

rest is present in the structure of either kaolinite or ancillary mineral (mica or titania).

tho, the sharp decrease in the “a” and marginal reduction in “b” and HY values,

aonfirms the removal of iron impurities such as red hematite and yellow goethite. In fact,

zhencgative “a” value indicates that greenish tinge has replaced the reddishness of the

sample. The sample is still found to contain appreciable quantities of iron minerals which

mparts yellowish-orange tinge to it as shown by the high “b” and HY values. The

marginal improvement in the optical properties of SCP2 DCB treated sample shows that

nmay be possible that most of the “structural iron” is present as part of the titania

structure ( due to the appreciable titania content in the sample). It is also worth mention

that chemical leaching has not effected any changes in the TiO2 content. The variation of

FQO; and TiO; content during beneficiation is given in Figure 3.4.4.

Impurity minerals of other cations Na, K, Ca etc. are present only in low

concentrations and are getting enriched in the finer size fractions. Results of the trace

clcmcnts analysis shows that the concentrations of certain elements such as Mg, Zn, Ni,

Cr, P, S and Ni are relatively high in the raw clay and come down in the beneficiation

products. Table 3.4.2 gives the concentrations of trace elements in the ROM and

iencficiated samples. DCB treatment is found to decrease the values of Cr, Cu, Ni, Pb

nd Zn to a great extent.

143 Mineralogical characterization

The clay mineralogy can be understood by the X-ray diffraction, thermal and

rational analyses. The XRD and thermal analysis data of the ROM and processed samples

ingiven in Table 3.4.1 and the XRD powder patterns in Figure 3.4.1. Kaolinite is found

obc the major mineral present in the raw clay along with quartz, hematite, anatase and

rutile as the ancillary mineral impurities (Table 3.1.4). An increase in the intensity of the
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nolinite peak and decrease in the intensity of quartz peak in the XRD pattem of SCPI,

and SCP2 DCBT clearly shows the enrichment of kaolinite in the finer size

irtions.

Thermogravimetric analyses of the ROM and processed samples are given in

lable 3.4.1. The total weight loss in the raw clay on heating is ~l3.20%, which is near to

tn! of the kaolinite mineral (13.95). This value increases, as the ROM clay is

hcncficiated by size classification confirming the increase in kaolinite content. The DTA

curves give characteristic endotherm and exotherm of kaolinite mineral (Table 3.1.4).

lhisshows that the ROM, SCPI and SCPP2 are highly kaolinitic. DTA data of both the

samples indicate that the ROM and the size classification products are similar giving

characteristic endothenn and exotherm of kaolinite mineral. DCB treatment does not

have any impact on the thermal properties of the sample.

Table 3.4.4 gives the rational analysis data of various samples as calculated from

their chemical assay. The rational analysis data shows that the ROM sample is highly

laolinitic with small amount of quartz, micaceous minerals (both muscovite and

paragonite mica), hematite and anatase in small quantities. From the data it is clear that

he kaolinite content in the ROM and processed samples are more or less the same

lligrrre 3.4.3). The anatase, hematite and mica content in the size classified samples were

also on a higher side. Rational analysis data shows that the impurity minerals are

distributed in all size ranges.

3.4.4 Morphological characterization

Scanning electron microscopic (SEM) pictures of the ROM and SCP1 samples are

presented in Figure 3.4.2, which shows the presence of aggregates of pseudo hexagonal

kaolinite particles and bigger quartz particles sticking to the clay.

3.5 Kaolin from Koraput district of Orissa

lhe investigation on Koraput clay showed that it is different from the other clay

samples under investigation in many properties and conventional size classification

procedure can not be adopted for value addition. Hence, only the properties of ROM clay

arcdescribed here. Beneficiation and characterization of the product samples are dealt

separately in Chapter 7.
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Lil Physical properties

The ROM clay is soft, easily slaking gray in color with blackish impurities. The

pllof the clay is found to be quite low (1.74) and is found to be acidic. High acidity of a

shy results in many complications which are described later in Chapter 7. Conventional

an processing of this clay is difficult since the soluble iron gets precipitated on adding

norewater because of the subsequent increase in pH. Hence, a thorough water wash was

_a\"en to the clay before size classification.

ln the ROM clay the matter soluble in water is on the higher side ie., 4.14% and

be reason for the high value can be attributed to mobilization of metals such as Fe+3

tom the clay by HZSO4 . The matter soluble in acid is 9.06% and such high value can be

iueto the presence of some soluble salts. Specific gravity of the ROM clay is slightly

rghcrthan that of pure kaolinite which is possibly due to the presence of heavy mineral

mpurities. The CEC of the clay is found to have low, 2.lmeq /100g clay, which can be

snibuted to its low pH which causes protonation and formation of a positive charge on

érsurface of the clay minerals (Froth and Ellis, l996).Table 3.5.1, gives the general

_:roperties of the ROM clay.

Particle size distribution analyses given in Table 3.5.1 show that the grit content is

nedium (l6.80%), and the percentage of fines are moderately high (49.90% < 2pm

faction) in the ROM sample. The brightness (45.87), “L” (67.43) and HW (27.17) values

rsfound to be very poor. The low “L” and HW values show the presence of black/dark

wlorcd particles in the clay. The greenish tinge of the sample negative (“a” value) is

niicative of the absence of reddish iron compounds in the sample. The “b” (-0.44) and

HY (0.94) values show that the overall yellowness of the sample is low. This confirms

"hat low brightness of the sample is due to the presence of the black / dark colored

rinerals.

15.2 Chemical characterization

The percentages of chemical constituents in the ROM clay are given in Table

3.5.1. The clay is kaolinitic as indicated by the silica and alumina content which are close

mhetheoretical values of kaolinite mineral. However, the LOI value is found to be on a

side (l8.17%) which can be attributed to carbonaceous and / or minerals

ircomposable with weight loss on heating. The Fe2O3 and TiO2 content in the sample are
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ixmd to be relatively high (5.41 andl.60% respectively). XRD pattem of the clay

showed that pyrite is one of the major impurities. Accordingly the chemical analysis is

inc which confirms that the total “iron content” (as Fe) in the sample is 1.94 % out of

ahlth 1.85 % is pyritic iron. The pyrite content in the sample is estimated as 3.97%. The

sample is also fotmd to contain 2.07 % of sulphur and 1.2% of carbon. The other impurity

minerals of Na, K, Ca etc. are present only in low concentrations. Results of the trace

elements analysis of the clay is given in Table 3.5.2. No toxic element was detected in the

clay and the concentration of elements such as Co, Ba, Cr, P, Zr and Zn, are found to be

quite high. The concentrations of trace elements in this clay are found to be different

ram that in other clays under study.

3.53 Mineralogical characterization

The mineralogical composition of the clay is obtained from its X-ray

iitfiaction, thermal and rational analyses. The XRD and thermal analysis data of the

ROM sample is given in Table 3.5.1 and the XRD powder pattem in Figure 3.5.1.

liaolinite is found to be the major mineral along with quartz, pyrite, anatase and rutile as

zbeancillary mineral impurities (Table 3.1.4).

Thennogravimetric analyses of the ROM sample show that the total weight loss

mheating is ~l8.27%, which is higher than that of the kaolinite mineral (Table 3.1.4).

Again, it can be attributed to the oxidation of carbon and decomposition of pyrite. The

DTA curve gives endothenns and exotherms which are characteristic of kaolinite and

pyrite minerals. _
The rational analysis data in Table 3.5.3 gives the percentages of possible

minerals in the ROM sample as calculated from the chemical assay. Kaolinite is the

major phase and minerals such as quartz, pyrite, mica (both muscovite and paragonite),

hematite, anatase and carbonaceous matter are also found in small quantities.

3.5.-l Morphological characterization

Scamting electron microscopic analysis (SEM) pictures of the ROM clay is

presented in Figure 3.5.2, which shows the presence of aggregates of pseudo hexagonal

kaolinite particles. Well crystallized pyrite particles of typical octahedral shape are also

found.
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The detailed characterization of the ROM sample shows that, beneficiation of the

day is essential for improving the optical properties as well as the quantity of < 2 micron

iwtion in the sample. Since the clay is found to be highly acidic, conventional

Emeficiation techniques may corrode the processing equipments. So a modification in the

grocedure is essential for the wet processing of the clay. The conventional as well as the

mdified beneficiation procedures adopted for the size classification of this clay as well

lSlil€ impact of both on the overall shade / optical properties of the final product are

separately in Chapter 7.

3.6 Kaolin from Bankura district of West Bengal

3.6.] Physical properties

The ROM clay is dull yellow in color indicating the presence of colored minerals.

fheclay is sofl, easily slaking and has neutral pH (7.55 units). Specific gravity values of

fxsample (2.63) is near to that of kaolinite mineral (2.6) The specific gravity values of

fxsize classified products are found to be slightly less and they perfectly match with that

if ideal kaolinite. The matter soluble in acid and water are also getting reduced

mrginally during size classification. The cation exchange capacity of the raw clay (11.85

mi,/100g) was found to be in the range of values reported for natural kaolins. Table 3.6.1

gives the general properties of the clay and the beneficiated products.

The particle size distribution analysis of the raw clay show that the grit content is

*:igh(43.09%) and the fines are relatively less in the sample. The fraction < 2pm is only

31.10%. Screening and separation using 2”stub hydrocyclone has resulted in appreciable

unease in < 45 um fraction (from 36.38 to 57.58%) along with sharp increase in the <2

‘.llllfI3Ctl0I1 (20.10 to 42.42%). Further sizing using 1” hydrocyclone is found to enhance

ir<2 pm fraction up to 55.76 %. The size distribution in the raw and processed samples

sgiven in Table 3.6.1 and the variation in <2|.1m fraction is depicted in Figure 3.6.3.

The optical properties of the raw clay are found to be very poor. The brightness

67.69), L (74.29%) and HW (16.0l%) values are very low and colored minerals in the

clay appear to be in considerable amount. The color values, “b” (16.77) and HY (32.25)

nvery high, while “a” (0.07) is found to be low. This shows that the impurity is more

nd yellow in color. Optical properties, % Fe2O3 and % TiO2 values of ROM and

beneficiated samples are given in Table 3.6.1 and 3.6.3. The brightness should be >80%
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‘S0 for pigment grade kaolin and beneficiation to achieve this level may be very difficult

ndeven impossible for this clay. Size classification increases the brightness of samples

‘o-11.48 (SCPI) and 41.79 (SCP2) units. The “L” value of both SCPI and SCP2 samples

unease by ~ 6 units, while there is a marked improvement in HW values (12 and 15.5

mils respectively). The increase in the “L” and HW values indicates the removal of

mterials, which imparts black shade to the clay. Increase in the “a”, “b” and HY values

iuring size classification, confirms the emichment of reddish and yellow colored

znpurity minerals. The increase in the Fe2O3 content of the products of size classification

YSCPI and SCP2) also supports the same. The marginal improvement in the brightness of

aesamples is due to the partial removal of the black colored impurity minerals, which

or coarser in size.

The conventional reductive (‘hydros’) bleaching removes only small amount of

-re minerals. Hence, the brightness improvement of the product sample SCP2 is also

marginal. The brightness of the sample has improved on hydros bleaching only by ~ 5.0

units with a very small improvement in the L and HW values and marginal decrease in

1”,” b” and HY values. The Fe2O3 content also does not change much. Thus the

mpurity minerals imparting dark/reddish and yellow shade to the material is unaffected

by this reductive bleaching technique and the extent of “free” iron removal is very low.

DCB treatment improves the brightness substantially from 41.79 to 69.67 and during this

grocess the Fe;O3 content comes down from 5.66% to 0.94%. This indicates that a good

mount of the iron in the sample is “free” and leachable. The brightness/whiteness of

kaolin is dependent on the overall effect of the “L a b” color values. The “L” and HW

\'&lllCS of the clay increase after DCB treatment by ~5.0 and ~23 units and it gives an

flea about the extent of removal of the dark colored impurity minerals. After DCB

rcatment “a” value (reddishness) of the sample has come down appreciably (from 1.07

to-1.32 units) indicating the removal of most of the “free” reddish iron oxy hydroxides.

Similarly, there is a marked reduction in the “b” and HY values (20.99 to 4.03 and 36.98

o 6.68 units respectively) on DCBT which contributes to the substantial decrease in

yellowness. Even though the extent of brightness improvement and removal of free by

tbeDCB treatment is very high, the overall brightness of the product is not promising.

lllesample still contains ~l .0% of iron and the yellowness values (“b” and HY) support
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nrsame. Since the sample is found to contain mica, it is possible that the iron remaining

in DCB treatment may be present as part of the mica structure and their by affecting

tcoverall brightness of the sample.

The brightness, “L” and HW values of SCPI sample is found to decrease

;\pm:iably after calcination. Correspondingly, there is a marked increase in the

aldishness and yellowness of the sample as indicated by the reduction in the color (“a”,

'b'and HY) values as given in Table 3.6.3. Since the iron content in the sample is high,

zispossible that most of the iron getting liberated during metakaolinisation may not be

going incorporated into the kaolinite structure during calcination. This leads to the

formation of reddish iron oxide coating on the clay surface and corresponding

pprociable reduction in the optical properties of the calcined clay.

35.2 Chemical assay

The chemical assay of the ROM and various beneficiated samples are given in

Table 3.6.1. The ROM clay is siliceous as indicated by the high silica, low alumina and

owloss on ignition. Samples SCPI and SCP2 are found to be more kaolinitic which is

nident from the increased A1203 content. That is, 2” stub and 1” cycloning have

xmoved the coarse silica particles and enriched kaolinite content in the clay. Though the

l0l value of SCPI and SCP2 has increased marginally indicating the removal of the

§ll€8 indirectly, the values are found to be much lower than that of an ideal kaolinite.

Em alter size classification, the LOI values remain low and silica content is high

showing the highly siliceous nature of these products. The F e203 and TiO2 content of the

sample are found to increase (Figure 3.6.4) in the fines, indicating the emichment of finer

znpurity minerals in these fractions. The presence of appreciable quantities of Fe2O3

6.66 % - due to enrichment) in the SCP2 sample indicates the ultra fine size of these

npurities which are getting enriched in the product during size separation.

The presence of Fe and Ti and other impurity minerals of Na, K and Ca etc. in the

fincrsize fractions confirm that they are almost uniformly distributed in all size fractions.

Results of the trace elements analysis shows that the concentrations of certain elements

mchas Mg, Zn,Ba,Cr,Mn,P,S and Ni are relatively high in the raw clay and come down

mhe beneficiation products(Table 3.6.2).
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Reductive bleaching was found to be ineffective in removing the iron and is

aident from the marginal decrease in the Fe2O3 content of SCP2 R.B sample. But after

DCB treatment, the Fe;O3 percentage was reduced from 5.66 to 0.94 units and is evident

iomthe marked improvement in optical properties of SCP2-DCBT product. The extent

-aiiron removal shows that ~83% of the total iron in the clay is ”free” in nature and the

rcstis present in the structure of either kaolinite or ancillary mineral (mica or titania).

Also, the sharp decrease in the “a”, “b” and HY values confirms the removal of the

ailoring iron impurities such as hematite and goethite. Though the extent of brightness

mprovement and free iron removal of the sample by the DCB treatment is very high, the

ml] brightness of the sample is not found to be promising. The sample is still found to

wntain ~l.0% of iron. Since the sample is found to contain mica and less amount of

itania, it is possible that the iron remaining after DCB treatment may be present as part

afthe mica framework and thereby affecting the overall brightness of the sample. The

ztania content is not affected by the chemical leaching. The weight percentages of Fe2O3

mdTi0; content and optical properties of the beneficiated samples are given in Table

3.6.3 and the variation in Fe;O3 and TiO2 content is schematically represented in Figure

3.6.4.

3.63 Mineralogical study

The data from XRD and thermal analysis of the ROM and beneficiated

poducts is given in Table 3.6.1 and the XRD powder pattems in Figure 3.6.1. Quartz is

érmajor mineral present in the raw clay along with kaolinite, mica, anatase and rutile

~Table 3.1.4). An increase in the intensity of the kaolinite peak and decrease in the

mensity of quartz peak in the case of SCP1and SCP2 clearly shows the emichment of

kaolinite in the sample during the size classification.

The total weight loss in the raw clay on heating is ~5.02% and this low value can

5: attributed to high silica content. The weight loss in the range 450 to 600°C

sotresponds to the dehydroxylation of kaolinite. This value increases, as the ROM clay is

écneficiated by size classification confirming the increase in kaolinite content. DTA data

adicate that the ROM and the size classification products are similar giving endotherms

nd exotherms which are characteristic of kaolinite mineral (Table 3.1.4). DCB

reatrnent does not have any impact on the thermal properties of the sample.
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Rational analysis calculated from the chemical assay gives the percentages of

;ossible minerals in the raw and processed samples and the data is given in Table 3.6.4.

lheROM sample is high in silica and low in kaolinite and is found contain minor

mounts of muscovite and paragonite mica, hematite and anatase. During size separation,

Maolinite content increases in the finer fractions (Figure 3.6.3) with a simultaneous

decrease in the quartz content. But concentrations of all other impurity minerals are found

to increase during size classification this shows their emichment in the finer size

firtions. The data shows that the impurity minerals are retained in all size ranges.

3.6.4 Morphological characterization

Scanning electron microscopic (SEM) pictures of the ROM clay and SCPI are

shownin Figure 3.6.2. Typical platelet shaped kaolinite particles are observed in the raw

sample. The processed clay appears to have aggregates of pseudo hexagonal platelet

slnpedparticles of approximately 1-2 um size.

17 Kaolin from Pali district of Rajasthan

3.7.l Physical properties

The ROM clay is soft, easily slaking and has neutral pH (7.00 units). It has a gray

color which indicates the presence of colored impurity. Specific gravity value of the

sample (2.61) is near to that of kaolinite mineral (2.6) and the values for the size

dassified product samples are found to be slightly less and are closer to that of ideal

kaolinite. The matter soluble in acid and water are low and decrease marginally during

sizeclassification. The cation exchange capacity of the raw clay (11.85 meq/100g) was

to be in the range of values reported for natural kaolins. Table 3.7.1 gives the

general properties of the clay.

Particle size distribution analysis of the raw clay show that the grit content is

negligible (0.4%) and the fines are relatively high (the fraction < 2pm is 72.7%) in the

ample. Screening and separation using 2”stub hydrocyclone has resulted in marginal

decrease in < 45 um fraction (from ~ 26.90% to 24.3% along with an increase in the -2

micron fraction (72.7% to 75.7%). However, further sizing using 1” hydrocyclone is

found to enhance the <2 um fraction to 83.3 %.The size distribution in the raw and
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grooessed samples is given in Table 3.7.1 and the variation in <2|.1m fraction is depicted

2'. Figucr 3.7.3.

The optical properties of the raw clay are found to be very good. The lightness

193.01%) and HW (60.02%) values are relatively high, indicating the absence of

black/dark colored minerals. At the same time, the color values, “b” (4.98) and Hunter Y

i65)are high with a low value for “a” (-0.50). These values indicate the presence of

yellow colored impurity minerals in the clay. Optical properties, % Fe2O3 and % TiO2

nlues of ROM and beneficiated samples are given in Table 3.7.1 and 3.7.3. It is seen that

there is not much improvement either in the brightness or “L” and HW values after size

classification. In fact, they are getting reduced marginally in SCPI sample and this can be

mributed to the removal of pure white silica sand particles, which usually impart white

aolor to the clay. The reddislmess (“a” value) and yellowness (“b” and HY) of the SCPI

nil SCP2 samples shows that the yellow colored impurity minerals are not getting

removed during size classification. The unchanged Fe2O3 content of the samples SCPI

ndSCP2 also supports the same. Interestingly, the samples do not have any reddishness

nlhas got a greenish tinge as indicated by the low “a” value.

The conventional reductive (‘hydros’) bleaching is unable to remove any ‘Fe’

minerals. No brightness improvement is observed in the product sample SCP2. Similarly,

i*r“L”, HW and color values (“a”, “b” and HY) remained almost unchanged afier

reductive bleaching. This shows that the yellow shade to the material is unaffected by this

reductive bleaching technique and the extent of “free” iron removal is minimal.

DCB treatment is also found to be ineffective in improving the brightness and

luring this process the Fe2O3 content remained almost unchanged, indicating that the iron

mhe sample is not “free” and leachable. The brightness/whiteness of kaolin is dependent

mthe overall effect of the “Lab” colour values. The “L” and HW values of the sample

me not improved and it implies that the dark colored impurity minerals are not getting

moved by DCB treatment. After DCB treatment the “a” value remains unchanged and

'.hc“b” and HY values, which contributes to the yellowness decrease marginally. The

goduct sample is still found to contain ~l.0% of iron and the yellowness can be due to

b:“Fe” minerals. The fact that clay has high brightness which is not changed by DCB

mtment confirms that iron is in the framework of kaolinite or any other ancillary
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maul. Mica is one of the major impurities in this clay and it is possible that the iron

after DCB treatment may be present as part of the mica structure.

The brightness, “L” and HW values of SCPI sample iss found to decrease

zrginally after calcination. Simultaneously, there is an increase in the reddishness and

trllowness of the sample as indicated by the increase in the color (“a”, “b” and HY)

"-airs (Table 3.7.3). Since the iron content in the sample is on a higher side, it is possible

almost of the iron getting liberated during metakaolinisation (from mica structure) may

nbe getting incorporated into the kaolinite structure during calcination. This leads to

Jtfotmation of colored iron oxide coating on the clay surface, which in turn may be

musely affecting the optical properties of the calcined product.

.172 Chemical assay

The chemical assay of the ROM and various beneficiated samples are given in

Table 3.7.1. The ROM clay is siliceous as indicated by the high silica, low alumina and

mt loss on ignition. Samples SCPI and SCP2 are found to be more kaolinitic and is

nident from the increased A1203 content. Thus 2” stub and 1” cycloning have removed

tccoarse silica particles and emiched kaolinite content in the clay. The increase in the

'.0l values closer to that of ideal kaolinite in SCPI and SCP2 also indicates the marginal

zmotal of the silica. DCB treatment has produced no change in the kaolinitic content of

trsample.

It is seen that size classification has not made any appreciable change in Fe2O3

nlTi0; content of samples SCPI and SCP2 (Figure 3.7.4). However, these impurities

sustained to a great extent in the finer fractions indicating that they are present in the

ziay in a wide size range. The presence of appreciable quantities of Fe2O3 (~ 95%) in the

SCP2 sample gives us an idea about the ultra fine size of the ‘Fe’ impurities which are

getting enriched in the product during size separation.

The presence of Fe and Ti and other impurity minerals of Na, K & Ca etc. in the

inetsize fractions indicate that they are almost uniformly distributed in all size fractions.

Results of the trace elements analysis shows that the concentrations of certain elements

s:hasMg, Zn, Pb, Ba, Cr, Mn, P,S and Ni are relatively high in the raw clay and come

him in the beneficiation products(Table 3.7.2).
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Reductive bleaching is found to be ineffective in removing the iron and is evident

ftrnthe unchanged Fe2O3 content of SCP2 R.B sample. Even after DCB treatment, the

Ft-;0; percentage and the optical properties remain more or less unchanged. This shows

'1 almost all the iron in the clay is not ”free” in nature and is present in the structure

>5 either kaolinite or ancillary mineral (mica or titania). The “a”, “b” and Hun Y values

mot show much decrease which confirms the presence of coloring iron impurities in

trsample even after DCB treatment. The overall brightness of the ROM and product

simples is found to be high in spite of having any improvement on beneficiation. Since

tzsample is found to contain mica and less amount of titania, it is possible that the iron

after DCB treatment may be present as part of the mica structure and their by

alerting the overall brightness of the sample. It is also worth mention that chemical

aching has not effected any changes in the TiO2 content. The Fe2O3 and TiO2 content

nloptical properties of the beneficiated samples are given in Table 3.7.3 and Figure

ET4 represents the variation in Fe2O3 and TiO2 content.

F3 Mineralogical study

XRD and thermal analysis data of the ROM and beneficiated products is given in

Table 3.7.1 and the XRD powder pattems in Figure 3.7.1. Kaolinite is the major mineral

resent in the raw clay along with quartz, mica and anatase (Table 3.1.4). An increase in

jrintensity of the kaolinite peak and decrease in the intensity of quartz peak in the case

:fSCP1andSCP2 clearly shows the enrichment of kaolinite in the sample during the size

iassification.

Thermal analysis data of the ROM and beneficiated samples are given in Table

5,7,1. The total weight loss in the raw clay on heating is ~l3.77% and this relatively low

nltiecan be attributed to high silica content. This value increases, as the ROM clay is

xneficiated by size classification confirming the increase in kaolinite content. DTA data

alicate that the ROM and the size classification products are similar. All of them give

nlotherms and exotherms of “kaolinite” mineral (Table 3.1.4). DCB treatment does not

are any impact on the thermal properties of the sample.

The weight percentages of possible minerals in the raw and processed samples

recalculated from the chemical assay and this rational analysis data is given in Table

S14. The ROM clay contains kaolinie as major phase with minor amounts of ancillary
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zinerals such as quartz, mica, hematite and anatase. During size separation, the kaolinite

aomcnt increases in the finer fractions (Figure 3.7.3) with a simultaneous decrease in the

moimt of quartz. But concentration of all other impurity minerals are found to increase

luring size classification and this shows their enrichment in the finer size fractions.

llooever all size fractions do contain these impurities.

11.4 Morphological characterization

Scanning electron microscopic (SEM) pictures of the ROM clay and SCPI are

shown in Fig. 3.7.2. Typical platelet shaped kaolinite particles are observed in the raw

mnple. The processed clay appears to have aggregates of pseudo hexagonal platelet

imedpanicles of approximately 1-2 pm size.

33 Crystallinity of Kaolins

The presence of defects in kaolinite structure is often studied using X-ray

fiffraction (XRD) procedure and the Hinckley index (HI) is the most widely used relation

hrkaolin minerals to study the crystal structure (Hinckley,l963). The HI normally varies

rctoeen ~0.2 and 1.5 and the larger the value, the greater will be the crystallinity.

Similarly, DTA can also be used to understand the crystalline nature of the

lmlinite. Kaolin minerals are characterized by 2 major endothermic peaks and one

aothemiic peak. The exothermic peak corresponds to the destruction of kaolinite 1:1

structure and the dehydroxylation temperature of most of the kaolinites ranges from 498

n5l4°C (Mackenzie, 1970). A well ordered kaolinite has an endothermic peak at ~5 80°C

nd any decrease in the dehydroxylation temperature can be attributed to the inferior

ordering and crystallinity, plus some effects from the small crystal size (Keller et al,

I966). The slope ratio method was introduced by Robertson et al (1954) to detect the

fiflerences in the shapes of DTA curves. This method gives a numeric value to the

nmmetry of the peak and a value of 0.8 to 1.0 is usually observed for well ordered

nolinite and for disordered one, this value varies from 1.2 to 1.4.

ln the present study, above mentioned mineralogical studies were carried out on

SfP2 sample (<2pm fraction) and the HI was determined after the deferration of the

miple using Dithionite-Citrate-Bicarbonate treatment (Mehra and Jackson, 1969). This

ans done to avoid the cementing of the particles by iron oxide, as it will inhibit the

lispersion of the clay mineral. In addition, Cu radiations are used for the X-ray analysis
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.1‘ the samples and high amount of iron may produce high background radiations, leading

mbcmasking the peaks. The salient features of the study are given in Table 3.8.

Mineralogical data shows that “d” value of all the samples, except that of Bankura

nsncarto that of the characteristic value for kaolinite mineral 7.156. The HI value also

imdto be less for the Bankura clay while the samples from Kerala are found to have the

agbcrlll value. Koraput and Pali samples are found to have moderate values. Similarly,

irslope ratio obtained from the DTA shows the highly ordered nature of the samples

ium Kerala.

19 Possible applications of the beneficiated kaolins

Kaolin finds application in a variety of industries like paper, ceramics, rubber,

mics, cement, ink, catalyst, fiberglass etc. High value addition is achieved when the

_,1ucessed clay becomes suitable as pigment in paper and paint industries (Murray, 1986).

For some applications such as cement industry, there is no critical specification for kaolin

ndthe only concem is light color and correct chemical composition. Ceramic industry is

ilarge user of kaolin in white ware, insulators and refractory and the specifications are

uriable as the individual users may have different requirements with respect to strength,

flsticity, fired color, shrinkage and pyrometric cone equivalent (PCB).

For some other uses, kaolin has to meet rigid specifications such as particle size,

xightness, color and viscosity. Kaolin has to meet stringent specifications for optical

;mperties (brightness and color) when it is to be used as pigment in paper and paint

niustiies. Particle size distribution of kaolin is of great significance because it affects

iiscosity, brightness, opacity, gloss, ceramic strength and shrinkage and many other

_:ropcnies. The percentage of < 2 um fraction constitutes the major portion of paper

mting and high glossing paint clays. Brightness is of kaolin determines the potential

aesand prices in pigment industry. Viscosity, the flow property of the kaolin used in

gupercoating is very important and low viscosity kaolins are required for paper coating

rplications. Fine particle sized kaolin is used in film formation as it greatly enhance the

anlity of films formed by polymers that are used as binders. This application in film

fmnation includes paper coating, paint and ink. There is no naturally occurring or

synthetic pigment which has got better rheology, brightness, opacity in coatings and

mtributes effectively to film gloss at low cost . The glossy nature arises due to both the
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irparticle size and thin platelet shape of kaolin. Kaolin is used as the usual filler in

vtitcpapers such as newsprint, printing grades, uncoated book to attain certain desirable

froperties such as increased opacity, brightness, smoothness and improved ink receptivity

nlprintability. Reinforcing and stiffening properties of kaolin makes it excellent filler in

.'il'fl, fiber and plastic industries. Fine kaolin gives good resistance to abrasion and is

ml extensively in non-black rubber goods. It finds application in plastic industry

fccause kaolin aids in producing a smooth surface finish, reduces cracking and shrinking,

abscures the fiber pattem when fiberglass is used as reinforcement, contributes to a high

Sclectric strength, improves resistance to chemical action and weathering. Fine particle,

alcined kaolin (90% < 2 um) is used as a polishing agent in toothpaste, automobiles and

sell metal polishes.

ln the present study, beneficiated clays of different grades are produced at various

ngesand their utilitarian aspect has been explored by comparing their critical properties

nzbas particle size distribution and brightness with the required standard specifications

brvarious end uses. This is done to have an idea about the possible value addition of

irscclays. The different beneficiated samples taken are the (1) < 45 um fraction (SCPI)

Clits calcined product at l100°C (3) <2 pm fraction (SCP2) (4) reductive bleached

IP2 and (5) DCB treated SCP2. The salient features are given in Tables 3.9.12, 3.9.13

nd3.9.l4. Though DCB treatment is not a viable option for the beneficiation of kaolin

man industrial scale, here it is carried out to get quantitative information about the

movable free iron in the clay. A photograph of the samples before and after DCB

rratment is given in Figure 3.9.1. On an industrial scale, their removal is done by

anploying various sophisticated methods such as high gradient magnetic separation,

ioth flotation etc. The intemational / national specifications of the kaolin for various

sgplications are given in Tables 3.9.1 to 3.9.11 (Roskill, The Economics of kaolin 2000;

llunay, 1993).

3.9.1 Comparison of properties of the product clays with international specifications

The product of the first level size classification (SCPI) of most of the kaolins

anderstudy have got reasonably good optical properties (Kasargod 1, Trivandrum, Kutch

ndPali samples) and contain good percentage of particles <2 um fraction (Trivandrum,

liutch and Pali clays). Table 33.10 gives the particle size distribution and brightness of
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uiotu products of beneficiation. But critical properties of none of the above samples

mrhudtlr the required specifications for either paper coating or filler grade kaolin. The

xwmtage of finer fraction (<2 pm) in Trivandrum, Kutch, Koraput and Pali clays falls

nthin the range for its use in ceramic industry for the production of white wares (Table

395). However, the iron content has to be brought down to the required level. This

nhcates that the samples have to be beneficiated further for it s optimum utilization.

Further size classification has increased the finer size fraction in all clays and is

rodent from the percentage of < 2 |J.m fraction in the second beneficiated product

SCP2). The Trivandrum kaolin is found to have maximum fines followed by Pali and

Rush samples and the values of first two samples are comparable with the that of Grade

I paperfiller grade kaolin of Imerys, UK (Table 3.9.5) and all the samples needs further

zprovement in optical properties to achieve optimum value addition. Also the critical

roperties of Trivandrum clay shows that, it is equivalent to the product EG-21 of one

fthepioneers of kaolin processing, Thiele Kaolin Company, USA and it can be used

safiller in paper industry (Table 3.9.4). Chemical assay of the samples matches with

ratof the commercial kaolin products and shows that, except the samples from Bankura

nlPali, all others can be used for the different types of coating in paper coating as well

rsceramic industries (Table 3.9.9). At the same time, the optical properties of these

uolin samples are to be improved to match with the required specifications of the paper

mting industries.

Reductive bleaching has not made any appreciable improvement in the optical

nperties of clay samples and the properties of the SCP2 RB samples are almost

ti-ntical to those of SCP2 (Table 3.9.12). Samples can be used in paper coating and

mcrfilling pmposes only after further improving their optical properties.

The optical properties of most of the samples have improved appreciably after

IB treatment. The extent of brightness improvement shows that they are amenable to

iricrration and the iron impurities can be removed by employing suitable advanced

xneficiation techniques. Out of the seven clays, the sample from Trivandrum district is

to contain maximmn fines (<2 pm fraction) and have the maximum brightness

nlue and its superior quality is comparable to that of intemationally used high quality

mting grade clays (High Brightness No.1) [Tables 3.9.1 and 3.9.2]. Similarly, the
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rqxnies of samples Kasargod-1, Kasargod-2 and Koraput are found to be matching

vzh the required specifications of commercial grade products of intemationally

ntlaimed companies such as Thiele Kaolin Company (USA) and Imerys (UK) for their

muse in paper filling applications. Also, the clay from Pali can be used as Grade C

rnpcrfiller kaolin (Tables 3.9.4. and 3.9.5). All other samples are found to be promising

nlcan be value added by employing suitable beneficiation techniques.

It is observed that calcination has improved the optical properties of only

Triiandrum kaolin. The high brightness of the sample matches well with the intemational

guifications for its possible use in paint industries. Table 3.9.6 shows that it can be used

zavariety of paint formulations.

3.91 Comparison of properties of the products with IS specifications

Properties of the beneficiated products from six clays, except that from Koraput

iiich is separately dealt in Chapter 7, are compared with the IS specifications for their

mssible use in paper and ceramic industry. The IS specification s for light kaolin and

xramic grade china clay are represented in Table 33.10 and 3.8.11 respectively. The

mall properties of the size classification products (SCP1 and SCP2) detennined in this

rxiyaregiven in Tables 3.9.13 and 3.9.14.

The SCP1 and SCP2 samples of all the clays are found have the required particle

:2: distribution as per the IS specifications for Grade I (paper) and Grade II (filler)

mlin. But the iron content as well as the brightness values of all these samples, except

fa of Trivandrum clay, is less compared to the required specifications and fmther

xneficiation of these samples are essential for their value addition. Though the Pali

iilIlp|€ has got the required brightness, the iron content is higher for Grade I and II

mlins as per the IS specifications. Other properties of the clays are more or less

mtching with the specifications and the same can be fine tuned during the subsequent

mcficiation of the clay. Reductive bleaching (of SCP2) has not made any significant

zrprovement in optical properties of any of the clay samples and the properties are

smilar before and after the bleaching. However, the optical properties of all the clays,

aoept that of Kutch and Pali samples, have increased appreciably with simultaneous

xduction in Fe2O3 values after DCB treatment. This has made the DCB treated product

wmparable with the Grade I kaolin used in the paper industry. Accordingly, DCBT
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plncts of Kasargod-1, Kasargod-2 and Trivandrum clays are found to satisfy the

.-quirrments for Grade I kaolin. Kaolins from Kutch, Bankura and Pali can be used as

I f.a(Grade II) kaolin. It implies that all the six clay samples can be further value added

3 effecting the iron removal from these samples by sophisticated beneficiation

rdmiques such as high gradient magnetic separation, froth flotation etc. Calcined

_:r.\luct from Trivandrum kaolin is found to be of superior quality and can be used in

mnand other suitable industries after grinding it to the desired particle size.

ln the present work, the plastic and fired properties of the clays have not been

nlicd and the utilitarian aspect of the samples for ceramic industry has been discussed

zronly on the basis of their chemical assay and particle size distribution. Their possible

zscinceramic industry can be truly assessed only after studying their plasticity and firing

xlmiour.

The SCPl and SCP2 samples of Trivandrum kaolin are found to have the required

gsticle size distribution and the metal oxide content (Fe, Al and Ti) are as per the

pvcifications. Hence, they can be used in the manufacture of high quality ceramic

;mducts (Grade I kaolin). The high (Fe2O3 + TiO2) content makes the Kutch and Pali

:.‘a}'sinfe1ior to Trivandrum sample and they can be used only as Grade II kaolin. None

2' the other SCPI samples have the required quality to use them in ceramic industry. The

mncement of finer fractions makes the SCP2 samples of Kasargod 1 and 2 suitable for

mmic industry as Grade III kaolin. The very high (Fe2O3 + TiO2) content makes the

imhtraclay unsuitable for its use in ceramic industry.
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Table 3.1 Details of kaolin samples under investigation

SW0. States &
, Samples

Mines / Districts Source

l Kerala
Kasargod 1

Kasargod 2

Trivandrum

2 Orissa
Koraput

3 Gujarat
Kutch

4 West Bengal
Bankura

5 Rajasthan
Pali

Both from
Neeleswar mines,

Kasargod

Thommkkal mines,
Trivandrum

Koraput Taluk,
Koraput

Kutch mines

Bankura

J aitaran, Nimaj,
Pali

Kerala Clays & Ceramic Products
Ltd., Govt. of Kerala, Kannur

M/s. English Indian Clays Ltd., Veli
Trivandrum

M/s Balaji Minerals, Chebrole, AP
Mr.Verma, Transworld Services,
Vizag

Gujarat Mineral Development
Corporation, Ahmedabad

Dept.Mines & Minerals Govt.of WB,
Bankura
West Bengal Proj. Ltd., Govt.of WB
Kolkatta

M/s Sikhwal Chemicals, Jaitaran
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Table 3.1.1 Chemical assay, mineralogy and physical properties of ROM and
beneficiated samples of Kasargod 1 kaolin

Particulars ROM SCPI SCP2 SCP2­
DCBT

Clan.Assay (% wt)

Si0;

A1203

Fe;03 (Total iron)
Ti02

CaO

N320

K20

L01

Fe0

Physical Properteis
Particle Size Distribution, wt. %

>45 pm
<45 > 2 pm

< 2pm

Optical Properties (% ISO)
Brightness

L

a

b

HUNW

I-[UNY

Cation exchange capacity ,meq/100 g
llatersolubles, % w/w

tctd soluble, % w/w

Specific gravity, g/cc

lfneralogy
XRD Major phases K K K

Minor phases Q,H,A,R Q,H,A,R Q,H,A,R
DTA

Endotherm (°C) 538.9 536.6 532.7Exotherm (°C) 995.3 995.3 989.9

48.30
36.55
1.02
0.65
0.13
0.35
0.38
12.69
0.14

10.10
54.90
35.00

74.56
88.28
1.04
3.95

64.07
6.45

5.63
8.41

0.437
0.247
2.66

45.82
37.83
0.75
0.49
0.07
0.24
0.20
14.57

0.00
56.10
43.90

77.36
90.49
0.93
3.74

64.39
5.87

5.65
8.37

0.415
0.157
2.61

46.76
37.46
0.70
0.20
0.06
0.13
0.20
14.48

0.00
37.90
62.10

78.04
90.98
0.91
3.58

64.65
5.65

5.66
8.29

0.410
0.155
2.60

TG (wt. loss %) 12.26 14.57 14.60

46.82
37.62
0.50
0.20
0.06
0.13
0.20
14.46

0.00
37.90
62.10

86.86
93.96
0.32
1.12

82.28
1.70

2.60

K
QSAQR

532.6
989.8

14.59
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Table 3.1.2 Trace elements in ROM and beneficiated
samples of Kasargod 1 kaolin (pg / g)

Elements ROM SCPI SCP2 SCP2­
DCBT

Arsenic
Barium
Bismuth
Cadmium
Cobalt
Chromium

Copper
Magnesium
Manganese
Nickel

Phosphorous
Lead

Sulphur
Zinc

9.80
89.61
3.43
4.21
2.85

99.14
19.02

383.36
52.61
34.43
79.99
54.33

177.44
89.34

5.21
65.09
3.12
3.57
2.28
92.09
13.75

365.42
8.57

34.29
59.59

7.47
93.60
63.27

3.89
61.72
2.87
2.94
2.05
88.86
11.55

232.95
2.90

32.97
43.95

1.52
75.38
50.53

1

28.90

3.13
20.38
BDL
BDL
1.43

81.93
9.84

34.09
BDL

16.94
BDL

57.09
10.94

BDL - <1 ppm

Table 31.3 Optical properties and Fe & Ti content in the beneficiated samples of
Kasargod l kaolin0 0/o /o B

F0203 T102 °/o ISO
L 3 b HW HY

SCPI calcined

SC P2 DCBT

0.75

0.70

0.68

0.50

0.49

0.20

0.20

0.21

77.36

76.28

78.04

78.26

86.86

90.49

88.72

90.98

91.06

93.96

0.93

1.09

0.91

0.88

0.32

3.74

3.97

3.74

3.44

1.12

64.39

63.74

64.65

65.10

82.28

5.87

6.17

5.65

5.41

1.70
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lnblc 3.1.4 Characteristic XRD d-values and temperatures of DTA endotherms and
exotherms of minerals

llicrals

d-value (A°) Temp. °C‘ Three principal XRD peaks I Main DTA peaks l
Endotherm Exotherm

Kaolinite 7.15 3.566 2.331 585 (L) 985 (L)
001 3.35 1.814 4.21 573 (v.s)
\11l1BS€ 3.51 1.89 1.70
Rmilc 3.24 1.36 1.69
?s:ud0

Rmilc

3.04 2.47 2.30

Emile

Hanatite

3.47
2.69

1.88
2.51

2.90
1.69

Shmetite-4 2.53 1.48 2.96 620(s)
Guethite 4.15 2.43 2.67
(skit: 3.03 1.917

335

1.368 380 (L)
film:

[noon

1.63 2.42 2.70 440 (L)
3.29 2.52 1.71

\11s00vite

IEJG

9.98 3.33 2.57 600-900 (13)

?ngonite 9.97 4.41 3.10
310111: 10.1 3.36 2.65 550 (M)

700-900 (13)
Graphite

3.37 2.02 1.16 s20 (v L)
B-Broad: L-Large; V.L—Very Large; M-Medium; S-Small; V.S-Very small

Table 3.1.5 Rational analysis data of ROM and
beneficiated samples of Kasargod 1 kaolin

Mineral

°/0 by wt.

ROM SCPI SCP2

Kaolinite

Quartz

Paragonit

Hematite

Anatase

Calcite

Muscovite mica

e mica

85.39 92.28
0.99

1.71

1.77

0.75

0.49

0.12

91.61

2.63

1.69

1.60

0.70

0.20

0.11



Table 3.2.1 Chemical assay, mineralogy and physical properties of ROM and
beneficiated samples of Kasargod 2 kaolin

Particulars ROM SCPI SCP2 SCP2 ­
DCBT

(1em.Assay (% wt)

Si0;

A1103

Fe;03 (Total iron)
Ti02

Ca0

N310

K20

L01

F e0

Physical Properteis

Particle Size Distribution, wt. %

>45 pm

<45 > 2pm

< 2pm

Optical Properties (% ISO)

Brightness
L

a

b

HUNW

HUNY

pH

Cation exchange capacity ,meq/I 00 g
Watersolubles, % w/w

Acid soluble, % w/w

Specific gravity, g/cc

lfneralogy
XRD

Major phases
Minor phases

DTA

Endotherm (°C) 527.5 532.1 532.7
Exotherm (°C) 995.3 993.0 994.7

51.93
36.90
1.15
0.57
0.13
0.20
0.41
8.39
0.19

36.80
36.37
26.83

60.51
80.12
3.33
5.30

49.08
8.05

5.21
9.97
0.29
1.03
2.63

45.26
37.78
1.07
0.49
0.06
0.10
0.22
14.27

0.00
54.30
45.70

66.65
85.03
3.03
4.93

49.33
7.94

5.20
9.76
0.26
0.81
2.55

46.96
36.18
1.01
0.41
0.06
0.32
0.20
14.53

0.00
40.70
59.30

67.56
85.66
2.60
4.73
49.74
7.51

5.20
9.37
0.25
0.80
2.55

K K K
QSAQRSH QQADRQH QQASRQH

TG(wt. loss %) 9.46 12.41 13.13

46.96
36.18
0.61
0.34
0.06
0.32
0.20
14.53

0.00
40.70
59.30

83.27
92.72
-0.36
2.15
74.59
3.31

2.54

K
Q,A,R

532.7
994.7

13.14

Q-Quartz; K-Kaolinite; R-Rutile; A-Anatase; H-Hematite
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Table 3.2.2 Trace elements in the ROM and beneficiated
samples of Kasargod 2 kaolin (pg / g)

BDL - <1 ppm

Table 3.2.3 Optical properties and Fe & Ti content in the beneficiated samples of

Elements ROM SCPI SCP2 SCP2­
DCBT

B2lI‘lU1Tl

Bismuth
Cadmlum
Cobalt
Chroml
Copper
Magnesium
Manganes
Nickel
Phosphor
Lead

Sulphur
Zinc

Arsenic

'um

o

€

US

6.82
88.91
2.31
3.43
7.34

146.08
65.42
308.08
34.53
44.05
110.99
31.75

241.15
91.48

4.08
45.24
2.17
2.98
5.68

104.44
19.30

302.71
23.76
36.41
91.16
27.63
237.16 225.19 187.08

2.12
43.75
2.05
2.65
2.05

100.57
18.91
93.70
18.24
32.94
60.55
23.04

BDL
23.42
BDL
BDL
BDL
46.87
10.25
46.98
1.65

15.87
35.73
BDL

86.62 84.80 38.53

Kasargod 2 kaolin

Samples Fe;O3 TiO;% % B L a b HW
% ISO

HY

{P1

171 afier calcination

1?!

{Y1 RB

5?‘. afler DCBT

1.07

1.01

0.95

0.61

0.49

0.41

0.41

0.34

66.65

69.07

67.56

68.12

83.27

85.03

85.41

85.66

85.74

92.72

3.03

1.54

2.60

2.41

-0.36

4.93

3.25

4.73

4.47

2.15

49.33

57.09

49.74

51.60

74.59

7.94

5.43

7.51

7.32

3.31
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Table 3.2.4 Rational analysis data of ROM and
beneficiated samples of Kasargod 2 kaolin

Mineral

% by wt.

ROM SCPI SCP2

Kaolinite

Quartz

Muscovite mica

Paragonite mica

Hematite

Anatase

Calcite

87.54 92.61
8.46

3.46

2,51

1.06

0.57

0.23

0.76

1.88

1.24

0.80

0.49

0.12

85.95

4.34

1.70

3.97

1.07

0.41

0.11
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Table 3.3.1 Chemical assay, mineralogy and physical properties of ROM and
beneficiated samples of Trivandrum kaolin

Particulars ROM SCP1 SCP2 SCP2­
DCBT

Ciem.Assay (% wt)

Si0;

A120;

FQ03 (T0131 iI'OI1)
TiO2

Ca0

N320

K20

L01

Fe0

Physical Properteis

Particle Size Distribution, wt. %

>45 pm

<45 > 2 pm

< 2pm

Optical Properties (% ISO)
Brightness

L

a

b

HUNW

HUNY

pH

Cation exchange capacity ,meq/100 g
Water solubles, % w/w

Acid soluble, % w/w

Specific gravity, g/cc

lfineralogy
XRD

Major phases
Minor phases

DTA

Endotherm (°C) 521.9 525.4 525.7 525.8Exotherm (°C) 999.9 999.9 999.8 999.7

45.86
36.02
0.75
0.66
0.19
0.36
0.39
13.60
0.09

6.20
24.51
69.29

77.71
90.30
-2.75
3.02

65.96
4.78

6.89
8.43
0.79
1.33
2.65

46.18
36.42
0.62
0.53
0.80
0.12
0.04
14.31

0.00
16.42
83.58

78.17
90.95
2.39
3.60

66.01
5.65

6.91
8.43
0.64
1.17
2.63

46.35
37.88
0.35
0.52
0.19
0.27
0.15
14.10

0.00
8.08

91.92

80.86
92.20
1.76
3.27

67.83
5.07

6.90
8.43
0.60
1.08
2.61

46.40
38.05
0.18
0.50
0.18
0.25
0.14
14.16

0.00
8.06

91.94

89.85
96.23
-0.41
2.12
80.97
3.14

2.61

K K K K
QsaAsRaH Q>A9 Q9AaRsH Q9A9R

R,H

T0 (wt. loss %) 12.78 14.24 14.20 14.21

Q-Quartz; K-Kaolinite; R-Rutile; A-Anatase; H-Hematite
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Table 3.3.2 Trace elements in the ROM and beneficiated
samples of Trivandrum kaolin samples (pg / g)

Elements ROM SCPI SCP2 SCP2­
DCBT

l Arsenic

1 Barium

l Bismuth

Cadmium

\ Cobalt

1 Chromium

l Copper

Magnesium

; Manganese
Nickel

‘ Phosphorous
l Lead

1 Sulphur

i Zinc

BDL BDL
25.4 20.71.2 1.1BDL BDL
4.4

127.3
22.8

167.1
25.8
76.1

265.8
22.4

305.0
71.4

3.9

BDL
19.8

1.1

BDL
3.1

BDL
18.2
BDL
BDL
1 .8

102.2
18.5

143.0
20.5
64.9

253.2
19.7

296.1
64.2

98.4
16.3

128.3
17.4
58.1

184.8
18.9

295.9
47.6

65.1
7.9

90.6
2.6

50.8
182.0

10.7
294.3

31.1

sou <1 ppm

Table 3.3.3 Optical properties and Fe & Ti content in beneficiated samples of
Trivandrum kaolin

Samples Fe;O_~,
°/0

TiO; B L a b% %
ISO

HW HY

SCPI

SCP2

SCPlafier calcination

SCP2 afier reductive

bleaching

SCP2 afier DCBT

0.62

0.35

0.30

0.18

0.43

0.52

0.50

0.50

78.17

80.86

89.90

81.54

89.85

90.95

92.20

96.27

92.97

96.23

1.76

2.39

-0.39

2.05

-0.41

64.01

67.83

80.96

68.34

80.97

5.65

5.07

3.12

4.89

3.14
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Table 3.3.4 Rational analysis data of ROM and
beneficiated samples of Trivandrum kaolin

Mineral
% by wt.

ROM SCPI SCP2

Kaolinite

Quartz

Paragonit

Anatase

Hematite

Calcite

Muscovite mica

e mica

83.39 90.75

3.43

3.29

4.43

0.66

0.75

0.34

3.28

0.34

1.47

0.53

0.62

1.43

91.85

1.73

1.27

3.33

0.52

0.35

0.33
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Table3.4.1 Chemical assay, mineralogy and physical properties of ROM and
beneficiated samples of Kutch kaolin

Particulars ROM SCPl SCP2 SCP2-
I DCBT
Chem.Assay (% wt)

,

Si02 45.81 45.21 45.39 45.45I

I Ab03 37.72 37.98 37.96 38.08,
Fe203 (Total iron) 0.86 0.61 0.43 0.27
Ti02 1.63 1.53 1.60 1.59

, CaO 0.32 0.11 0.06 0.05
Na20 0.29 0.33 0.13 0.11

I

K20 0.03 0.01 0.02 0.02
LOI 13.56 14.22 14.31 14.35
FeO 0.10 --- --- ---I

Physical Properteis

Particle Size Distribution,wt.%
>451lm 3.00 0.80 0.00 0.00

<45 >21lm 28.70 28.60 17.70 17.64
<21lm 58.30 70.60 82.30 82.36

I

~ Optical Properties FA) ISO)
Brightness 70.34 72.50 73.57 77.81

i L 89.18 90.12 90.52 91.77

I a 0.61 0.61 0.63 -0.51
I b 6.01 6.05 6.09 5.16
I HUNW 45.14 46.44 49.69 57.16

HUNY 10.58 10.47 9.67 8.03
I
I 5.38 5.31 5.26' pH ---
:Cation exchange capacity, meq/l 00 g 9.34 9.11 9.04 ---
Water solubles, % w/w 0.65 0.48 0.43 ---
Acidsoluble, % w/w 1.47 1.21 1.15 ---
Specific gravity, glee 2.7 2.68 2.66 2.66

Mineralogy
XRD

I Major phases K K K K
i Minor phases Q, R, A,H Q,A,R,H Q,A,R,H Q,A,R
:

iOTA
I Endotherm (OC) 539.7 524.7 524.9 524.8
I

I
Exotherm (OC) 994.4 985.4 985.6 985.7

I
13.20 14.29 14.30 14.31I TG (wt. loss %)

K-Kaolinite, Q-Quartz, A-Anatase, R-Rutile; H-Hematite
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Table 3.4.2 Trace elements in ROM and beneficiated
samples of Kutch kaolin (pg / g)

Elements ROM SCPI SCP2 SCP2-DCBT
Arsenic

Barium

Bismuth

Cadmium

Cobalt

Chromium

Copper

llagnesium

Manganese

.\ickel

Phosphorous

bead

Sulphur

Zinc

Zirconium

2.3
76.3
2.6
1.1

2.3
54.4
10.9
169.3
6.7
43.2
258.6
49.4
593.3
54.9
63.0

BDL
53.8
2.5
1.0
1.9
50.1
7.9
146.7
4.6
39.8
201.6
35.5
511.2
39.4
50.2

BDL
47.2
2.0
BDL
1.4
46.7
7.3
133.6
4.1
37.5
189.5
30.8
490.9
36.8
48.9

BDL
32.1
BDL
BDL

1.1

23.7
1.8

114.6
BDL
18.3

178.7
19.2

476.1
14.9
47.1

BDL- <1 ppm

Table 3.4.3 Optical properties and Fe & Ti content in beneficiated samples of
Kutch kaolin

Samples Fe;O; TiO;% % %
ISO

B L a b HW HY

‘sou

SCP2

SCPlafler calcination

SCP2 R.B

SCP2 afier DCBT

0.61

0.43

0.40

0.27

1.53

1.60

1.60

1.59

72.50

73.57

74.46

73.96

77.81

90.12

90.52

90.99

90.78

91.77

0.61

0.63

0.54

0.57

-0.51

46.44

49.69

50.13

49.91

57.16

10.4

9.67

9.21

9.58

8.03
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Table 3.4.4 Rational analysis data of ROM and
beneficiated samples of Kutch kaolin

Mineral

% by wt.

ROM SCPI SCP2

Kaolinite

Quartz

Paragonit

Anatase

Hematite

Calcite

Museovite mica

e mica

92.75 93.14
1.38 0.47
0.25 0.09
3.58 4.07
1.63 0.61
0.86 1.53
0.57 0.13

94.82

0.67

0.17

1.60

1.60

0.43

0.11
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Table 3.5.1 Chemical assay, mineralogy and physical properties of
ROM of Koraput kaolin

Particulars ROM

Chem.Assay (% wt)
SiO;
A1203

Fe2O3 (Total iron)
TiO2
CaO
N320
K20
LOI

Sulphur
Organic Carbon
FeO

Pyrite
Physical Properteis
Particle Size Distribution, wt. %

> 45 pm
< 45 > 2pm

< 2 pm

Optical Properties (% ISO)
Brightness

L
a
b

HUNW
HUNY

pH
Cation exchange capacity ,meq/100 g
Water solubles, % w/w
Acid soluble, % w/w
Specific gravity, g/cc
Mineralogy

XRD

Maj or phases
Minor phases

DTA

Endotherm(°C) 534.3, 684.9, 734Exotherm(°C) 468.0, 554.8 9838
TG (wt. loss %)

41.81
32.01
5.41
1.60
0.69
0.23
0.08
18.17
2.07
1.2

2.40
3.90

16.80
43.30
49.90

45.87
67.43
-0.75
-0.44
27.17
0.94

1.72
2.1

4.14
9.06
2.78

K.Q
P

18.27

K-Kaolinite; Q-Quartz; P-Pyrite

1 32



Table 3.5.2 Trace elements in the ROM of Koraput kaolin

Elements Concentration Elements Concentrahon
112/ 2

Barium

Calcium

Cadmium

Cobalt

Chromium

Copper

Potassium

Lanthanum

Magnesium

Manganese

as/e
304

569

<2

647

145

36

134

68

68

35

Sodium

Nickel

Phosphorous

Lead

Strontium

Vanadium

Zinc

Zirconium

148

83

1537

145

212

133

154

403

<1 ppm - BDL

Table 3.5. 3 Rational analysis data of ROM of Koraput kaolin

Mineral
% by wt.

ROM clay Mineral
°/0 by wt.

ROM clay

Kaolinite

Quartz

Muscovite mica

Paragonite mica

Pyrite

77.54

.104

0.68

2.84

3.87

Hematite

Anatase

Calcite

Carbonaceous
matter

2.84

1.60

1.78

4.75
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Table 3.6.1 Chemical assay, mineralogy and physical properties of ROM and
beneficiated samples of Bankura kaolin

Particulars ROM SCPI SCP2 SCP2
DCBT

ilaulssay (% wt)

Si0;

A1203

Fe;0; (Total iron)
T102

Ca0

Na;0

K10

L01

Fe0

hysicnl Properteis

iznrie Size Distribution, wt. %

>45 pm

<45 > 2pm

< 2pm

fmcal Properties (‘/0 ISO)

Brightness

L

a

b

HUNW

HUNY

-v
MI

fmn exchange capacity ,meq/I 00 g
izasolubles, % w/w

sdsoluble, % w/w

Sxafic gravity, g/cc

Eulogy
131)

Major phases

Minor phases

JTA

End0therm(°C) 85.1,532.7,575.8 73.4,525.2 80.2,532.1 80.2,

72.54 53.85 49.1616.20 26.70 30.01
3.94
0.44
0.80
0.28
1.25
4.56
1.71

43.09
36.81
20.10

37.69
74.29
0.07
16.77
16.01
32.25

7.55
11.85
1.28
2.50
2.63

5.17
0.77
2.31
0.35
3.05
7.77

0.00
57.58
42.42

41.48
80.14
0.65

20.15
28.01
35.92

7.50
11.54
1.20
2.48
2.57

5.66
0.28
2.12
0.48
2.66
9.64

0.00
44.24
55.76

41.79
81.09
1.07

20.99
31.50
36.98

7.47
11.42
1.11
2.29
2.54

49.17
32.70
0.94
0.28
2.22
0.59
2.85
10.14

0.00
44.24
55.76

69.67
86.16
-1.32
4.03
54.41
6.68

2.53

Q.K Q.K Q.K Q.K
Mi, R, A, H Mi, R, A, H Mi ,R,A, Mi,R,A

H

Exotherm (°C) 975.6 717.0, 963.3 532.1963.3 963.3
80.2,532 1Timtloss %) 5.02 6.22 10.10 10.11

K K-Kaolinite, Q-Quartz, Mi-Mica, R-Rutile, A-Anatase; H-Hematite
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Table 3.6.3 Optical properties and Fe & Ti content in beneficiated samples of

Table 3.6.2 Trace elements in ROM and beneficiated
samples of Bankura kaolin (pg / g)

Elements ROM SCPI SCP2 SCP2­
DCBT

Arsenic
Barium
Bismuth
Cadmium
Cobalt
Chromium
Copper
Magnesium
Manganese
Nickel

Phosphorous
Lead

Sulphur
Zinc

18.18
114.43

2.31
2.24

11.16
91.75
21.62

368.28
73.66
24.88
80.79
39.10

301.03
467.61

14.14
43.43
2.19
2.12
10.38
70.17
18.57

294.62
55.53
22.55
65.31
25.20

155.30
65.62

13.93 5.41
40.62
1.84
2.00
9.00

56.46
27.77

238.71
51.32
21.50
54.65
23.48
72.80
62.36

33.31
BDL
BDL
5.28

35.74
22.86

141.47
7.07

16.71
44.56

5.02
37.34
51.72

BDL - <1 ppm

Bankura kaolin

Samples F e203 TiO;0 0 B L a b/o /0 /o
ISO

HW HY

SCPI 5.17

SCPlafier calcination --­

IP2

SC P2 after reductive

tlcaching

SCP2 after DCBT

5.66

4.86

0.94

0.77

0.28

0.28

0.28

41.48

20.34

41.79

46.45

69.67

80.14

59.98

81.09

84.67

86.16

0.65

3.32

1.07

0.89

-1.32

20.15

27.76

20.99

20.42

4.03

28.01

20.02

31.50

33.04

54.41

35.92

47.11

36.98

29.19

6.68
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Table 3.6.4 Rational analysis data of ROM and
beneficiated samples of Bankura kaolin

Mineral

% by wt.

ROM SCP1 SCP2

Kaolinite

Quartz

Muscovite mica

Paragonite mica

Anatase

Hematite

Calcite

27.74

54.22

10.58

3.45

0.44

3.94

1.61

38.15

22.52

25.80

4.06

0.78

5.17

4.12.

47.31

14.41

23.35

5.89

0.28

5.66

3.78
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Chemical assay, mineralogy and physical properties of ROM and
beneficiated samples of Pali kaolin

Particulars ROM SCP1 SCP2 SCP2­
DCBT

0em.Assay (% wt)Si0; 52.52A1203 33.04
Fe;03 (Total iron) 1 .10Ti02 0.52Ca0 0.34Na;0 0.33K20 0.56L01 1 1.79Fe0 0.53

Physical Properteis

Particle Size Distribution, wt. % 0.4>45 pm 26.90<45 > 2pm 72.7
< 2pm

Optical Properties (% ISO)Brightness 80.16L 93.01a -0.50b 4.98HUN W 60.02HUN Y 7.65pH 7.00
farion exchange capacity ,meq/I 00 g 9.02
ifatersolubles, % w/w 0.53
Acid soluble, % w/w 1.04
Specific gravity, g/cc 2.61
lfmeralogy

XRD

Major phases
Minor phases

DTA

Endotherm (°C) 75.5,547.l 75.5,547.l 73.2,547.l 73.2,547 1Exotherm (°C) 975.6 978.0 975.5 975.5

48.55
34.18
1.13
0.62
0.45
0.33
0.70
13.23

0.0
24.30
75.7

79.97
92.65
-0.44
4.50
61.86
7.72

6.95
8.73
0.49
0.92
2.58

46.17
35.66
1.04
0.55
0.51
0.37
0.62
14.30

0.0
16.70
83.3

81.17
93.63
-0.41
4.20
66.59
6.95

6.89
8.68
0.44
086
2.55

46.17
35.66
1.00
0.49
0.51
0.37
0.62
14.30

0.0
16.70
83.3

81.27
93.71
-0.43
3.56

66.77
5.49

2.54

K K K K
Q, Mi, A Q, Mi, A Q, Mi, A Q, Mi, A

TG(wt. loss %) 13.77 13.93 14.05 14.05
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Table 3.7.2 Trace elements in the ROM and
beneficiated samples of Pali kaolin

012/ 2)

Elements ROM SCP1 SCP2 SCP2-DCBT
Arsenic

Barium

Bismuth

Cadmium
Cobalt

Chromium

Copper

Magnesium
Manganese
Nickel

Phosphorous
Lead

Sulphur
Zinc

9.80
157.00

4.56
2.53

14.31
90.35
22.84

1766.56
37.10
34.49

131.12
44.89

183.07
87.20

8.67
84.85

3.97
2.25

13.52
67.94
18.99

780.24
17.06
33.09
71.14
22.23

179.77
32.64

7.56
49.61
3.62
2.10
8.53

56.20
16.36
93.70
14.24
27.94
60.55
13.04
154.19 132.12

1.48
22.69
BDL
BDL
5.60

36.24
1 1.05
72.47
1.92

14.75
35.96
BDL

26.80 2.60
BDL - <1 ppm

lable 3.7.3 Optical properties and Fe & Ti content in the beneficiated samples
of Pali kaolin

!Samp|es F e;O_~,, TiO;, B L a b HW(yo (yo (yo
ISO

HY

SCP1

SCPI Calcined

SCP2

SCP2 R.B

SCP2 DCBT

1.13

1.04

1.03

1.00

0.62

0.55

0.55

0.49

79.97

76.36

81.17

81.18

81.27

92.65

89.1 1

93.63

93.64

93.71

-0.44

-0.24

-0.41

-0.41

-0.43

4.50

5.05

5.06

5.05

3.56

61.86

61.82

66.59

66.60

66.77

7.72

8.11

6.95

6.74

5.49
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Table 3.7.4 Rational analysis data of ROM and
beneficiated samples of Pali kaolin

Mineral
°/0 by wt.

ROM SCPI SCP2

Kaolinite
Quartz

Paragonite mic
Anatase
Hematite
Calcite

Muscovite mica
3

74.98 76.77 80.56
13.60
4.75
4.03
1.10
0.52
0.61

8.29
5.90
4.01
1.13
0.62
0.79

4.16
5.24
4.60
1.04
0.55
0.91

Table 3.8 “d” value, HI and slope ratio of kaolins

Samples
66d” Hinckley Slope
value index ratio
(XRD) (HI)- (DTA)

XRD

Kasargod-l clay 7.16 1.38 0.76

Kasargod-2 clay 7.15 1.40 0.81

Trivandrum clay 7.15 1.42 0.80

Kutch clay 7.16 1.32 0.87

Koraput clay 7.14 1.24 0.92

Bankura clay 7.11 0.64 1.31

Pali clay 7.16 1.17 0.98
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Table 3.9.1 Specifications of Thiele Kaolin Company(U SA) paper coating grade
kaolins (Mid Georgia deposit)

Kao Gloss Kaobrite

3rigl1tness (%) 86.5-87.5 86.5-86.6

hnicle size <2 microns, % 90-93 80-83

Viscosity,

irookfield rpm, 1 spindle)
70% solids (cps, 20 300 (slurry) 300 (slurry)

S-rcen residue

I00 mesh)

(% Rotary dried (acid) 0.003-0.01 0.003-0.02

H 325 mesh Rotary dried (acid) 0.005-0.15 0.001-0.02

llositure, % Rotary dried (acid) 2-4 2-4

Sal Slurry (predispersed) 3.5-4.5 3.5-4.6

Table 3.9.2 International Specifications for some coating grade clays

Particle size, % of

Grade < 2pm fraction Brightness, % ISO
No.3

No.2

No.1

Fine No.1

Delaminated

High Brightness No.2

High Brightness No.1

High Brightness Fine No.1

73

80-82

90-92

95

80

80

92

95

85 - 86.5

85.5 - 87.0

87.0 - 88.0

86.0 - 87.5

88.0 - 90.0

90 - 91

90 - 91

90 — 91
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’ Table 3.9.3 Typical specifications for types of paper coating grades of kaolin

microns) (max.
o/0)

Brightness Particle Surface 325 Moisture, pH Viscosity,
(%) Size Area mesh max. °/0

(% <2 (m2/g) Residue
Brookfield
(20 rpm,
cps)

5811

Brightness 90-92 96-100 22
Tm: No.1

0.01 6.0- 350
7.7

H1811

Brightness

.\'0.l

89.5-91 90-92 13 0.01
6.0­
7.6 350

High

Brightness

.\'o2

89.5-90.5 80-84 12 0.01
6.0­
7.5 350

.\'0.l

Fme coating
86.5-88 94-97 22 0.01 6.0- 350

7.1

Rut

mi“ 86.5-87.5 90-92 13
[W8

0.01
6.0- 350
7.9

llclaminated

Coating 87.5-89.0 n/a 14 0.01
6.0­
7.1 350

Source: Industrial Mineral Handbook, Third Edition, 1999

Table 3.9.4 Specifications of Thiele Kaolin Company paper filler grade kaolins

jlnde name Kaofill E G-21

Brightness (%) 82.5-83.5 80.0-82.06
lluticle size <2 microns, %, min 40 86-92
Particle size > 10 microns, % 0-8 0-2

Screen residue (% Rotary dried (acid)
I00mesh) g

0.003-0.01 0.05-0.1

7% 325 mesh i Rotary dried (acid) 0.0l0—0.25 0.17-0.3

llositure, % Rotary dried (acid) 2-4 0.5-1.5

ill Slurry (predispersed) 3.5-5.5 3.5-5.0



Table 3.9.5 Specifications of Imerys (formerly ECCI), UK Grade C paper filler
grade kaolin

Properties
l

Yellowness

pH

Brightness (%, ISO)

Particle size % (< 2 microns) 50.0
Particle size % (> 10 microns) 8.0
Particle size % (> 53 microns)

l» l
81.0i0.7

5.7 i 0.5

0.05 (maximum)

5.0 + 0.5

Table 3.9.6 Specifications of calcined kaolin for use in various types of paints

l

Oleresnous Primers Eggshell Interior
finish paint emulsions

Mediun particle

I size (microns)

0.6 2.2 1.5 0.8
p Brightness (%)

90-92 92.5-93.5 90-92 90-92
,pH 4.2-5.2 5.0-6.0 4.2-5.2 5.0-6.0
I Moisture,

1 max.%

0.5 0.5 0.5 0.5
325 mesh

residue, %

0.01 0.02 0.02 0.02
l Oil absorption

fig 100g)

40-45 70-75 50-55 70-75
l Surface area

MM’/s)

19.0 9.0 9.0 9.0

142



Table 3.9.7 Properties of extender minerals used in paint formulations

Mineral Particle Particle size Oil Specific
shape (microns) absorption gravity

(2/100$) (2/cc)
Hydrous
kaolin

Lamellar 0.2-50 30-60 2.58

Calcined

kaolin

Amorphous 0.2-50 45-60 2.58

Calcium

carbonate

Nodular 0.7-3.0 16-30 2.65

Titanium

dioxide

Nodular 0.2 14-18 2.61

3 Talc Platey/fibrous 2.5-50 25-50 2.80

Table 3.9.8 Specifications of ceramic grade kaolins produced by selected companies

Topaz 1 Wilkcaly WC 6Tile3 EPK Kaolin‘

Chemical

analysis (%)

Si02

A1203

Fe203

T102

Ca0

M80

K20

Na20

Loss on

ignition

Particel size

distribution

~53 microns

~10 microns

-2 microns

48.00
37.00
0.29
0.05
0.05
0.05
0.18
0.1

12.80

0.05
7.00

65.00

45.60
38.40
0.74
1.58
0.05
0.02
0.15
0.21
13.72

75.00

45.50
38.10
0.30
1.40
0.40
0.50

0.04
13.80

54-65

45.73
37.36
0.79
0.37
0.18
0.01
0.33
0.06
13.91

1 EICL Tableware

Iwilkinson Kaolin Associates whiteware grade
I-Dry Branch Kaolin Company ceramic grade
41beFeldspar Corporation ceramic grade
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Table 3.9.9 Chemical analysis of selected commercial grades of kaolin

e

%

Coars Fine Fine Coarse Ceramic
coatin coatin coatin radecoating g g g g

(Georgi
USA)

a, (Georgia, (Brazil) (Cornwall, (Germany)USA) UK)
Si0;

A1203

Fe;03

Ti0;

Mg0

Ca0

Na;0

K20

L01

45.20

39.20

0.58

0.53

0.08

0.06

0.03

0.02

13.30

1.00

1.60

0.09

0.06

0.29

0.13

14.00

1.80

0.98

0.07

0.02

0.08

0.00

14.30

0.68

0.04

0.20

0.08

0.08

1.39

12.70

45.00 46.00 47.20 48.30
38.00 37.00 37.60 36.30

0.50

0.30

0.10

0.10

1.60

0.10
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reaffirmed 1999
Table 3 9.10 Indian Standard Specifications for Light kaolin, IS 505:l995

S No Characteristics Requirements for Requirements for
Grade1(Paper) Grade 2 (Filler)

Coarse particles or grit
(residue on 53pm IS
sieve), %by mass, max.

0.8 1.0

Particles larger than 10pm
in dia, % by mass, max.

5.0 15.0

Particles smaller than
l0|.1m, % by mass, min.

75 60

Relative density 27/27°C 2.5 - 2.9 2.5 — 2.9

Loss on drying, % by mass,
max.

Lump
Powder

10
2

l0
2

Loss on ignition, % by
mass, max

11.0-15.5 11.0-15.5

Matter soluble in water, %
by mass, max.

0.5

Matter soluble in HCl,% by
mass, max.

0.5 -1.0 0.5 -1.0

CuO. % by mass, max. 0.007

As;O3, ppm, max. 10

Fe2O3, % by mass, max. 0.6 0.75

MnO, % by mass, max. 0.013

pH value of aq.extract 4.5 — 7.5 4.5 — 7.5

Color reflectance to blue
light of wavelength 5040
A, %

80-85 As agreed between
the purchaser &
supplier
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Table 3.9.11 . Indian Standard Specifications for China clays for Ceramic
industry, IS 2840 : 2002

Sl Characteristics Requirement
No

Grade 1 Grade 2 Grade 3
l 4” Grit content / fineness (residue

on 45 pm IS sieve ), % by
mass, Max.

0.5 1.0 2.0

2 Particle size distribution, % by
mass:

a) Coarser than 25 pm, Max.
b) Finer than 10 pm, Min.
c) Finer than 2 pm, Min.

5

85
70

7
80
65

10
75
60

3 Plasticity by hand feel test Good Fair
4 Water of plasticity ,% by mass,

Min.

Verigood
32 30 28

5 Atterberg number, Min l2 10 8

6 Loss on Ignition, % by mass
Min.

13.0 12.0 10.0

\l

A1203 % by mass, Min. 37.0 34.0 32.0

Z

Fe;O3, % by mass, Max. 0.8 1.0 1.5

\C

TiO;, % by mass, Max. 0.7 1.0 1.0

5

Fe;O3 & TiO2 together % by
mass, Max. 1.5 2.0 2.5

ll Dry linear shrinkage(at 110°C)
percent Max 6 7 8

12 Green MOR, MPa (on drying
at 110°C), Min. 1.0 0.7 0.6

13 Fired characteristic at l350oC Should be
free from

black

Should be Should be
free from free from
black black

specks/spots specks/spots specks/spots
and cracks and cracks and cracks

l4 Fired colour White Cream Light buff
l5 Water absorption (Maturity), %

by mass, Max. 15 13 ll
l6 Apparent porosity, Max. 26 24 21
l7 Total linear shrinkage (after

firing at 13s0°c), % Max. 16 17 18
l8 PCE value in Orton, Min. 34 32 28
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Table 3.9.12 Brightness and percent <2 pm fraction in the beneficiated products

Kaolins SCPI
<2 um.

%

SCPI
B, %

SCP1
calcined

SCP2
<2

Pm»
%

SCP2
B, %

SCP2
RBP
B,%

SCP2
DCBTP
B, %

Kasargod 1 43.90 77.36 76.28 62.10 78.04 78.26 86.86

Kasargod 2 45.70 66.65 69.07 59.30 67.56 68.12 83.27

Trivandnun 83.58 78.17 89.90 91.92 80.86 81.54 89.85

Kutch 70.60 72.50 74.46 82.30 73.57 73.96 77.81

Bankura 42.42 41.48 20.34 55.76 41.79 46.45 69.67

Pali 75.7 79.97 76.36 83.30 81.17 81.18 81.27
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Table 3.9.13 Properties of SCPl samples

fly I Clly
Characteristics Kasargod Kasargod T rivand- K utch Bankura Pali clay

l I clay l 2 clay 1 rum clay , cl I
Coarse particles or
grit (residue on 53pm
1S sieve), %by mass

l

Nil Nil Nil Nil Nil Nil

Particles coarser than

25 pm, % by mass

2.5 3.0 3.46 3.76 7.72 0.70

Particles larger than
10pm in dia, % by
mass

10.7 10.0 3.58 7.70 22.13 5.0

Particles smaller than

10pm, % by mass

89 90 96.42 92.30 77.87 95.0

Particles finer than 2

pm

43.90 45.70 83.58 70.60 42.42 75.70

Relative density
27/27°C

2.6 2.6 2.6 2.7 2.57 2.68

Loss on ignition, %

by mass

14.57 14.27 14.31 14.22 7.77 13.23

Matter soluble in

water, % by mass

0.42 0.26 0.64 0.48 1.20 0.49

Matter soluble in

HCl,% by mass

0.16 0.81 1.17 1.21 2.48 0.92

Cu0. % by mass 0.0014 0.0019 0.0018 0.008 0.0019 0.0019

AS103, Rpm 5.21 8.67

Fe;03, % by mass. 0.75
4.08 <1 Rpm < 1 Rpm 14.14107 0 62 0 61 5 17 1.13

Mn0, % by mass, 0.0085 0.0023 0.002 0.005 0.0055 0.0017

pH value of

aq.extract

5.61 5.2 6.9 5.3 7.5 7.0

T102, % by mass 0.49 0.49 0.53 1.53 0.77 0.62
FC1O3 & T102

together % by mass

1.24 1.56 1.15 2.14 5.94 1.75

A1203 % by mass 37.83 37.78 36.42 37.98 26.70 34.18
Color reflectance to

blue light of

wavelength 5040 A,
°/o

77.36 66.7 78.2 72.5 41.5 79.97
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Characterrstrcs Kasargod Kasargod T rivand- Kutch Bankura
I clay 2 clay rum clay clay clay

Pali clay

l Coarse particles or
grit (residue on
lS sieve), %by

53 um
ass

Nil

Table 3.9.14 Properties of SCP2 samples

H 1 O 0
ll

m
Nil Nil Nil Nil Nil

5

I Particles coarse

25 pm,

rthan
Nil Nil Nil 1.70

PG

\
u Particles larger

10pm in dia, %
mass

than
by 10.7 10.0 100.0 98.20

22.13 5.0

P4 Particles smaller than

10pm, % by mass

89 90 77.87 95.0

5 Particles finer a.n2 62.10 59.30 91.92 82.30 55.76 83.3

is

th

Pm,

Relative density
27/27°C

2.6 2.6 2.6 2.7 2.5 2.6

9

Loss on ignitio % 14.48 14.53 14.10 14.31 9.64 14.30

Matter soluble in

fl,

by mass

aswater, % by m S

0.41 0.25 0.60 0.43 1.11 0.44

5 Matter soluble in

l-lC1,% by mass

0.86 0.80 1.08 1.15 2.29 0.86

10 Cu0. % by mass 0.0011 0.0018 0.0016 0.0007 0.0028 0.0016

ll M203, mm 3.89 2.12 7.56
12 F6103 % by m S 0.70 1.01

<1 ppm <1 ppm 13.930 35 0 3 5 66.4 1.04
P13

a as
Ti0;, % by mass 0.20 0.41 0.52 1.60 0.28 0.55

P14 A1203, % by m S 37.46 36.18 37.88 37.96 30.01 35.66
1)

as

Fe;03 & TiO2

together % by mass

0.90 1.42 0.87 2.03 5.94 1.59

P16 Mn0,%bym S 0.0003 0.0018 0.0017 0.0004 0.0051 0.0014
P11

as

pH value of 5.63 5.2 6.9 5.3 7.5 7.0

is
aqextract

CColor reflectan

blue light of

eto

wavelength 5040 A,
%

78.04 67.6 80.9 73.6 41.8 81.2
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Figure 3.1 Mine Location Map
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Intensity (arbitrary units)

Figure 3.1.1 XRD pattern (a) ROM (b) SCP1 (c) SCP2 and (d) SCP2 DCBT of

K1 K
1

1

\1 1
Q Q K K

KQ K,QA R K QR,A
K K

1
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Kg Q
Q Q1 “ K
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Kasargod 1 kaolin
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ROM sample

jw W WSCPI sample

Figure 3.1.2 SEM pictures of Kasargod 1 kaolin
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Percentage ->

—I— <2 micron fraction, °/0

10o_ ' -0- Kaolinite content, °/0
90­

80­

70­

60­

50­

40­

30­

20­

10­

* —Q— _.iii- Q/7/
0 w | I | | | 0ROM SCP1 SCP2

Samples

Figure 3.1.3 Variation of <2 pm fraction and kaolinite content
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Figure 3.2.2 SEM pictures of Kasargod 2 kaolin
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Figure 3.3.2 SEM pictures of Trivandrum kaolin
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ROM Sample

SCPI Sample

Figure 3.4.2 SEM pictures of Kutch kaolin
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ROM Sample

SCPI sample

Figure 3.6.2 SEM pictures of Bankura kaolin
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ROM sample

SCP1 sample

Figure 3.7.2 SEM pictures of Pali kaolin
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>_ l

Ks-1 : Kasargod 1; Ks-2 : Kasargod 2; Tvm : Trivandrum; Ku : Kutch;
K0 : Koraput; Ban : Bannkura

Figure 3.9.1 Photograph of samples before and after DCB treatment
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CHAPTER 4

IMPURITY MINERALS - CRYSTALLO CHEMICAL STUDY

The common ancillary / impurity minerals occurring with kaolin include parent

like feldspar and mica, quartz, ferruginous, titanoferrous and carbonaceous

zaials etc. Fermginous and titanoferrous minerals are the common coloring impurities

miron exists as oxides, hydroxides, oxy hydroxides, sulphides and carbonates along

-ziimn stained quartz / anatase and mica. Goethite (or-FeOOH) is yellow to brown in

zeur and hematite (a-Fe;O3) is red. Pyrite and ilmenite are black and give gray color to

mlin. Iron stained titania (titanoferrous) gives dirty yellow color to kaolin. Iron occurs

zalicates either in Fe(II) or F e(III) states and its crystal chemical characteristics are

zemined by its valance and ionic size, modified by crystal field (ligand)
raidemtions.

The presence of iron minerals adversely affects the properties of kaolin. In this

next the identification and quantification of the impurity mineral phases has relevance

:sclecting and sequentialising the beneficiation methods for the value addition of the

Jlllll lron minerals in kaolin are often found to be of low concentrations and different

zticle size. Sometimes, their crystallinity is also poor giving more or less an amorphous

are Generally, the quantity of these “Fe” phases is too low to be detected / estimated

'-instrumental techniques such as X-ray diffraction and various spectroscopic methods.

are, it becomes essential to separate / concentrate the iron impurities for characterizing

zsame especially for the mineral content and valence states. Free and crystalline iron

uiesare frequently separated from kaolin by various physical (particle size separation,

zsity gradient separation and magnetic separation) and chemical (selective dissolution

eimiques) methods for identification and quantification.

ln the present study, impurity mineral phases of iron have been separated /

zerentrated from the seven kaolin samples by various physical and chemical methods

scribed in the experimental part (Chapter 2). Following are the various impurity

mxntrates separated from the kaolin, (1) the underflow solids of hydrocyclone

zcilication (IMl, >45 um), (2) the impurity minerals separated by panning (IM2 , <1
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ml (3) the insoluble portion after the 5M NaOH treatment of the <45 pm fraction

)6). The ferro/ferri magnetic materials in the kaolin have been separated using a hand

mt (IM4) and analyzed by XRD to get more information on the iron minerals present

zhckaolin. The XRD and DTA results have been compared with the characteristic data

rrkaolinite and other minerals commonly found in kaolin represented in Table 3.1.4 of

hm 3. The deviation in the thermal analysis values of kaolinite is attributed to the

nscnce of impurities in the samples.

The sample IMl is essentially the imptuities/particles of large size which contain

mz. parent rocks and other minerals. IM2 contains particles of high specific gravity

Ubeavy” minerals (including those of Fe and Ti) and their particle size varies from

rgelo ultrafine. The IM2 samples separated from different kaolins are represented in

‘gut: 4.1. The differences in shades/colours are clearly visible. The iron

Marries/minerals in the impurity concentrates separated from the kaolin by different

mthods are identified by chemical, mineralogical (XRD, DTA, TGA and rational

nlysis), spectroscopic (EPR, Mossbauer, IR and UV-Visible) and microscopic (TEM­

5'15. EPMA and Optical) techniques. This chapter deals with the chemical and

zmalogical characterization of these impurity-concentrates while Chapter 5 describes

zspectroscopic and microscopic studies.

ll Impurities from Kasargode 1 kaolin

The impurity concentrates IM1, IM2 and IM3 have been characterized for their

xmical and mineralogical properties and the salient results are given in Tables 4.1 The

RD pattems of these samples along with that of IM4 are presented in Figure 4.2.

Kaolinite mineral has a chemical assay with 46.51% SiO2, 39.54% A1203 and

3.95% LOI. The high silica, low alumina and low LOI values in the hydrocylone

zderflow (IMI) sample confirm the presence of free silica and low amount of kaolinite.

'2 X-ray diffraction analysis shows that quartz and kaolin are the major minerals

meat in the sample while mica, rutile, anatase and hematite are present in minor

mtities. The characteristic “d” values of kaolinite and the common ancillary minerals

zegiven in Table 3.1.4 of Chapter 3. The relative intensity of the quartz peak is found to

ronahigher side indicating the presence of free silica and the same is supported by the

nonal analysis data and the low weight loss indicated by TGA. Considerable amounts
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'r'Fc;0; (4.08%) and TiO2 (3.63%) are present in the sample which indicates the

mtion of these minerals along with quartz in this particular size range. The

Lrixmation from the XRD analysis and weight percentage of the mineral content
mined from the rational analysis data also supports the same. Presence of appreciable

mtities of micaceous impurities is also observed from the analysis data of the sample.

.'r DTA pattem of IM1 consists of an endotherm at ~532° C and an exotherm at ~997°C

échare near to the values for kaolinite. The former corresponds to the dehydroxylation

ikaolinite and the latter to the phase change to primary mullite. The deviation from the

dues of kaolinite mineral can be attributed to the presence of impmities. The endotherm

‘|~575°C represents the phase change from B-quartz to a form. Table 3.1.4 in Chapter 3

mincludes the temperatures at which the exothermic and endothermic reactions taking

in in kaolinite and other minerals.

The chemical assay of the impmities separated by panning (IM2) shows the

mice of appreciable quantities of silica and heavy minerals of Fe and Ti. As expected,

mlaolinite content is less and quartz is high which is also supported by the low LOI

famchemical assay and TGA. XRD pattems show that quartz, magnetite and rutile are

mmajor minerals present in the sample along with hematite, goethite, anatase, ilmenite,

xudo rutile and kaolinite in minor quantity. Though the chemical assay shows high iron

:u1cnt,XRD peaks corresponding to any iron mineral is absent. The iron contaminants

mybe amorphous to X-rays. However, Ti containing mineral is identified as rutile. The

JTA pattern of the IM2 does not show any prominent exotherm of kaolinite even though

'=RD indicates its presence. The small endotherm at 523°C is possibly indicating the

rhydroxylation of the small amount of kaolinite. Since the sample is a mixture of many

metals, the reactions dming heat treatment are complex.

The alkali treated sample (IM3) is found to be free from kaolinite and at the

anetime enriched with the “Fe” and “Ti” mineral phases and this was evident from the

ranical assay of the sample. The relatively high LOI of the sample in comparison to the

that impurity mineral concentrates can be due to the presence of relatively high

auntities of iron oxides and oxy-hydroxides. XRD analysis data shows the presence of

mtz and rutile as major minerals along with hematite, ilmenite, anatase, goethite and

xudo rutile as minor phases.
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It is evident from the X-ray diffraction analysis that magnetite, pseudo rutile and

rmatite are the major phases present in the fraction separated by hand magnet (IM4)

mg with minor quantities rutile, goethite, ilmenite and anatase. The presence of quartz

zrhe magnetic fraction is possibly due to the iron stains which are common in naturally

.u'uning quartz mineral.

ll Impurities from Kasargode 2 kaolin

The chemical and mineralogical properties of the IMl, IM2 and IM3 samples

rived from the Kasargod 2 kaolin are presented in Tables 4.2. The X-ray diffraction

gnems of these samples along with that of the IM4 represented in Figure 4.3.

The chemical composition of the cyclone underflow solids (IMI) gives higher

slicaand lower alumina compared to those of the ideal kaolinite. Appreciable quantity of

feesilica appears to be present in this sample. The LOI value is also lower than 13.95%

iaolinite) confirming this finding. The XRD pattem shows that quartz and kaolinite are

nrmajor minerals present while rutile and anatase are also indicated in minor quantities.

Therelative intensity of the quartz peak is found to be very high again confirming the

rcsence of free silica. The rational analysis data and the low weight loss on heating from

TGA also support the same. The percentages of Fe2O3 (4.46%) and TiO; (3.40%) in the

ample indicates the concentration of Fe and Ti impurity minerals separated along with

mnz in this particular size range. The information from the XRD analysis and weight

mentage of the mineral content obtained from the rational analysis data also supports

fr same. The DTA pattem also shows the presence of endothermic and exothermic

;aks characteristic to that of kaolinite. Endotherm at ~575°C corresponds to the large

mount of quartz in the sample.

Considerable amounts of silica and heavy minerals are present in the impurities

separated by parming (IM2) as evident from the chemical assay. As expected in the

;am1ing technique, the alumina content is very low and silica is high. Thus kaolinite

nineral is almost negligible. The low values of loss on heating from chemical assay and

TGA also support this finding. Absence of characteristic DTA pattem of kaolinite in this

ample also confirms this finding. XRD analysis shows that quartz is the major mineral

éong with other minerals such as goethite hematite, anatase, rutile, pseudo rutile,

lmenite and magnetite in minor quantities. The endotherm at ~72°C can be due to the
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-st of adsorbed water. However, the exothenns do not con'espond to any mineral

monly found with kaolin (Table 3.1.4 in Chapter 3) and the mixture of many

zmls may be making it complicated.

The alkali treated sample (IM3) is found to be free from kaolinite and at the

mime enriched with the “Fe” and “Ti” mineral phases as evident from the chemical

my of the sample. The relatively high LOI of the sample in comparison to the other

rrurity mineral concentrates can be due to the presence of high quantities of iron oxides

rdoxy-hydroxides. XRD analysis data shows the presence of quartz and rutile as major

zrnals along with anatase, goethite hematite and ilmenite, as minor phases.

The X-ray diffraction analysis of the magnetic fraction (IM4) separated by hand

zegnetindicates that quartz (iron stained), hematite, magnetite, rutile and goethite are the

not phases present in the sample along with minor quantities pseudo rutile, ilmenite

nianatase.

Ll Impurities from Trivandum kaolin

Results of the chemical and mineralogical analysis of the samples IMI, IM2 and

.\'3are given in Tables 4.3. Their XRD patterns along with that of IM4 are represented

rfigure 4.4.

The IMl sample contains higher silica and low alumina compared to the values

zrrypical kaolinite. The loss on ignition is also low which confirms the limited kaolinite

mtcnt in the sample. The X-ray diffraction analysis shows that quartz and kaolinite are

xmajor minerals while rutile and anatase are present in minor quantities. The relative

zmsity of the quartz peak is fotmd to be high, which indicates the presence of free

ta The low loss on heating from TGA also confirms that kaolinite content is low.

Faional analysis data gives approximate figures for silica, kaolinite and other mineral

mxntages. The high percentages of Fe;O3 (l7.69%) and TiO; (8.16%) in the sample

ziicates the extent of separation of Fe and Ti impurity minerals along with quartz in this

aricular size range. The information from the XRD analysis and weight percentage of

1 mineral content obtained from the rational analysis data also supports the same.

Faional analysis data indicates presence of micaceous impurities in the sample, but XRD

mlysis does not give corresponding peak. This may be because the concentration is too
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wlor detection by XRD. The DTA pattern exhibits endotherm at ~528°C and exotherm

r~994°C which are near to the values for kaolinite mineral. (Table 3.1.4 in Chapter 3)

The IM2 sample contains appreciable quantities of quartz and heavy minerals of

Hand Ti as evident from the chemical assay. The values of alumina and LOI are low

izich correspond to low kaolinite content. Panning as expected, concentrates the coarse

ram) and heavy (Fe and Ti) minerals. XRD analysis shows that quartz, rutile and

mime are the major minerals present in the sample along with minor quantities of other

7.‘£lZlS such as kaolinite, hematite, goethite, zircon and pseudo rutile. The DTA pattem

rrsnot give any inference on the type of mineral present in the sample.

The alkali treated sample (IM3) is found to be free from kaolinite and at the

mime emiched with the “Fe” and “Ti” mineral phases as evident from the higher

mtages of Fe2O3 and TiO2 and low altunina in the chemical assay. Silica content is

Xilqllllfl low. XRD analysis data shows the presence of anatase and rutile as major

zmls along with hematite, goethite and magnetite as minor phases. Though the

nlyiical iron content is found to be high, the X-ray diffraction pattem does not give

up peaks of any iron containing mineral. The reason may be again the amorphous

me of iron contaminants. However, TiO; containing mineral has been identified as

ale.

The magnetic faction (IM4) contains magnetite, rutile, goethite, anatase and

hmitc as major phases present along with minor quantities of iron stained quartz and

mdorutile as identified by the X-ray diffraction analysis.

ll lmpurities from Kutch kaolin

The chemical and mineralogical characterization of the samples IMl ,IM2 and

llihasbeen conducted and the results are given in Tables 4.4. The X-ray diffraction

nof these impurities along with that of the IM4 sample are presented in Figure 4.5.

The chemical assay of the IMI sample shows that the ratio of silica and altunina

sliigh and the LOI is low compared to the values of kaolinite mineral. This confirms that

amiable quantity of free silica is present in the sample. The X-ray diffraction analysis

ms that quartz and kaolinite are the major minerals present in the sample while rutile

aianatase are present in minor quantities. The high percentages of Fe;O3 (4.90%) and

'\}_(l0.60%) in the sample indicates that the corresponding impurity minerals along
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a quartz are getting concentrated in this particular size range during the

mcycloriing. The XRD results and weight percentages of the minerals obtained from

zmional analysis data also supports the same. The DTA pattern shows endotherm and

album near to the values for kaolinite mineral. The decrease in former and increase in

zhtter temperatures can be attributed to the presence of impurities present in the

qle.

The chemical assay of the IM2 sample shows the presence of appreciable

mtities of heavy minerals (of Fe and Ti) and moderate amount of quartz in the sample.

mpected in the panning operation, the kaolinite content has reduced considerably as

mfirmed by the low alumina and LOI values. The high percentages of Fe;O3 (20.l2%)

alTi0; (36.1l%) in the sample indicates the emichment of “Fe” and “Ti” impurity

mils in the sample during hydrocycloning. XRD analysis shows that quartz, zircon,

-nleand anatase are the major minerals present in the sample along with other minerals

ms kaolinite and hematite in minor quantities. Thermogravimetric analysis gives a

mlweight loss of 8.8 which almost matches with the LOI determined in chemical assay.

JIA pattems do not show endotherm and exotherm values characteristic any mineral.

The silica and alumina content in the IM3 sample is low indicating the removal

zfkaolinite from the clay by the alkali treatment. The Fe2O3 and TiO2 content has

msed considerably and the chemical analysis results are given in the table. XRD

mlysis data shows the presence of rutile and anatase as the major minerals along with

matite as minor phase even though the iron content is quite high. Here again, it is

mible that the iron minerals are mostly in the amorphous form whereas TiO2 is in

xystalline forms. The weight loss obtained from TGA is very low and near to the LOI in

icmical assay by which the low kaolinite content in the sample is indicated. The DTA

gals do not match with those of kaolinite and the impurities may be undergoing

nmplex reactions during heating.

The X-ray diffraction analysis of the magnetic fraction separated by hand

mgnet (IM4) confirms the presence of hematite, pseudo rutile, rutile, ilmenite and

pethfite as the major phases and minor quantities of iron stained quartz and anatase.
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Li Impurities from Koraput kaolin

The Koraput kaolin is quite different from the other samples since it contains

amiable quantity of iron as pyrite. The impurity minerals IMl, IM2 and IM3 have

zmcharacterized for their chemical assay and mineralogical properties and the salient

mhs are given in Tables 4.5.1. The pyrite content in these impurity mineral

zmentrates has been estimated and the values are given Table 4.5.5. The XRD powder

nmsof these samples along with that of IM4 (the magnetic fraction separated using a

nimagnet) are represented in Fig 4.6.

The IMI sample contains silica and alumina with a high ratio. Appreciable

mm! of iron and sulphur is also present. The LOI is slightly high compared to that of

mlinite mineral indicating the presence of volatiles other than the water of crystallinity.

T-rumthe XRD analysis, quartz, pyrite and kaolinite are found to be the major minerals

nthrutile and anatase in minor quantities. Presence of carbon / graphite has also been

adicaled. The iron and sulphur content confirms the presence of pyrite. The carbon and

mite may be contributing to the higher LOI. The high percentage of Fe2O3 (1 1.90%) and

it pyritic content in the sample indicates the extent of concentration of Fe impurity

amrals along with quartz in this particular size range during hydrocycloning. The

fional analysis also supports these findings. During TG analysis, the sample loses

might at two steps, which correspond to the oxidation of pyrite to hematite and

idiydroxylation of kaolinite. The low concentration of kaolinite in the sample is

mfirmed by the DTA pattern where the characteristic exotherm at ~998°C and

aiotherm at ~550°C are insignificant. Prominent exotherms are observed at 440-560°C

lhlCll corresponds to the decomposition / oxidation of pyrite.

The chemical assay of the IM2 sample shows the presence of appreciable

qmtities of quartz and heavy minerals (of Fe and Ti). As expected in the panning

pcration, the kaolinite content in the sample is almost negligible as evident from the

zry low alumina value and quartz content is high. XRD analysis shows that pyrite and

ptlhlifl are the major minerals present in the sample along with other minerals such as

ma, rutile, anatase, ilmenite, kaolinite and graphite in minor quantities. Considerable

nntity of pyrite is found to be present and is evident from the chemical assay, thermal

mlysis and XRD findings. The weight loss on heating is high in the chemical assay and
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‘fit results. The DTA pattem shows that the characteristic exothenn at ~998°C and

mhenn at ~550°C are insignificant which confirms the very low concentration of

wlinite in the sample. Prominent exotherms are observed at 440-560°C which

mesponds to the decomposition / oxidation of pyrite. The high percentages of Fe2O3

F98”/0) and TiO2 (ll.77%) indicates that Fe and Ti impurity minerals are getting

‘zmtrated to a great extent during panning.

The sample IM3 separated by alkali treatment of the clay is found to be free from

mlinite and at the same time emiched with the “Fe” mineral phases, particularly pyrite

nlthis is evident from the chemical assay of the sample. The high LOI value also

nlieates the presence appreciable quantities of pyrite in the sample. The titania content is

cs" since part of it may be getting leached into the alkali on heating. XRD analysis data

ms the presence of pyrite, quartz and goethite as major minerals along with anatase

ml mtile as minor phases. It is interesting to note that chemical treatment with 5M

VOH solution removes the kaolinite completely but does not decompose the pyrite.

The XRD analysis of the magnetic fraction IM4 separated by hand magnet

mtinns the presence of magnetite, rutile, goethite, hematite, anatase and ilmenite as the

njorphases along with minor quantities of iron stained quartz and pseudo rutile.

l6 Impurities from Bankura kaolin
The characterization studies of Bankura kaolin indicate that the nature of

muities is different from those from other kaolins under investigation. The impurity

zinerals separated from the kaolin IMl, IM2 and IM3 have been analyzed for their

iemical and mineralogical properties and the results are given in Tables 4.6. The XRD

merns of these samples along with that of the magnetic fraction (IM4).are exhibited in

Figure 4.7.

Chemical analysis of the sample IMI shows that the silica percentage is high and

izalumina content and LOI are very low in comparison to that of kaolinite mineral. The

Maoliiiitic content and large amount of free silica are thereby indicated. The X-ray

ifiiection analysis shows that quartz and kaolin are the major minerals present in the

ample while mica is present in significant quantities. Presence of hematite was also

ietected in the sample. The relative intensity of the quartz peak is found to be very high.

lherational analysis data also support these findings. The weight loss in TGA is small,
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lzcxotherm at ~980 is broad and the endotherm is lowered to 518°C. All these

mvations again point to the low kaolinite content. The endotherm at ~573°C

mesponds to the quartz and /or mica. The percentages of Fe2O3 (2.91%) and TiO;

149%) in the sample indicates the concentration of Fe and Ti impurity minerals along

uhappreciable quantities of quartz in this particular size range. The information from

tc XRD analysis and weight percentage of the mineral content obtained from the

ml analysis data also supports the same. Rational analysis data clearly shows the

1-scnce of micaceous impurities in the sample.

The chemical assay of the IM2 sample shows the presence of appreciable

gmtities of quartz and heavy minerals in the sample. As expected, the kaolinite content

nth: sample was minimal and Fe2O3, TiO; and quartz content was high and is evident

iunthe low LOI and TGA values. The sample is found to contain micaceous phases

in The XRD analysis shows that quartz and mica are the major minerals present in the

mple along with other minerals such as kaolinite, rutile, anatase, goethite and hematite

minor quantities. The endotherm at ~575°C again corresponds to quartz and or mica.

The alkali treated sample (IM3) is found to be free from kaolinite and at the

me time enriched with the Fe and Ti mineral phases which are evident from the

mical assay of the sample. The titania content in the sample is also less. The

zhively high LOI of the sample in comparison to the other impurity mineral

mcentrates can be due to the presence of relatively high quantities of iron hydroxides

nloxy-hydroxides. XRD analysis data shows the presence of quartz and rutile as major

annals along with hematite, anatase and goethite as minor phases.

It is evident from the X-ray diffraction analysis that, iron stained quartz,

pshte, hematite and pseudo rutile are the major phases present in the magnetic fraction

N4) along with minor quantities of hematite, anatase, ilmenite and rutile.

U Impurities from Pali kaolin

The chemical and mineralogical properties of the impurity samples IMI , IM2

ndlM3 are presented in Tables 4.7. The XRD patterns of these samples along with that

1' [M4 are represented in Figure 4.8.

The chemical assay clearly shows that the sample IMl contains larger amount of

slicaand smaller alumina in comparison to the composition of kaolinite mineral. This
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ugh ratio of silica alumina indicates free silica and low kaolinite content. The

mmges of Fe2O3 (1.53%) and TiO2 (0.82%) in the sample indicates that only small

mm! of Fe” and Ti impurity minerals along with appreciable quantities of quartz are

mxntrated by hydroycloning in this particular size range. The X-ray diffraction

ulysis shows that quartz and kaolinite are the major minerals present in the sample

ulemica, calcite and rutile are present in minor quantities. The peak corresponding to

Inzis quite intense indicating the presence of large amount of free silica in the sample.

.':isinference is supported by the rational analysis data and the low weight loss in TGA.

lrional analysis data shows the presence of appreciable quantities micaceous impurities

air sample. The endotherms at ~535 and ~575°C correspond to the dehydroxylation of

mlinite and phase change in quartz respectively. Loss of adsorbed water is possibly

mbuting to the endotherm at ~68°C. Micaceous impurities may be causing the small

alotherm at ~750°C. Presence of kaolinite is confirmed by the characteristic exotherm at

-Y" 6°C.

The chemical composition of the IM2 sample shows the presence of appreciable

mtities of silica, Fe;O3 and CaO. The LOI is also relatively high. XRD analysis of this

nplc shows that quartz is the major mineral content along with calcite, kaolinite,

;.1-thite, anatase, rutile and mica in minor quantities. The endotherm at ~579°C and

150°C in the DTA corresponds to quartz and calcite respectively. The rational analysis

mlso supports these findings from XRD and thermal analysis. It also indicates small

mum of micaceous phases. The high Ca content and LOI are due to the calcite present

zdie sample.

The alkali treated sample (IM3) contains only very small amount of alumina

rotating the removal of most of the kaolinite during alkali treatment. However, free

mzis retained and Fe and Ti minerals are concentrated. The chemical assay is given in

mlable 4.7. XRD analysis data shows the presence of quartz as the major mineral along

vi1hgoethite,n1tile and anatase as minor phases. Again the high amount of iron content

nisto the fact that considerable amount of the iron is present as amorphous compounds.

It is evident from the X-ray diffraction analysis that, iron stained quartz,

gnetite, pseudo rutile and hematite are the major phases present in the magnetic

i1ion(IM4) along with minor quantities of rutile, goethite, ilmenite and anatase.
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ill Chemical assay and mineralogy of impurity minerals from Kasargod 1 kaolm

Properties IMl IM2 IM3
v

Chem.Assay
(% W1)

SiO2

A1203

F6203
TiO2
CaO

N320
K20
LOI

Mineralogy
XRD

Major phases

Minor phases

DTA

Endotherm (°C)

Exotherm (°C)

T G (wt. loss %)

Rational Analysis
(Mineral % weight)

Kaolinite
Quartz
Muscovite mica
Paragonite mica
Hematite
Anatase
Calcite

73.18
12.34
4.08
3.63
0.22
0.30
0.37
3.92

Q, K

Mi, R, A

532.5,
575.8

997.1

3.54

24.47
58.64
3.10
3.72
4.08
3.63
0.40

28.41
6.21

36.08
26.47

0.24
0.09
0.17
2.34

Q,M R, K

H, P.R, G, H, A, I G

20.34
2.49

52.29
14.89
BDL
BDL
BDL
10.48

Q,R

A, I, K P.R

523.1

322.1

2.26

10.64
21.09
1.14
1.11

36.08
26.47
0.43

Q-Quartz; K-Kaolinite; R-Rutile; A-Anatase; H-Hematite; I-Ilmenite; G-Goethlte
Mi-Mica, P.R-Psuedo Rutile
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N flcmical assay and mineralogy of impurity minerals from Kasargod 2 kaolm

IMI IM2 IM3

hutssay
1 M)

$i01

A1203

F601

Ti02

C80

N310

K10

L01

iemlogy
XRD

Major phases

Minor phases

\
I

I1 aH

Endotherm (°C)

Exotherm (°C)

.'G(m. loss %)

bional Analysis

lfmeral % weight)

Kaolinite

Qwifll

Muscovite mica

Paragonite mica
Hematite

Anatase

Calcite

80.78
7.12
4.46
3.40
0.32
0.34
0.21
2.52

Q,K

A,R

527.9,
575.8

180.9,
889.5,
997.1

1.67

12.13
72.31
1.74
4.15
0.67
0.34
0.29

35.52
5.89

36.69
14.21
0.41
0.18
0.29
2.01

Q,G

H, I, R, A
P.R, M

72.2

341.2,
877.1

1.87

9.83
28.58
2.45
2.20
36.69
20.21
0.73

17.02
3.67

55.15
13.48
BDL
BDL
BDL
10.21

Q,R

, A,G,HI

7 BDL<0.0l %

QQuartz; K-Kaolinite; R-Rutile; A-Anatase; H-Hematite; 1-Ilmenite; G-Goethlte
P.R - Psuedo Rutile; M-Magnetite



JChemical assay and mineralogy of impurity minerals from Trivandrum kaolm

8Properties
IM1 IM2 IM3

QhemAssay
(% W1)

1 Si0;
A1103

F6303
TiO2

Ca0

N320

K20
L01

Mi eralogyn

XRD

Major phases

Minor phases

DTA

Endotherm (°C)

Exotherm (°C)

T G (wt. loss %)

Rational Analysis
(M 'neral % weight)z

Kaolinite

Quartz
Muscovite mica

Paragonite mica
Anatase
Hematite
Calcite

49.52
19.66
17.69
6.16
0.46
0.11
0.39
3.12

K,Q

A,R

527.8

994.0

3.12

44.16
26.37
3.30
1.36
6.16
17.69
0.81

Q, R,

K

25.90
5.23

28.18
35.82
0.62
0.32
0.18
2.96

H, G,
P.R

196.4

867.8

2.15

8.36
19.74
1.53
3.95

35.82
28.18
1.10

A

Z,

5.64
2.76

62.51
23.14
BDL
BDL
BDL
5.21

A, R

H, G, M, P.R

BDL < 0.01 %

Q-Quartz; K-Kaolinite; R-Rutile; A-Anatase; H-Hematite; Z-Zircon;
G-Goethite; P.R —Pseud0 Rutile; M-Magnatite



Hale 4.4 Chemical assay and mineralogy of impurity minerals from Kutch kaolin

Properties
IMI IM2 IM3

:CImn.Assay
~ (% W1)

SiO;

1 A1303
F6203

TiO2

CaO

N320

K20
. LOI
1 Zircon

Y Mineralogy
I XRD

K Major phases

Minor phases

DTA

E Endotherm (°C)

1 Exotherm (°C)

JTG (wt. loss %)

Rational Analysis
(Mineral % weight)

Kaolinite

Quartz
Muscovite mica

Paragonite mica
Anatase
Hematite
Calcite
Zircon

47.20
21.83
4.90
10.60
0.08
0.30
0.11
8.57

K,Q

A,R

528.6

994.7

8.76

51.45
21.48
0.93
3.70
10.60
4.90
0.14

24.22
14.18
20.12
36.11
0.05
0.24
0.01
2.10
3.53

Q,Z,R

K, H

197.9

869.4

2.28

16.06
15.77
0.08
2.96

38.11
24.12
0.09
2.60

8.17
3.18

40.92
36.23
BDL
BDL
BDL
7.47

R,A

H

BDL < 0.01 %

Q-Quartz; K-Kaolinite; R-Rutile; A-Anatase; H-Hematite; Z-Zircon



115.1 Chemical assay and mineralogy of impurity minerals from Koraput kaolm

liroperties
IMI IM2 IM3

CI|em.Assay

1% W1)

Si0;
A1203

F6203

Ti02
CaO

N320

K20
L01

Sulphur

lfineralogy
XRD

Major phases

Minor phases

DTA

Endotherm (°C)

Exotherm (°C)

TG (wt. loss %)

Rational Analysis

(Mineral % weight)

Kaolinite

Quartz
Muscovite mica

Paragonite mica
Pyrite
Hematite
Anatase
Calcite

49.76
20.67
1 1.90
1.24
0.92
0.44
0.37
14.60
4.50

Q, P, K

R, A, Gr

16.50
3.62

47.98
11.77
0.51
0.22
0.19
19.10
18.20

P, G Q, P
Q9 R9 A9 I9 K9Gr A, R, H

15.43
ND

65.71
2.12
BDL
BDL
BDL
16.87
27.60

534.4, 563.8 606.9, 80.3 --­
441.1, 542.3, 444.1, 628.5 --­

561.5

13.31 19.50 --­

43.77
25.41
3.12
5.47
8.41
4.69
1.24
1.64

4.98
12.24
1.60
2.71
34.00
17.98
11.77
0.91

BDL < 0.01 %

Ii-Kaolinite; Q - Quartz; R — Rutile; P - Pyrite; G-Goethite; A —Anatase; Gr Graphite
I-Ilmenite; H-Hematite



Pyrite content in the impurity minerals from Koraput k30llll

Properties IMI IM2 IM3

‘Total Iron, % 4.24
(by estimation)

16.55 24.40

‘Non-Pyritic Iron, % 0.35
(by estimation)

0.64 0.96

'Pyritic Iron,% 3.89
(by calculation)

15.91 23.43

“sulphur, % 4.50 18.19 27.61

% of pyrite from
Pyritic Iron 8.36Sulphur 8.42

34.17
34.05

50.34
51.67

* Schneider & Schneider, Ceramic Bulletin,1990
# Quantitative chemical analysis, Vogel (Fifth ed.)
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46Chemical assay and mineralogy of impurity minerals from Bankura kaolin

Properties IMI IM2 IM3
Chem.Ass

(% wt)

SiO2

A1203

F6203
TiO2
CaO

N320
K20
LOI

Major phases

Minor phases

DTA

Endotherm (°C)

Exotherm (°C)

fly

Mineralogy
XRD

TG (wt. loss %)

Rational Analysis
(Mineral % wt)

Kaolinite

Quartz
Muscovite mica

Patagonite mica
Anatase
Hematite
Calcite

86.52
4.92
2.91
1.49
0.42
0.12
0.28
1.51

Q, K

Mi, H

518.3,
573.4

~980
(broad)

1.20

8.67
80.72
2.35
1.48
1.49
2.91
0.74

25.84
6.21
52.03
10.98
2.10
0.44
1.48
1.55

Q, Mi

K, R, A, G
H, M, P.R

575.8

Nil

1.33

3.23
18.52
6.00
5.42
10.98
52.03
3.75

9.16
0.34
78.23
5.21
BDL
BDL
BDL
7.05

Q,R

H, A,G

BDL < 0.01%

Q Quartz; K-Kaolinite; M-Mica; R-Rutile; A-Anatase; H-Hematite,
I-Ilmenite; G-Goethite; M-Magnetite; P.R-Psuedo rutile
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lable 4.7 Chemical assay and mineralogy of impurity minerals from Pall kaolin

1 Properties IMI IM2 IM3

Chem.Assay

(% W1)

SiO2

A1203

F6203
TiO2
CaO

N320
K20
LOI

Mineralogy
XRD

Major phases

Minor phases

DTA

Endotherm (°C)

Exotherm (°C)

TG (wt. loss %)

Rational Analysis
(Mineral % wt)

Kaolinite

Quartz
Muscovite mica
Paragonite mica
Anatase
Hematite
Calcite

68.97
17.99
1.53
0.82
0.59
0.44
0.29
7.96

Q,K

Mi, R,

575

C

68.3, 535.

779.3,
975.6

8.61

37.75
47.78
2.41
5.40
1.53
0.82
1.06

1

26.40
6.20

29.05
1.00

17.97
0.87
0.62

18.01

Q13

G,A,
R,K,C

293.3,
578.8,

820.0
482.5

19.32

0.80
19.30
5.25
10.73
1.00

29.05
32.07

18.48
1.27

61.31
8.71
BDL
BDL
BDL
10.12

Q.R

R, G, A, H

BDL < 0.01%

Q-Quartz; K-Kaolinite; Mi-Mica; R-Rutile; A-Anatase; H-Hematite;
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Figure 4.] Impurity concentrate (lM2) separated from the
kaolin samples

Ks-1 Kasargod1
Ks-2 Kasargod 2
Tvm Trivandrum
Ku Kutch
Ko Koraput
Ban Bankura
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f CHAPTER -5
' SPETROSCOPIC AND MICROSCOPIC STUDIES

ll The ancillary impurities especially those of iron strongly influence the physico
1

iI!ll€3l properties of kaolin during its processing for example specific surface of the

“riinite phase and the rheological properties. The qualities of the finished products

sinedto the different industries (paper coating, paints, ceramic, rubber etc.) are also

‘fated. Extensive studies have been carried out on the relation between the total iron,
,:size, the structural order and the surface reactivity of kaolin (Cases et al, 1982, 1986).t . . . . .
-"1 advent of sophisticated spectroscopic analytical techniques has made easy to

liierstand the state of iron and its effect on the properties of kaolin (Brindley, 1986).

'2 difiiculties associated with the low concentration of Fe in kaolin, the complexity of

,1 natural material matrix from which kaolins are obtained and the effect of pre­

nentration or extraction methods often requires the use of multiple analytical

___

zhiiques to investigate the materials. In addition to XRD analysis, the traditional tool

‘mineral identification, spectroscopic (IR, EPR and Mossbauer) and microscopic

gdcal, SEM, TEM and EPMA) techniques have been used to define the iron impurities

ziaolin.

The crystallo-chemical characteristics and the assembly of kaolinites with the

tsociated iron oxyhydroxides are closely linked to the geological conditions in which the

iihis are formed. Certain mineral impurities such as iron and titanium oxyhydroxides

mnot be detected and / or analyzed by XRD since they are present in minute quantity

and sometimes in amorphous form. The spectroscopic tools are, on the other hand,

iitpltd to their analysis and can bring additional information, ie., they allow to identify

rd to localize certain impurities, within the minerals or the form of separated

ziophases (Bonin et al., 1982)

flectran Paramagnetic Resonance (EPR) spectroscopy is concemed with the detection

{unpaired electrons and characterization of their chemical enviromnents. It is not a

xhnique that can be used for clay mineral identification, but can be used for

nracterizing the minor structural or surface components (paramagnetic species) that

mtaiii unpaired electrons and which may be of importance in understanding the specific

mperties of the minerals. It is a powerful technique for identifying the various types of
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mention of paramagnetic metal ions with clay minerals, on the basal surfaces, within

xinterlanrellar spaces, or as part of the almninosilicate structures. Such information

If be of vital importance in understanding clay chemistry and EPR has been used

msively over the past two decades for the same.

Over the years extensive EPR studies have been carried out on both nattual

nlinites (Angel and Hall, 1973; Meads and Malden, 1975; Herbillon et al, 1976;

mghet al, 1980; Brindley et al, 1986; Muller et al, 1990) and synthetic specimens

lqcletal, 1974; Jones et al, 1974; Angel et al, 1977; Cuttler, 1980, 1981) and the main

ml characteristics are now well understood. The EPR spectra of two typical kaolins

(sedimentary origin are given in Figure l (Meads and Malden, 1975; Hall, 1980). These

mare a result of the superimposition of different signals described in the literature

ua)inthe magnetic field , between 1200 and 2000 Gauss (G), a complex signal due to

tferric iron in the impurities with in the lattice kaolinites (b) in the elevated magnetic

xii three overlapped signals centered to about 3300 Gauss, due to the iron

niydroxides associated with the kaolinites and the electronic defects within the lattice

{the kaolinite (Meads and Malden, 1975; Hall, 1980; Muller and Calas, 1991). It is

silent from Figure 5.1 that the intensities of the signals are related to the concentration

ithe corresponding paramagnetic species and varies from one sample to the other in

gtificant manner.

The paramagnetic ferric iron can situate in two distinct sites within the kaolinite

tgiven in Figure 5.1, which can be referred to as Fe(I) and Fe(II) (Balan et al, 1999).

kisotropic signal of Fe(I), centered around l585G overlaps with the anisotropic signal

iFe([I) having a maxima at l340G and a minima at l890G. Even though both of these

to sites contain ferric iron substitute for aluminium in the octahedral layer of the

nlinite, they will have different symmetry and will affect the structural order /

qstalline nature of the kaolinite differently. The replacement of aluminium ion from the

nee of kaolinite by F e(II) will not make any noticeable deformation of the crystal

rice indicating that Fe(II) is associated with the crystalline domain with a high

ystalline nature. On the contrary, the replacement of lattice aluminium of kaolin by

tI),probably at the periphery of the crystalline domains, is accompanied by the site

formations of substitution (rhombic distortion), which disturbs the regular stacking up
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iiyrrs in the kaolinite lattice (Brindley et al, 1986) showing that the Fe(I) is associated

dtbe weak crystalline nature domains. Based on their studies on soil kaolinites, Allard

:L(l994) has shown that an appreciable increase of the area of the signal Fe(II) does

rproduce a significant modification in the crystalline nature of the kaolinite, but at the

mime a modest change in the area of the signal of iron Fe(I) makes an appreciable

mse in the crystalline nature of kaolin.

The isotropic signal centered around regions 2000G and 3300G are due to the

awe of iron oxyhydroxides (hematite and/or gothite) in nanometric particles (<10

mud /or of ferric gels. There exists a relationship between the area of this signal to

zooncentration of the super-paramagnetic phases and the concentration of Fe(I) in the

mt kaolinites and is evident from the EPR specta of the samples subjected to iron

mval by various methods. The intensity of this signal will be high, if, concentrations

z'le(l) is high. This relation can be linked with the existence of very close structural

anions between the iron oxyhydroxides and the kaolin (Bonin et al, 1982). Typical EPR

mradifferent kaolin samples are given in Figure 5.2.

Mossbauer spectroscopy is a very important technique which can be used for the

mification and characterization of less crystalline iron oxide and oxy-hydroxide

mals present in kaolin samples. It is powerful technique, which gives the
ixmation about the oxidation state and the coordination enviromnents of the iron in

ml phases. The oxidation states can be determined from the magnitude of the

smer shifls and the typical values for Fe” and Fe+3 bound to oxygen in different

mdination enviromnents are given in Figure 5.3.

Hematite (alpha-Fe2O3), Maghemite (gama-Fe;;O3), Magnetite(Fe3O4), Goethite(o­

E001-I), Lepidocrocite(y-FeOOH), Akaganeite(|3-FeOOH) Ferrihydrite (Fe5HO3.4H;O),

1:oxyhite(5-FeOOH) are the oxide and oxyhydroxide species of iron generally

ssociated with kaolin in nature. All these minerals will order magnetically and only

apatite and maghemite are strongly ferromagnetic due to their spinel type structures.

Ilirrs are either antiferromagnetic or very weakly ferromagnetic, although the

nngement of spins in the poorly crystalline mineral, fenihydrite has been described as

gaimagnetic (Coey and Readman, 1973). The Mossbauer spectra of iron oxides have

aicwed by many researchers (Bowen and Weed, 1984; Murad and Johnston, 1987; and
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cud, 1988). Recently, Pollard et al (1992) has suggested that the use of large applied

|_retic fields in low temperature Mossbauer spectra is the most effective approach to

Lmiiguish the various oxyhydroxide species, since it reduces particle size effects. Since

::sacostly procedure, it is used only when the differentiation can not be made with

gmrrements at higher temperature Mossabauer spectroscopic studies on iron in various
lmlindeposits are reported (Fysh et al, 1983; Komusinski et al, 1981; Weaver et al,
l§'1;Malden and Meads; 1967, Jefferson et al, 1975; Murad and Wagner, 1991; Olowe

111990; Cuttler, 1980, Rossiter & Hodgson, 1965; Hart et al, 2002; Sei et al, 2004).

'1 isomer shift (6) and quadrupole splitting (AE) values of various iron species are

gated by these researchers. In 1983, Fysh et al. has reported that it possible to identify

zstmctural and surface iron in kaolin using Mossbauer spectroscopy.

Infrared absorption spectroscopy is a rapid, economical method universally used

rstructural analysis. Absorption of infrared radiation by clay minerals is influenced by

micmass, degree of crystalline order and the size and shape of the mineral particles

mrev, 1974; Farmer and Russell, 1966, Rendon and Sema, 1981, Sema et al, 1982).

5: infiared spectrum of a clay mineral is sensitive to the chemical composition,

rrnorphous substitution and crystallinity and provides fundamental information for the

mrral identification and surface properties of the minerals. The IR band assigmnents

tribe kaolin (Farmer and Russell, 1964, Ledoux and White, 1964, Rouxhet et al, 1977)

well as for the various iron phases (Rendon and Sema, 1981; Yariv et al, 1979; Russell

nllraser, 1994) are available in the literature. The IR band due to the Fe+3 substitutions

irAl+3 in kaolinite structure has been reported by Mendelovici et al in 1979.

Similarly, it is possible to identify the mineral phases in the impurity concentrates

mg UV-Vis spectroscopy based on the band assigmnents given for various iron

simls reported in the literature (Sherman et al, 1985 Karickhoff et al, 1973; Lehmann

5.1970 and Manning P. G., 1967).

Under microscopic studies, SEM pictures give the morphology and size of the

pricles. TEM gives information on nanoparticles and with EDS facility it provides the

‘mica! assay (in atomic percentage) of individual particles and this information can be

ed for the identification of various mineral phases. The “iron staining”, ie., the

mpurity Fe phases which are present as coatings (approximately 100 A° units) bound
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it kaolin surface or incorporated in gel coatings on the surface of the kaolin particles

zmily identified and quantified by various researchers (Ferris and Jepson, 1975).

igetal (1975) and Jefferson et al (1975) have used TEM for understanding the red

mite) and yellow (gothite) coating on kaolin while, Weaver (1976) has used the

unique for studying the titanoferrous impurity (Ti,Fe)O2 present in Georgia kaolin.

Z\l~EDS have also been used to understand the incorporation of Fe in anatase and

mlinite structure (Jepson and Rowse, 1975).

Electron Probe Micro Analysis (EPMA) and Optical Microscopic analysis are

alto understand the various mineral phases present in kaolin.

In the present study, the spectroscopic and microscopic methods have been used

zidentifying the species of iron in kaolin samples and to see how the information given

inch technique complement each other and supplement the findings. The ROM and

nlucts of beneficiation have been subjected to EPR spectral studies whereas the panned

ml impurities (IM2) are analyzed by Mossbauer and UV-Vis spectroscopy. IR

um of ROM and impurity separated by hydrocyclone (IMI) and IM2 have been

mThe ROM and size classified products (SCPI) are examined by SEM whereas

llll and [Ml have been studied by EPMA. The ROM, SCPI and IMl samples of Kutch

nllloraput kaolins have been subjected to HRTEM

£lEPR spectral studies

EPR spectroscopy is used to characterize Fe+3 ions that contain unpaired electrons

lnnusinski et al., 1981; Balan et al, 2000). EPR spectra distinguishes two forms of Fe“

isolated Fe” ions isomorphously substituted for Al+3 within the kaolinite structure

‘i]ute” structural Fe+3) and (ii) poorly understood domains in which Fe+3 ions reside in

is: proximity to one another. Fe+3 occurring in these domains are referred to as

mcentrated / clustered” Fe”. Dilute structural Fe exhibits a paramagnetic signal at low

mietic field.

The characteristic EPR resonance lines of kaolinite are found in low magnetic

:1) and high magnetic (F2) fields with “g” values near 4.0 and 2.0 respectively. The

nuances at Fl are attributable to structural Fe+3 and those at F2 may result from crystal

qxrfections, holes, free radicals etc. Fe+3 ions occupy two different sites denoted as

:1, and Fem) in the Fl region. Though both sites are due to Fe” substituting for Al+3 in
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arhttice, their symmetry is different. The degree of structural order of the kaolinite and
+

rrclative populations of Fem and Fem) sites are interrelated. Replacement of Al 3 by

‘£5 at Fem probably at the periphery of the crystalline domains is accompanied by

ambit distortion (deformation of the site of substitution), disturbing the regularity of

rholinite lattice (Balan et al, 2000). Replacement of Al+3 with Fe+3 at Fem) makes no

die deformation in the crystal lattice showing that it is associated with high

innlline nature. Thus F ea) substitution is associated with poorly crystalline nature and

tfllSll]3.ll increase will result in appreciable decreases in crystallinity. In other words

f~._ signal corresponds to the changes of the site symmetry owing to the random

ilmhttion of vacant octahedral site in successive layers and Fem) corresponds to the

as within low defect kaolin (Allard et al, 1994). Therefore an increase in the number of

l
'; sites and decrease in the number of Fem) sites leads to an increase in structural

indcr. The wide resonance at g =2.0 (obscuring region II) is due to the contaminants of

1: Fe103 and ore minerals. Fe removal by sodium dithionite solution completely

minates or weakens this resonance. Thus EPR spectral method can be used to assess

rcfiectiveness of bleaching of kaolin.

Dehydroxylation of produces strong anisotropy of the crystal field in the position

nrpied by Fe+3 and the positions B of higher symmetry turn into A-type ones. This

mesthe rise of a small peak at g = 4.28 in region I and a very broad one at g = 2.0. The

lmity of the resonance in region I decrease when the sample is heated nearly l000°C

no the formation of spinel phase. Dehydroxylation causes the rise of a broad peak at g

‘.0 caused by cluster of iron ions, because it supports the rearrangement of the iron and

nconsequence domains with a higher concentration of Fe+3 ions arise inside the

mkaolinite structure or as a separate oxygen phase.

ln the present work, the ROM clay as well as the beneficiated product samples ie.,

.l’l,SCP2 and SCP2-DCBT have been studied by EPR spectroscopy. The studies have

nconducted on their heated (400°C & 1 100°C) products also. The effect of heating on

rintensities of the resonance bands gives an idea about the structural changes occurred

tbcclay during heating. Almost in all the ROM samples, the heating at 400°C has

sedan increase in intensity of the broad band at g =2.0 and this is very much marked

Bankura and Koraput samples. This may be due to the cluster of iron ions, because it
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Fe; site is found to decrease from ROM to the SCP2-DCBT product samples with a

mltaneous increase in the number of Fem) lines and their intensity. This clearly

nicates that the Fe+3 substituting for Al+3 in Fem is less compared to that in Fem) site

lithe beneficiation of the sample has actually led an increase in structural order of the

mlinite

£l1Kasargod -2 kaolin

The EPR spectra of the ROM and products of beneficiation and their heated

nductsare given in.Figure 5.l.2a, Figure 5.1.2b and Figure 5.l.2c. The samples at RT

mwEPR lines at Fl and F2 regions. The ROM sample produces broad line at g ~ 4.86,

118 and 3.26 in the Fl region and g ~ 2.44 and 2.02 in F2 region. Sharper lines are

med in the F1 region (at g ~ 4.93, 4.31 and 3.77) for the SCPI sample with a broad

'latg~ 2.69 in F2 region along with the g ~2.0 line. The SCP2 sample has also shown

mihr features, but the line at g ~2.85 more intense indicting the presence of free iron

qmities. In the case of the SCP2DCBT product sample, the intensity of line at g ~2.56

mdecreased considerably, thus confirming the removal of free iron contaminants by

IBT. The reduction in iron content and the sharp improvement in brightness of the

mple support the findings. The other lines in the Fl region of the spectra are found to

rsharper. Both the lines at Fem and Fem) sites in Fl region are due to Fe+3 substituting

hAl+3 in the kaolinite lattice but they have different symmetry. It is reported that and

rrease in the number of F em sites and decrease in the number of Fem) sites lead to an

mase in structural disorder. Intensity of the line at Fem site is found to decrease from

i0.\lto the SCP2-DCBT product samples with a simultaneous increase in the number of

1:3, lines and their intensity. This clearly indicates that the Fe+3 substituting for Al+3 in

=:;,is less compared to that in Fem) site and the beneficiation of the sample has actually

:3 an increase in structural order of the kaolinite.

£13 Trivandrum kaolin

Figure 5.l.3a, Figure 5.l.3b and Figure 5.l.3c give the EPR spectra of the ROM,

of size classification and their heated products. All the samples in the RT show

Z’Rlines at F1 and F2 regions. The ROM sample produces broad line at g ~ 4.66 and

-I9.in the Fl region and g ~ 2.81 and 2.02 in F2 region. The lines observed in the Fl

egion (at g ~4.6l and 4.17) are found to be sharper for SCPI with a broad line at g ~
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iJlinF2 region along with the g ~2.0 line. The SCP2 has also shown similar features,

mheline at g ~2.85 more intense indicting the presence of free iron impurities. In the
l.

t80l the SCP2DCBT product sample, the intensity of line at g ~2.80 has decreased

mderably, thus confirming the removal of free iron contaminants by DCBT. The

fiction in iron content and the sharp improvement in brightness of the sample support

rlindings. The other lines in the Fl region of the spectra are found to be sharper. Both

rlines at Fem & Fem) sites in Fl region are due to F e+3 substituting for Al+3 in the

alinite lattice but they have different symmetry. It is reported that and increase in the

mbcrofFe(1) sites and decrease in the number of Fem) sites lead to an increase in

mural disorder. Intensity of the line at Fem site is found to decrease from ROM to the

gm-DCBT product samples with a simultaneous increase in the intensity of Fem) line.

lisclearly indicates that the Fe+3 substituting for Al+3 in Fem is less compared to that

llqu) site and the beneficiation of the sample has actually led an increase in structural

rhof the kaolinite.

ill Kutch kaolin

The EPR spectra of ROM clay, the beneficiated products and their heated

mducts are given in Figure 5.l.4a, Figure 5.l.4b and Figure 5.1.4c. All the samples in

xlll show EPR lines at Fl and F2 regions. The ROM sample produces broad line at g

-1.88, 4.33 and 3.74 in the Fl region and g ~ 2.79 and 2.01 in F2 region. Sharper lines

robserved in the Fl region (at g ~ 4.91, 4.38 and 3.74) for the SCP1 sample with a

ndline at g ~ 2.64 in F2 region along with the g~ 2.01 lines. The SCP2 sample has

mshown similar features and the line at g ~2.64 was not much intense indicting the

nnimal presence of free iron impurities. In the case of the SCP2DCBT product sample,

zintensity of line at g ~2.64 has not decreased much, thus showing that most of the

min the sample is in the “structural” form and DCB treatment was ineffective. The

rnimal reduction in iron content and the minimal improvement in brightness of the

nple support the findings. The other lines in the Fl region of the spectra are found to

rsharper. Both the lines at Fem and Fem) sites in Fl region are due to Fe+3 substituting

zAl+3 in the kaolinite lattice but they have different symmetry. It is reported that and

mase in the number of Fem sites and decrease in the number of Few) sites lead to an

mase in structural disorder. Intensity of the line at Fem site is found to decrease from
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lrlll to the SCP2-DCBT product samples with a simultaneous increase in the intensity

liq", line. This clearly indicates that the Fe“ substituting for Al+3 in Fem is less

mpared to that in Fem) site and the beneficiation of the sample has actually led an

nurse in structural order of the kaolinite.

£15 Koraput kaolin

The EPR spectra of the ROM, beneficiated products and their heated products are

_nminFigure 5.l.l5a, Figure 5.l.5b and Figure 5.l.5c. EPR lines at Fl and F2 regions

zexhibited by all samples but the lines are found to be weak. The ROM sample

nluoesbroad line at g ~ 4.83, 4.23 and 3.65 in the Fl region and g ~ 2.35 and 2.02 in

Zregion. Sharper lines are observed in the F1 region (at g ~ 4.90 and 4.31) for the SCPI

nplewith a broad line at g ~ 2.24 in F2 region along with the g ~ 2.02 lines. The SCP2

mplehas also shown similar features, but the line at g ~2.54 more intense indicting the

moo of free iron impurities. In the case of the SCP2DCBT product sample, the

znsity of line at g ~2.56 has decreased considerably, thus confirming the removal of

1: iron contaminants by DCBT. The reduction in iron content and the sharp

zprovement in brightness of the sample support the findings. Chemical assay and XRD

nlysis shows that the EPR silent pyrite (Ferrous sulphide) is the major iron impurity in

xclay. The other lines in the F 1 region of the spectra are found to be sharper. Both the

nrsat Fem & Fem) sites in Fl region are due to Fe+3 substituting for Al+3 in the

mlinite lattice but they have different symmetry. It is reported that and increase in the

amber of Fem sites and decrease in the number of Fem) sites lead to an increase in

nrttnal disorder. Intensity of the line at Fem site is found to decrease from ROM to the

I(l’2-DCBT product samples with a simultaneous increase in the intensity of F em) line.

Es clearly indicates that the Fe” substituting for Al+3 in Fem is less compared to that

slew) site and the beneficiation of the sample has actually led an increase in structural

rierof the kaolinite.

‘J5 Bankura kaolin

The ROM clay, beneficiated products and their heated products are studied by

Pllspectroscopy and the spectra are given in Figure 5.l.6a, Figure 5.l.6b and Figure

‘I.6c. Strong EPR lines at Fl and F2 regions are shown by all samples. The ROM clay

niuces broad line at g ~ 4.83, 4.40 and 3.78 in the Fl region and g~ 2.51 and 2.01 in F2
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rpoh Sharper lines are observed in the Fl region (at g ~4.70 and 4.36) for the SCPI

nplewith a more intense broad line at g ~ 2.81 in F2 region along with the g~ 2.0

as The SCP2 sample has also shown similar features, but the line at g~2.70 more

me indicting the presence of free iron impurities. In the case of the SCP2DCBT

niuct sample, the intensity of line at g ~2.68 has decreased considerably, thus

miirming the removal of free iron contaminants by DCBT. The reduction in iron

mt and the sharp improvement in brightness of the sample support the findings. The

arlines in the F1 region of the spectra are found to be sharper. Both the lines at Fem

ailqm sites in Fl region are due to Fe“ substituting for Al” in the kaolinite lattice

uthcy have different symmetry. It is reported that and increase in the number of Fem

zsand decrease in the number of Fem) sites lead to an increase in structural disorder.

'xline at Fem site is found to be prominent (due to the more Fe+3 substitution for Al”)

Zl.lllh€ samples indicating the structural disorder in kaolinite

‘ll Pali kaolin

The EPR spectra of the ROM, products of beneficiation and their heated products

ngiven in Figure 5.l.7a, Figure 5.l.7b and Figure 5.l.7c. All these samples in the RT

M‘ strong EPR lines at F l and F2 regions. The ROM sample produces sharp line at g ~

-l3. 4.34 and 3.70 in the Fl region and g~ 2.61 and 2.0 in F2 region. The well defined

xsatFl region shows that most of the iron is in the kaolinite structure and intensities

am: lines do not show any significant difference among those for the ROM and other

mzficiated samples. In the case of SCPI sample, lines are observed in the F 1 region (at

54.85 and 4.33) with a broad line at g ~ 2.63 in F2 region along with the g ~ 2.0 lines.

'1 SCP2 sample has also shown similar features, and the line at g~2.64 was not much

me, thus indicting the absence of free iron impurities. In the case of the SCP2DCBT

niuct sample, there was only minimal decrease in the intensity of line at g~2.64,

ming that most of the iron in the sample was in “structural” form. This is supported

ihe fact that neither the iron content not the brightness of the sample changed during

zclassification and DCB treatment. The other lines in the F1 region of the spectra are

mdto be sharper. Both the lines at Fem & Fem) sites in Fl region are due to Fe”
+

mituting for Al 3 in the kaolinite lattice but they have different symmetry. It is

zmedthat and increase in the number of Fem sites and decrease in the number of Few)
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lslead to an increase in structural disorder. The line at Fem site is found to be

minent (due to the more Fe+3 substitution for Al+3) in all the samples indicating the

mural disorder in kaolinite.

$2 Mossbauer spectroscopic studies

Mossbauer spectroscopy is a very important technique which can be used for the

mification and characterization of less crystalline iron oxide and oxy-hydroxide

mals present in kaolin samples. It is powerful technique, which gives the
iirmation about the oxidation state and the coordination environments of the iron in

mal phases. The Mossbauer spectral studies of the impurity minerals concentrated by

ming (IM2 samples) of all the 7 kaolins have been carried out at room temperature and

mlient features are given in the Table 5.2.1 and the spectra are depicted in Figures

fllto5.2.7

ill Kasargod 1 kaolin IM2

The IM2 sample from this kaolin shows isomer shifts of 0.36 and 0.38 mm/sec

ll quadrupole splitting of 0.64 and -0.08 mm/sec. respectively. The more intense

nblet, having the higher quadrupole splitting is due to the Fe(III) in the kaolin lattice

Fyshet al;l983). The sextuplet with a hyperfine splitting of 497 kOe and isomer shift

nlquadrupole splitting of +0.38 mm.sec. and -0.08 mm/sec. respectively is attributed to

mite. The hyperfine field of hematite at 300Kis 517 kOe and its quadrupole splitting

:02! mm/sec. The possible reason for the observation of a decreased hyperfine field

irhematite may be due to its small particle size and it have been observed to persist

.~mat4.2 K (Fysh and Clark, 1982 b). The reason for the decrease in kOe value may be

mo the reduced hyperfine field experienced by the nuclei near the surface of the

nicles and small fluctuations in the magnetization of the particles about the easy

imion.

ilLl(asargod 2 kaolin IM2

lsomer shifis of 0.36 and 0.38 mm/sec and quadrupole splitting of 0.62 and -0.10

n/sec. are 6X.l'libil€(l by the IM2 of this kaolin. Fe(III) in the kaolin lattice contributes to

more intense doublet, having the higher quadrupole splitting (Fysh et al;l983). The

muplet with a hyperfine splitting of 497 kOe and isomer shift and quadrupole splitting

z'~0.38 mm.sec. and -0.08 mm/sec. respectively is attributed to hematite. The hyperfine

216



iilof hematite at 300Kis 517 kOe and its quadrupole splitting is -0.21 mm/sec. The

mble reason for the observation of a decreased hyperfine field for hematite may be

zloits small particle size and it have been observed to persist even at 4.2 K (Fysh and

kl. 1982 b). The reason for the decrease in kOe value may be due to the reduced

rgcrfine field experienced by the nuclei near the surface of the particles and small

huations in the magnetization of the particles about the easy direction.

£13 Trivandrum kaolin IM2

The spectra of the IM2 sample consist of only one doublet with an isomer shift of

53mm/sec and quadrupole splitting of 0.62 mm/sec. These features are characteristic

ilellll) located in the distorted octahedral environment of the oxygen anions(Sei et al,

Ell).

£1lKutch kaolin IM2

A similar spectra consisting of only one doublet with an isomer shift of 0.33

msec and quadrupole splitting of 0.60 mm/sec is exhibited by the IM2 of this kaolin.

hefeatures are characteristic of Fe(IIl) located in the distorted octahedral environment

idle oxygen anions.

£15 Koraput clay IM2

The clay is found to show isomer shifts of 0.35 & 0.88 mm/sec and quadrupole

gluing of 0.64 and 1.32 mm/sec. respectively. The one having the lower isomer shift

rdquadrupole splitting is due to the Fe(III) in the kaolin lattice (Fysh et al;l983). The

mblct with larger isomer shift and quadrupole splitting values is due to Fe(II) in pyrite (

Tgical Pyrite - isomer shift larger than 0.37 mrn/s and quadrupole splitting value 1.2

ms; lmbert et al., 1963). The sample is found to contain appreciable quantities of

site.

£16 Bankura kaolin IM2

The clay is found to show isomer shifts of 0.28 & 1.23 mm/sec and quadrupole

of 0.62 and 3.21 mm/sec. respectively. The one having the lower isomer shift

dquadrupole splitting is due to the Fe(III) in the kaolin lattice (Fysh et al;l983). The

mblet with larger isomer shift and quadrupole splitting values is due to F e(II) in illite

mm)(Typica1 Mica - isomer shift larger than 0.37 mm/s and quadrupole splitting
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".1 2.7 mm/s; Heller-Kallai & Rozenson, 1981) and the appreciable quantities of mica

1:: sample supports the same.

FL’ Pali kaolin IM2

The clay is found to show isomer shifts of 0.54, 0.42 & 1.55 mm/sec and

mpole splitting of 1.40, -0.06 and 2.62 mm/sec. respectively. The Mossbauer

mates of isomer shift 6 = 0.54 mm/sec. and quadrupole splitting, AE = 1.40 mm/sec.

nguite unusual for iron in kaolinite. The compilation of 57Fe isomer shifts in a large

zber of iron oxides (Menil, 1985) showed that the isomer shift value of 6 = 0.54

zsec. lie well out side the typical domains of Fe(II) and Fe(III) but is lying exactly

men them. Therefore this doublet can be attributed to an intermediate valance state

'-I.5 resulting from a rapid electron exchange between F e(II) and Fe(III) sites (Sei et

.JIlJ4).

The sextuplet with a hyperfine splitting of 305 kOe and isomer shift and

;>:rupole splitting of +0.42 mm/sec. and -0.086 mm/sec. respectively are characteristic

poorly crystallized goethite, the tFe(III) oxy hydroxide commonly associated with

rns(Rossiter & Hodgson, 1965; Murad, 1982).

The doublet with larger isomer shift (5 = 1.55 mm/sec.) and quadrupole splitting

"..es(AE = 2.62 mm/sec) is due to Fe(II) in illite (mica) (Heller-Kallai & Rozenson,

-ii; and the presence of appreciable quantities of mica in the sample supports the

:~|"'D

Ll lRSpectral Studies

The IR technique is so versatile that it can be used in clay mineralogy for

:ih*ing the constituent minerals based on the characteristic absorption features as well

.1: understand the structural ordering in the kaolin samples. Kaolin minerals display

zsharp stretching bands between 3600 and 3700 cm-1. The strong band of 3700cm-l

hom the surface hydroxyls and produces an in-phase vibration that is quasi­

pendicular to the 1:1 layers. Two other bands at 3670 and 3652 cm-1 arise from

'3ching vibrations that are sub-parallel to the 1:1 layers. The lowest frequency 3620

:-l band has been assigned to the fourth inner OH group (Giese, 1988). This doublet is

ncteristic of kaolin sub-group. The presence of 3676 and 3650 cm-1 bands along with

rabove bands suggests an increase in ordering of kaolinite (Russell and Fraser, 1995).
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hvspectral features can change due to the reorientation of OH groups in response to

mestresses. The gradual reduction in size of the 3676 cm-1 band and broadening of

23650 cm-l band (disappearance of the doublet and formation of a singlet) are typical

iflsordered kaolinites. In addition to above bands, kaolinite shows features at 938 &

116cm-l (due to vibrations of the inner and irmer sm'face —OH groups, respectively).

unwell crystallized kaolinite can be distinguished in the spectral region between 750

1800 cm-1. In the highly crystalline kaolinite, the two weak bands found here at 795

01758 cm-1 are of about equal intensity whereas in the case of disordered kaolinite the

hive intensity of this band has an intermediate value. Another potentially llS€fl.lI means

messing the crystallinity of kaolinites is based on the ratio of the 3700 and 915 cm-1

rlmxyl band absorbencies following the method of Neal and Worrall (1977). The

aptitude of the absorbancy ratio of the bands and the crystallinity of the kaolinites are

mcly related.

Quartz is the common constituent in most clay materials and iron hydroxides and

!§l1ydl‘0XI(I€S are the iron minerals commonly found in kaolin. Hematite, an anhydrous

ale, occurs in two morphological forms, namely, a platy (kidney ore) and a more

an form (specularite). Their spectra are generally similar, but show considerable

rhences in detail due to the differences in crystal size and particularly in shape. Due

this the characteristic bands of 532, 450 and 317 in kidney ore shift to higher

nucncies at 562, 480 and 352 cm-1 in specularite. Again the weaker bands at 643 and

tllcm-l in kidney ore shift to lower frequencies and merge with the stronger bands in

mwlarite, where the 378cm-1 band will be getting resolved (Rendon and Dema, 1981;

rm ct al., 1982). The specularite form is the more common in clay minerals.

hracteristic bands of minerals are given in Table 5.3.1.

Interpreting the IR spectra of clay minerals requires a positive identification of as

mychalacteristic absorption bands of individual minerals possible and will obviously

and on the complexity of the mineral suite present and the degree of overlap of the

nponent spectra. The —OH stretching region is the most important region of the

mnnn and since other minerals present may or may not be having hydroxyl groups in

rlrstructure, a full spectrum is required for the best possible interpretation. High and
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nooncentrations of sample must also be used, so that full weight can be given to weak

dstrong mineral bands.

In the present study the IR spectral studies of the ROM clay and the

qrity concentrates, ie., IMI and IM2 samples of all the 7 china clay samples were

micdout and the details of the various mineral phases identified are given in Table

‘.31

l.1lKasargod 1 kaolin

The ROM clay as well as the impurity concentrate samples ie., IMI and IM2 were

nlied by IR spectroscopy and the IR spectra’s are given in Figure.5.3.la. Also, the

mraof all the samples in the 1200 - 350 cm'l region and that of the ROM clay in

.11]-3600 cm'l region are depicted in Figure.5.3.1c and Figure.5.3.lb respectively. The

Ispectra of the ROM clay shows the sharp OH doublet of kaolin mineral at 3693, 3618

m-1. with supporting bands at about 800 and 700 cm-1. In addition to that, characteristic

udsof quartz along with iron minerals, goethite, and hematite were also observed in

Ispectrum. The features of the hematite bands shows that the mineral is in the

mcularite form (Hs) ie., having particles with fairly equant shape (cormnon

nphology).The kaolinite is found to be ordered in nature and is evident from the

mice of doublets at 3664 & 3652 cm-1 in the —OH stretching region in addition to

normal 3620 & 3700 cm-l bands. Also, the intensities of the two weak bands found

I792 and 754 cm-1 are of almost equal intensities, indicating that the kaolinite is highly

lhed in nature. The ratio (0.61) of the 3700 and 915 cm-1 hydroxyl band absorbencies

msupports the above.

As expected, in the IR spectra of both the impurity concentrates, the bands due to

mlinite mineral are very weak and the features associated with the iron minerals are

ind to be very prominent. IR spectra show the presence of goethite, hematite (Hs)

mgwith quartz and kaolinite in samples IMI & IM2. Sample IM2 is found to contain

qidocrocite also.

ill Kasargod 2 kaolin

The ROM clay as well as the impurity concentrate samples ie., IMl and IM2 were

nficdby IR spectroscopy and the IR spectra’s are given in Figure 5.3.2a. Also, the

rmuaof all the samples in the 1200 - 350 cm" region and that of the ROM clay in 3700
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cm" region are depicted in Figure.5.3.2c and Figure.5.3.2b respectively.The IR

mof the ROM clay shows the sharp OH doublet of kaolin mineral at 3693, 3618

:l.with supporting bands at about 800 and 700 cm-1. In addition to that, characteristic

llsof quartz along with iron minerals, goethite, and hematite were also observed in

Ispettrum. The features of the hematite bands show that the mineral is in the

lmlafite form (Hs). The kaolinite is found to be ordered in nature and is evident from

rpcsence of doublets at 3664 & 3654 cm-1 in the —OH stretching region in addition

tar normal 3620 & 3700 cm-1 bands. Also, the intensities of the two weak bands

mlat 793 and 754 cm-1 are of almost equal intensities, indicating that the kaolinite is

ordered in nature. The ratio (0.79) of the 3700 and 915 cm-1 hydroxyl band

arbencies also supports the above.

As expected, in the IR spectra of both the impurity concentrates, the bands due to

mlinite mineral are very weak and the features associated with the iron minerals are

and to be very prominent. IR spectra show the presence of goethite, maghemite,

mite along with quartz and kaolinite in samples IMI & IM2. Lepidocrocite was also

mdto be present in sample IMl. While both the forms (specularite and kidney ore) of

mtite particles are present in IM2 sample, only ‘specularite” form was detected in

ill.

U3 Trivandrum kaolin

}ROM clay as well as the impurity concentrate samples ie., IMl and IM2 were

lied by IR spectroscopy and the IR spectra’s are given in Figure 5.3.3a. Also, the

mof all the samples in the 1200 - 350 cm" region and that of the ROM clay in 3700

I~S00cm" region are depicted in F igure.5.3.3c and Figure.5.3.3b respectively. The IR

mof the ROM clay shows the sharp OH doublet of kaolin mineral at 3692, 3618

r~l,with supporting bands at about 800 and 700 cm-1. In addition to that, characteristic

nisof quartz along with iron minerals, goethite, and hematite were also observed in

rspectrum. The features of the hematite bands show that the mineral is in the

ncularite form (Hs). The kaolinite is found to be ordered in nature and is evident from

rpresence of doublets at 3664 & 3647 cm-1 in the —OH stretching region in addition

thenormal 3620 & 3700 cm-1 bands. Also, the intensities of the two weak bands

mdat 798 and 748 cm-1 are of almost equal intensities, indicating that the kaolinite is
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’¢ly ordered in nature. The ratio (0.74) of the 3700 and 915 cm-1 hydroxyl band

mbencies also supports the above.

As expected, in the IR spectra of both the impurity concentrates, the bands due to

,rlrnite mineral are very weak and the features associated with the iron minerals are

[ml to be very prominent. IR spectra show the presence of goethite, maghemite,
lzdocrocite along with quartz and kaolinite in samples IM1 & IM2. Hematite (Hs) was

l

nlormd to be present in sample IM1.

,‘ ‘ll Kutch kaolin

3 The ROM clay as well as the impurity concentrate samples ie., IM1 and IM2 were

{oiled by IR spectroscopy and the IR spectra’s are given in Figure 5.3.4a. Also, the

irmof all the samples in the 1200 - 350 cm" region and that of the ROM clay in 3700

ll fdl0cm" region are depicted in Figure.5.3.4c and F igure.5.3.4b respectively. The IR
iirroaof the ROM clay shows the sharp OH doublet of kaolin mineral at 3692, 3618

_ ';__ _;_

Lwith supporting bands at about 800 and 700 cm-1. In addition to that, characteristic

lnisof quartz along with iron minerals, goethite, hematite, lepidocrocite, maghemite

mlso observed in the spectrum. The features of the hematite bands shows that the

arm] is in the specularite form (Hs). The kaolinite is found to be ordered in nature

oiisevident from the presence of doublets at 3666 & 3653 cm-1 in the —OH stretching

gooin addition to the normal 3618 & 3692 cm-1 bands. Also, the intensities of the

-oweak bands found at 785 and 754 cm-l are of almost equal intensities, indicating that

xkaolinite is highly ordered in nature. The ratio (0.80) of the 3700 and 915 cm-1

rdoxyl band absorbencies also supports the above.

As expected, in the IR spectra of both the impurity concentrates, the bands due to

mlinite mineral are very weak and the features associated with the iron minerals are

rmd to be very prominent. IR spectra show the presence of goethite, hematite,

qdocrocite, maghemite, along with quartz and kaolinite in samples IM1 & IM2.

mlarite and kidney ore forms of hematite particles are present in both the samples.

LU Koraput kaolin

The ROM clay as well as the impurity concentrate samples ie., IM1 and IM2 were

alied by IR spectroscopy and the IR spectra’s are given in Figure 5.3.5a. Also, the

rmof all the samples in the 1200 - 350 cm" region and that of the ROM clay in 3700
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§+;¢I)cm" region are depicted in Figure.5.3.5c and Figure.5.3.5b respectively. The IR

amof the ROM clay shows the sharp OH doublet of kaolin mineral at 3692, 3618

3-l.WlIh supporting bands at about 800 and 700 cm-1. In addition to that, characteristic

nlsof quartz along with iron minerals, goethite, hematite, lepidocrocite, maghemite

:2 also observed in the spectrum. The features of the hematite bands show that the

malls in the specularite form (Hs). The kaolinite is found to be ordered in nature and

saident from the presence of doublets at 3664 & 3653 cm-1 in the —OH stretching

min addition to the normal 3618 & 3692 cm-1 bands. Also, the intensities of the

weak bands found at 792 and 754 cm-1 are of almost equal intensities, indicating that

rkaolinite is highly ordered in nature. The ratio (0.94) of the 3700 and 915 cm-1

mxyl band absorbencies also supports the above.

As expected, in the IR spectra of both the impurity concentrates, the bands due to

ninite mineral are very weak and the features associated with the iron minerals are

ml to be very prominent. IR spectra show the presence of goethite, hematite (Hs),

ngllemite, along with quartz and kaolinite in samples IMI & IM2. Lepidocrocite was

mpresent in IM2 sample.

‘ll Bankura kaolin

The ROM clay as well as the impurity concentrate samples ie., IMl and IM2 were

niicdby IR spectroscopy and the IR spectra’s are given in Figure 5.3.6a. Also, the

artraof all the samples in the 1200 - 350 cm" region and that of the ROM clay in 3700

I+l00cm" region are depicted in Figure.5.3.6c and Figure.5.3.6b respectively. The IR

acctnof the ROM clay shows the sharp OH doublet of kaolin mineral at 3695, 3620

z-l.with supporting bands at about 800 and 700 cm-1. In addition to that, characteristic

nlsof quartz along with iron minerals, goethite, hematite (Hs), and maghemite were

roobserved in the spectrum. The features of the hematite bands show that the mineral

snthe specularite form (Hs). The kaolinite is found to be disordered in nature and is

silent from the presence of a singlet at 3653 cm-1 in the —OH stretching region in

nfiltion to the normal 3620 & 3695 cm-l bands. Also, the intensities of the two weak

ndsat 798 and 752 cm-1 are not comparable and in fact the former band is in the form

flrery weak inflexion, indicating that the kaolinite is highly disordered in nature.
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As expected, in the IR spectra of both the impurity concentrates, the bands due to

rlinite mineral are very weak and the features associated with the iron minerals are

md to be very prominent. IR spectra show the presence of goethite, hematite (Hs),

aghemite, along with quartz and kaolinite in samples IMI & IM2. Also, kidney ore

m hematite and lepidocrocite was found to be present in samples IM2 and Iml

gectively.

‘.17 Pall kaolin

The ROM clay as well as the impurity concentrate samples ie., IMl and IM2 were

ahcdby IR spectroscopy and the IR spectra’s are given in Figure 5.3.7a. Also, the

mof all the samples in the 1200 - 350 cm" region and that of the ROM clay in 3700

fh00cm" region are depicted in Figure.5.3.7c and Figure.5.3.7b respectively. The IR

mmof the ROM clay shows the sharp OH doublet of kaolin mineral at 3693, 3620

1*. with supporting bands at about 900, 800 and 700 cm". In addition to that,

sncteristic bands of quartz and calcite along with iron minerals, goethite, hematite,

adocrocite, maghemite were also observed in the spectrum. The features of the

mite bands show that the mineral is in the specularite form (Hs). The kaolinite is

mdto be ordered in nature and is evident from the presence of doublets at 3664 &

cm-l in the —OH stretching region in addition to the nonnal 3618 & 3692 cm-1

nls. Also, the intensities of the two weak bands found at 792 and 754 cm-1 are of

=.:os1equal intensities, indicating that the kaolinite is highly ordered in nature. The ratio

IIl)of the 3700 and 915 cm-1 hydroxyl band absorbencies also supports the above.

As expected, in the IR spectra of both the impurity concentrates, the bands due to

mlinite mineral are very weak and the features associated with the iron minerals are

ml to be very prominent. IR spectra show the presence of goethite, hematite (Hs),

adocrocite, maghemite along with quartz, calcite and kaolinite in samples IMl & IM2.

it UV-Visible Spectral studies

The electronic spectra of iron oxides (eg. hematite) and oxy-hydroxides (eg.

gczhite) are relevant to several current problems in geochemistry. Though these minerals

zlhe most common minerals on earth’s surface, their electronic spectra are poorly

nlastood. Three types of electronic transitions occur in optical spectra of Fe(III)

mals. First, there are the Fe+3 ligand field transitions; second, there are it zligand to
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ml charge transitions; and, third, there are transitions which result from the

zmltaneous excitation of magnetically coupled Fe+3 cations which occupy adjacent

zs.ie., (i) Ligand Field Transition ( L.F.T) - in the region 290-310 mn & 360-380 mn

nithiscan be attributed to hematite (ii) Ligand to Metal Charge Transitions (L.M.C.T)

12": region below 270 mn, due to Fe+3 oxides and inorganic materials with Fe-O bonds

rbematite and (iii) condensed Fe+3 in the region 485 - 550 mn and this also is assigned

Jltmatite.

In the present study the UV-Vis. Spectra of the IM2 samples were taken and the

nlassignments for the mineral phases were done exactly the same way as reported in

xlitcrature (Sherman et al, 1985 Karickhoff,.et al, 1973; Lehmarm, G, 1970 and

mning, P. G. 1967). The band assignments given for all the 7 samples are given in

lie 5.4.1 and the UV-vis. Spectra’s of the samples are depicted in Figures 5.4.1 to

‘ll.

All the samples are found to show characteristic L.M.C.T and L.F.T bands,

liming the presence of iron oxides (hematite / maghemite) and oxy hydroxides

pahite / Lepidocrocite) in all the samples. The Trivandrum clay is found contain one

ailional band at 485 — 550 mn range and this is due to the simultaneous excitation of

qnctically coupled Fe+3 cations which occupy adjacent sites (hematite / maghemite).

i$.EIectron Probe Micro Analysis

Electron Probe Micro Analysis of the ROM and IM1 samples of the seven kaolins

er carried out. A semi quantitative analysis of the samples was obtained by the

niardless technique. Figures 5.5.la to 5.5.7b give the electron micrographs of the

mples along with the distribution pattem of the elements. Table 5.5.1 and 5.5.2 give the

ml distribution in each sample which has been interpreted based on the

mentration levels of pixels corresponding to different elements.

Lil Kasargod 1 kaolin

Figure 5.5.1a shows the electron micrograph of the ROM sample along with the

aght percentages of the constituents. However, here the loss on ignition in the kaolinite

swloonsidered. Kaolinite is found to be the major mineral with small amounts of illite,

mtmorillonite, ilmenite and rutile as the probable impurities. Figure 5.5.1b gives the

anon micrograph of the IM1 sample (>45 pm fraction). The alumina content in the
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qlc is less with a subsequent increase in the silica and other elements. The mineral

mosition of IMI is almost the same as that of ROM clay, but for the increase in

rrcntmtion of ilmenite and rutile.

‘£2 Kasargod 2 kaolin

Figure 5.5.2a represents the electron micrograph of the ROM clay sample along

rt the weight percentages of the constituents. Kaolinite is found to be the major

ml with small amounts of illite, montmorillonite, ilmenite and rutile as the probable

gurities The potassium and alumina content are fotmd to be relatively high. EPMA

nlysis of IMI shows the presence of ilmenite and montmorillonite, in addition to

mite. Figure 5.5.2b gives the electron micrograph of IMI sample. The alumina

mt in the sample is low with a subsequent increase in silica and other impurities like

ill Ti, Ca and sulphur.

LU Trivandrum kaolin

Kaolinite is found to be the major mineral in the ROM clay with small amounts of

mtmorillonite, hematite, rutile, and ilmenite as the probable impurities. The IMl

mple is found to contain kaolinite as major mineral and it is seen that the impurity

rm-als (ilmenite and rutile) are present in higher concentration. Figures 5.5.3a and

f53b show the EPMA of the ROM and IMl samples respectively.

Lil Kutch kaolin

The electron micrographs of ROM and IMl samples with elemental analysis are

penin the Figures 5.5.4a and 5.5.4b respectively. Kaolinite is found to be the major

metal in the ROM clay with small amounts of montmorillonite and ilmenite and rutile

rthcprobable impurities. Kaolinite is the major mineral in IMl. The sample contains

ssalumina and the increase in the concentration of other constituents such as silica, Fe,

lac. indicates the increase in concentration of the illite, rutile and ilmenite.

55.5 Koraput kaolin

EPMA figures of the ROM and the IMl along with the weight percentages of the

rmtituents are given in Fig 5.5.5a and 5.5.5b respectively. Kaolinite is found to be the

zjormineral in the ROM clay with small amounts of illite, montmorillonite, rutile,

smite and hematite as the probable impurities. The major impurity in the ROM sample

rpears to be Fe and sulphur. Kaolinite is the major mineral in IMl and the impurity
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minerals like pyrite and hematite are getting concentrated in the sample. XRD analysis

confinns the presence of pyrite in the samples. Illite, Ilmenite, rutile and gypsum are also

present inthe sample.

55.6 Bankura kaolin

The ROM and the IM1 samples give electron micrographs with elemental

analysis in the Figures 5.5.6a and 5.5.6b respectively. Kaolinite is found to be the major

mineral in the ROM clay with small amounts of illite, montmorillonite, ilmenite and

goethite as the probable impurities. Kaolinite is the major mineral in IM1. The sample

contains less alumina and the increase in the concentration of other constituents such as

silica, Fe, K etc. indicates the increase in concentration of the illite and iron impurities,

ilmenite andgoethite.

55.7 Pali kaolin

Kaolinite is found to be the major mineral in the ROM clay with small amounts of

iIlite, montmorillonite, ilmenite and dolomite as the probable impurities. The ROM clay

contain good amount of calcium, indicating the presence of dolomite which is frequently

found in the Rajasthan area. The IMl sample is found to contain kaolinite as major

mineral and it is seen that the impurity minerals are present in higher concentration. The

mica content in the sample is high. Figures 5.5.7a and 5.5.7b show the EPMA of the

ROM and IMl samples respectively.

5.6 Scanning Electron Microscopy (SEM) Analysis

5.6.1 Kasargod 1 kaolin

Figures 5.6.1.a & b represent the SEM pictures of ROM and SCPl samples. The

SEM picture shows presence of aggregates of pseudo hexagonal kaolinite particles and

bigger quartz particles in the ROM clay. As seen in the Figure 5.6.1b, submicron sized

kaolinite particles are observed in the SCPl sample and is free from quartz grains. The

mineral content calculated from the chemical assay also supports the same.

5.6.2 Kasargod 2 kaolin

The SEM pictures of ROM and SCPl samples are depicted in Figures 5.6.2 a & b.

Typical booklet type stacking of the pseudo hexagonal kaolinite particles along with

aggregates of kaolinite particles alone or sticking to the quartz crystal are clearly seen in
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ROM sample. The SEM picture of SCP1 sample shows layers of pseudo hexagonal

rsof very small size (<1 micron).

llrivandrum kaolin

As seen in the SEM Figure 5.6.321, most of the particles in the ROM clay was

lilo be very fine (<3 micron) in nature. The picture shows the presence of platlets

rtcristic of kaolinite and the quartz particles are found to be minimum. As seen in

F1gure5.6.3b, kaolinite particles of <1 micron size was observed in the SCP1 sample

hcquartz content was found to be minimal. The mineral content calculated from the

nical assay also supports the same.

lllutch kaolin

The SEM pictures of ROM and SCP1 samples are depicted in Figure 5.6.4a & b.

do hexagonal kaolinite particles along with aggregates of kaolinite particles are

rly seen in the ROM sample. The SEM picture of SCP1 sample shows layers of

dohexagonal plates of very small size (<1 micron). The presence of quarz particles

ththe samples was minimal.

iKoraput kaolin

Scanning electron microscopic analysis (SEM) pictures of the ROM clay is

med in Figure 5.6.5a and it shows the presence of aggregates of pseudo hexagonal

nitc particles along with well crystallized pyrite particles of typical octahedral shape.

SEM picture of SCP1 shows only the pseudo hexagonal kalonite platelets of

llCl’0I1 size as depicted in Figure 5.6.5b.

»Bankura kaolin

The SEM pictures of ROM and SCP1 samples are depicted in Figure 5.6.6a & b.

SEM picture of the sample shows lot of aggregates of quartz crystal along with

lohexagonal kaolinite particles. The quartz particle in the sample was found to be

and the minarological data of the sample supports the same. The SEM picture of

lsample shows layers of pseudo hexagonal kaolinite plates of very small size (<1

m) alone or sticking to the quartz crystal. The presence of quarz particles is found to

lllllllfll.
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ii’ Pali kaolin

As seen in the SEM Figure 5.6.7a, most of the particles in the ROM clay was

nlto be very fine (<2 micron) in nature. The picture shows the presence of pseudo

ngonal kaolinite particles and fine quartz particles sticking to the kaolnite. As seen in

zfigure 5.6.7b, kaolinite particles of <1 micron size was observed in the SCPI sample.

;.-an number of quartz particles are observed in the sample and the mineral content

Vnlated from the chemical assay supports the same.

Ti’ Electron microscopic analysis by HRSTEM

High resolution transmission electron microscopic analysis of the selected

lplcs of Kutch and Koraput kaolins were carried. The impurity minerals present in

nsamples are found to be typical in nature and the microanalysis of these samples

urdone get a atomic level chemical composition of these impurity minerals.

a'.1' "~I(ul:l\ kaolin

Figure 5.7.1a represents the TEM picture and micro analysis data of ROM clay.

lmlinite particles are mostly observed as pseudo hexagonal sharp edged particles with

"nlcomposition (Al/Si ratio ~l.O) as confirmed by the EDS analysis of particles A, B,

LD.Eand L. These particles also possess a little K and Fe contents. Particles G,H,I and

lnfotmd to contain appreciable concentration of “Ti” along with small quantity of

Yand this confirms the presence of the titanoferrous minerals (<5Omn) in the sample.

‘mice of “Fe” rich particle ( F) associated with a little “Ti” was also observed in the

qole.

Figure 5.7.lb gives the TEM picture of the SCP1 sample. Sharp edged pseudo

mgonal platelets with lower deformation are present. The kaolinite predominantly

messes a high Al content and the Al/Si ratio comes close to 0.95:1 which is nearer to

Iof the ideal kaolinite 1:1 and is evident from the particles A, B, D, H and I. Particles

LEand F are rich in “Ti” content and found to contain “Fe” in low concentrations, their

gconfirming the presence of the titanoferrous minerals (<50mn) in the sample. The

71‘: ratio in the particle C was found to be ~ l:0.6 and it is possible that it may

nesponds to ilmenite. The highest value obtained for “Ti” & “Fe” during analysis are

53 and 24.3 atomic percentage. The K, Na and Ca contents in the kaolinite particles
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my low. Small amounts of “P” and chlorine are clearly observed in almost all the

rrlcs.

The TEM picture of the IMl is shown in Figure 5.7.lc. The picture shows near

snikaolinite platelets (B,C,F) with very fine kaolinite sticked Ti(Fe) particles (A,

1.08: l) of dimension <50nm. This shows the very fine nature of the titanoferrous

mls present in the sample. The highest values obtained for “Ti” & “Fe” during

:')sisare 57.4 and 4.0 atomic percentage. Presence of P, Na, K and Cl are indicated

:3 EDS analysis of all the particles. Small amounts of phosphate minerals appear to be

mated with this clay which is also confirmed by the trace analysis values (Table

ill.

Y2 Koraput kaolin

Figure 5.7.2a represents the TEM picture and micro analysis data of ROM clay.

miinite particles are mostly observed as pseudo hexagonal sharp edged particles with

nicomposition (Al/Si ratio ~l.0) as confirmed by the EDS analysis of particles A, B,

§nd L. These particles also possess a little K, Fe, S contents. A strong S - Fe

nmtration is available in the analysis of particle M.

Figure 5.7.2b gives the TEM picture of the SCPl sample. Sharp edged pseudo

mgonal platelets~with lower deformation are present. The kaolinite predominantly

mssses a high Al content and the Al/Si ratio comes close to 0.911 which is nearer to

tof the ideal kaolinite 1:1. The highest value obtained during analysis of sulphur is

3%. In spite of the small Fe content (0.115) the % of sulphur obtained during the

nisis is 0.85%. Most of the particles clearly shows sulphur content and the highest

rrobtained was in particle B ie., 3.89 and 3.88m % S and Fe respectively (Fe:S 1:1).

an though S and Fe values do not exactly tally, each other, it can be seen that high S

mic content are available in the sample. Particle E is not clearly bordered and the very

zparticles contain a clear content of K. The composition shows a reduced or degraded

T2. The K content in the kaolinite is very low. Small amounts of Na and chlorine are

sly observed.

The TEM picture of the IMl is shown in Figure 5.7.2c. The picture shows near

nlkaolinite platelets (B,C,E,F) with very fine kaolinite sticked pyrite particle (D) of

Imsion <50mn. The high iron and sulphur contents in particles A & G indicate that
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.-yarerich in pyrite content. Particle A is rich in iron and is found to contain more Fe

nihat required for the pyrite formation. This indicates the presence of iron minerals

nihan pyrite in the sample. The chemical assay of the sample also supports the

smce of non-pyritic iron in the sample. Presence of Na & Cl is indicated in the EDS

iysis of particle A and G respectively.

|0pticaI Microscopy

The color is formed due to the selective absorption of light by matter and

siiion elements are the major causes of color in minerals. They impart colouration to

mineral by various crystal fields and chare transfer transitions. Luster of a mineral

mds on the way in which light is reflected from the surface of the mineral. Minerals

mgmetallic bonding and high degree of covalent bonding is found to show metallic

:r(An introduction to rock forming minerals,

.tDeer et al.)

The optical micrographs of IM1 and IM2 of kasargod 1 kaolin are given in Figure

of black and yellow/orange color, which are almost similar sizes are seen

oihsamples. Reddish coloured coating, most probably of iron is observed on a bigger

ninlM2.

The IMl and IM2 of Kasrgod 2 kaolin are found to contain a lot of yellow and

lll coloured particles along with black grains. Red coloured stains, most probably of

isseen on one grain in IM2. The coloured minerals are found to be coarser in nature

zreuniformly distributed. Yellowish orange coloured coating on some particle are

seenin IMl. The Optical micrograph are given in Figure 5.8.2.

The optical micrographs of IMI and IM2 of Trivandrum kaolin are given in

rc5.8.3. Both the samples are found to contain opaque black grains, which are

ably of ilmenite. The yellowish and reddish brown coloured grains in these samples

ecorrespond to the iron oxide minerals. The grains are found to be fine in nature (<45

ize).

Opaque black coloured ilmenite grains ( I ) along with zircon( Z ) are observed in

optical micarograph of both IMl and IM2 samples of Kutch clay' (Figure 5.8.4) In

sample metallic luster appears on the grain. Brown coloured coating, probably that
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iron mineral is also seen on some black particles. Grains having different sizes are

rscrved in micrographs.

Greenish tinged Pyrite grains ( >45 um size) are observed in the optical

mographs of IM1 of Koraput kaolin (Figure 5.8.5). Some of the pyrite grains shows a

mllic lustre also. The pyrite grain in IM2 is found to be greenish black in colour and

mer(> 100 um) in size.

The optical micrographs of IM1 and IM2 of Bankura show the presence of black

nlyellow/red coloured minerals of very fine particle size (Figure 5.8.6).

The coloured impurities in IM1 and IM2 samples appears to be very fine and

ming of the agglomerated yellow grains are also seen in the optical micrograph of Pali

zy (Figure 5.8.7).
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'lk5.2.1 Mossbauer Spectral data of IM2 samples

{No hnpurities Isomer Quadrupole Hyperfine
separated from shift (6) splitting Field(mm/s) (AB) (kOe)

(mm/s)

Assignment

1 Kasargod 1 clay 0.36
0.38

0.64
-0.08

Structural Fe(III)
Hematite

:1 Kasargod 2 clay 0.36
0.38

0.62
-0.10

Structural Fe(III)
Hematite

.~ Trivandrum clay 0.33 0.62 Fe(III) - O6

4 Kutch clay 0.33 0.60 Fe(III) - O6

5 Koraput clay 0.35
0.88

0.64
1.32

Structural Fe(III)
F e(II) in pyrite

i Bankura clay 0.28
1.23

0.62
3.21

Structural Fe(III)
Structural Fe(II) - in

mica

1 Pali clay
0.54
0.42
1.55

1.40
-0.06
2.62

Fe (i.v)*
Fe(III)

Structural Fe(II) - in
mica

up - Fe(+2.5)
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Table 5.3.1 Characteristic bands of minerals

§lNo Mineral Characteristic bands cm'l

,_ ,____

Kaolinite 3697, 3669, 3652, 3620, 1108, 1036, 1014, 938, 916,
795, 758, 701, 540, 474, 433, 348

Quartz 1085, 800, 781, 697, 516, 462, 399, 374
Hematite

(kidney stone)
643, 532, 450, 400, 317

I Hematite

(specularite)

562, 480, 378, 352,

Maghemite 724, 692, 636, 584, 562, 476, 445, 423, 397, 370, 330
1 Goethite 3153, 893, 794, 633, 495, 455, 409, 377, 296

Lepidocrocite 3175, 1154, 1128,1022, 742, 543, 474, 360, 270
Calcite 1798, 1452, 1428, 878,714,358,323,228

[file 5.3.2 Mineralogical data of the samples obtained from IR spectral studies

1 §L\’o Samples ROM IMI IM2
‘ 1 Kasargod-1 clay K, Q, G,H K, Q, G,H K, Q, G,H,L

7 Kasargod-2 clay K,Q,G,H K,Q,G,L,M,H K,Q,G,M,H

Q

J Trivandrum clay K,Q,G,H K, Q, G, M, L,H K, Q,G, L, H,M

i 4 Kutch clay K, Q, G, L, M, K, Q, G, L, M, H K, Q, G, L, M, H
H

5 Koraput K, Q, G, M, L, K, Q, G, L, M, H K, Q, G, M, H
H

- 6

Bankura Ks Q, Ga M9 H Ks Q9 Ga I-’aMa H K9 Q9 Ga Ha M
I

7 Pali

K-Kaolinite; Q-Quartz; G-Goethite; L-Lepidocrocite; H-Hematie; M-Maghemite
C-Calcite
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l|:S.4.l UV-Vis. Spectral data of IM2 samples

U0 Impurity
separated from

Bands Assignment

' 1
Kasargod 1 clay

Broad - below 270 mn

290-310 nm, 360-380 mn

L.M.C.T

L.F.T

' 2
Kasargod 2 clay

Sharp — below 270 nrn

290-310 mn, 360-380 mn

L.M.C.T

L.F.T

S 3

Trivandmm clay

Broad - below 270 mn

290-310 nm, 360-380 mn

485-550 mn

L.M.C.T

L.F.T

Fe+3 - Fe+3 pair

' 4
Kutch clay

Broad - below 270 nm

290-310 mn, 360-3 80

L.M.C.T

L.F.T

" 5
Koraput clay

mn

Sharp - below 270 nm

290-310 mn, 430 nm

L.M.C.T

L.F.T

" 6
Bankura clay

Broad - below 270 mn

290-310 mn, 430 nm

L.M.C.T

L.F.T

" 7
Pali clay

Broad — below 270 mn

290-310 mn, 430 mn

L.M.C.T

L.F.T

L.M.C.T : Ligand to metal Charge Transitions
L.F.T : Ligand Field Transition
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Table 5.5.1 Relative distribution pattern of mineral phases in ROM clay samples

Sulples Major Mineral Minor Traces Occasional
Illite Ilmenite

UlaJ'god 1 Kaolinite Montmorillonite Rutile

I!

Illite
UlaJ'god 2 Kaolinite Montmorillonite Rutile

It!
lrimldrum Montmorillonite Ilmenite
iy Kaolinte Hematite Rutile

Ilmenite
!!*belay Kaolinite Montmorillonite Rutile

Rutile
Input Kaolinite Montmorillonite Illite Hematite
iy Pyrite

Goethite Ilmenite
IIkura Kaolinite Illite
Iy Montmorillonite

Illite
~day Kaolinite Montmorillonite Ilmenite Dolomite

Sole: Interpretation IS based on concentration level of pixels correspondmg to different
elements
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El Relative distribution pattern of mineral phases in IMl samples

llll samples Mineral phase
phm kaolins

Major Minor Trace Occasional
7lmrgodl Kaolinite

Ilmenite
Rutile
Illite Montmorillonite

‘wgoaz Kaolinite Ilmenite Montmorillonite

lrinndmm

ii Kaolinte

‘ l
Ilmenite
Rutile

1 lltch clay Kaolinite
Illite Ilmenite

Ilmenite Rutile
Rutile

‘input clay Kaolinite Pyrite Ilmenite GypsumHematite Rutile
Illite

hkura clay Kaolinite
Ilmenite
Illite Montmorillonite

Goethite

Pi clay Kaolinite Montmorillonite Illite

reinterpretation is based on concentration level of pixels corresponding to different

__
27!
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figure 5.1 EPR spectra of two typical kaolins of sedimentary origin

"l A (II)
I~/"""'_'
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6'0 1&0 2&0 3(|l0 3&0 6'0 1h0 2&0 330 3&0
Magnetic Field (mT)

Figure 5.2 EPR spectra of four natural kaolin samples from (a) Mount
Crawford, Australia [Fe203 %-1.381 (b) Georgia, USA [F0203
%- 0.34] (c) Pugu Tanzania [F0203 %-1.43] and (d) La
Frontina, Mexico [Fe203 %- 0.62]

242



Fe(l) S=3l2
Fe(1)S=1f2

Fe(IV) s=2

| Fe(IV) s=1
Fe(IV)

Figure 5.3 Standard isomer shifts of iron compounds
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Figure 5.1.1a EPR spectra of (a) ROM (b) SCP1 (c) SCP2 and
(d) SCP2-DCBT of Kasargod 1 kaolin
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Figure 5.1.1b EPR spectra of (a) ROM (b) SCP1 (c) SCP2 and

(d) SCP2-DCBT of Kasargod 1 kaolin heated at 400°C
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Figure 5.1.1c EPR spectra of (a) ROM (b) SCP1 (c) SCP2 and
(d) SCP2-DCBT of Kasargod 1 kaolin heated

at 1100°C
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Figure 5.1.2a EPR spectra of (a) ROM (b) SCP1 (c) SCP2 and
(d) SCP2-DCBT of Kasargod 2 kaolin
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Figure 5.1.2b EPR spectra of (a) ROM (b) SCP1 (c) SCP2 and
(d) SCP2-DCBT of Kasargod 2 kaolin heated at 400°C
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Figure 5.1.2c EPR spectra of (a) ROM (b) SCP1 (c) SCP2 and
(d) SCP2-DCBT of Kasargod 2 kaolin heated at 1100°C
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Figure 5.1.3a EPR spectra of (a) ROM (b) SCP1 (c) SCP2 (d)
SCP2-DCBT of Trivandrum kaolin
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Figure 5.1.3b EPR spectra of (a) ROM (b) SCP1 (c) SCP2 and
(d) SCP2-DCBT of Trivandrum kaolin heated at 400°C
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Figure 5.1.3c EPR spectra of (a) ROM (b) SCP1 (c) SCP2 and
(d) CP2- CBT Trivandrum kaolin heated at 1100°C
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Figure 5.1.4a EPR spectra of (a) ROM (b) SCP1 (c) SCP2
and (d) SCP2-DCBT Kutch kaolin
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Figure 5.1.4b EPR spectra of (a) ROM (b) SCP1 (c) SCP2 and
(d) SCP2-DCBT Kutch kaolin heated at 400°C
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Figure 5.1.4c EPR spectra of (a) ROM (b) SCP1 (c) SCP2 and
(d) SCP2-DCBT Kutch kaolin heated at 1100°C
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Figure 5.1.5b EPR spectra of (a) ROM (b) SCP1 (c) SCP2
and (d) SCP2-DCBT Koraput kaolin heated at 400°C
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Figure 5.1.5c EPR spectra of (a) ROM (b) SCP1 (c) SCP2 and
(d) SCP2-DCBT Koraput kaolin heated at 1100°C
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Figure 5.1.6a EPR spectra of (a) ROM (b) SCP1 (c) SCP2 and
(d) SCP2-DCBT Bankura kaolin
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Figure 5.1.6b EPR spectra of (a) ROM (b) SCP1 (c) SCP2 and
(d) SCP2-DCBT Bankura kaolin heated at 400°C
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Figure 5.1.6c EPR spectra of (a) ROM (b) SCP1 (c) SCP2 and
(d) SCP2-DCBT Bankura kaolin heated at 1100°C
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Figure 5.1.7a EPR spectra of (a) ROM (b) SCP1 (c) SCP2
and (d) SCP2-DCBT Pali kaolin
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Figure 5.2.1 Mossbauer spectra of IM2 - Kasargod 1 kaolin
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Figure 5.2.2 Mossbauer spectra of IM2 - Kasargod 2 kaolin
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Figure 5.2.3 Mossbauer spectra of lM2 -Trivandrum kaolin
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Figure 5.2.4 Mossbauer spectra of lM2 - Kutch kaolin
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Figure 5.2.6 Mossbauer spectra of lM2 - Bankura kaolin
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Figure 5.3.1a IR spectra of (i) ROM (ii) IM1 and (iii) lM2 samples
of Kasargod 1 kaolin
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Figure 5.3.11» IR spectrum of ROM (3100 - 3600 cm“)
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Figure 5.3.2a IR spectra of (i) ROM (ii) IM1 and (iii) lM2
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Figure 5.4.1 UV-Visible Spectra of lM2 - Kasargod 1 kaolin
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Figure 5.4.2 UV-Visible spectra of lM2 - Kasargod 2 kaolin
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Figure 5.4.3 UV-Visible spectra of 1M2 - Trivandrum kaolin
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Figure 5.4.4 UV-Visible spectra of 1M2 - Kutch kaolin
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Figure 5.4.5 UV-Visible spectra of lM2 - Koraput kaolin
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Figure 5.4.6 UV-Visible spectra of lM2 - Bankura kaolin
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Figure 5.4.7 UV-Visible spectra of lM2 - Pali kaolin
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Elements—> A1203 SiO; K20 FeO TiO2 MgO CaO SO;
in wt%

42.80 50.71 2.27 1.59 0.53 0.51 0.63 0.92

Figure 5.5.1a Electron micrograph of ROM Kasargod 1 kaolin
(CP - Back scattered image)
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Elements—> A1203 SiO; K;() FeO TiO; MgO CaO S03
In wt%

34.83 55.12 1.61 2.75 2.26 0.84 1.62 0.98

Figure 5.5.1b Electron micrograph of IM1 - Kasargod 1 kaolin
(CP - Back scattered image)
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Elements, A1203 SiO; K20 FeO TiO; MgO CaO SO;
in wt. %

—)

55.63 38.38 3.57 0.87 0.42 0.17 0.43 0.51

Figure 5.5.2a Electron micrograph of ROM Kasargod 2 kaolin
(CP - Back scattered image)

Elements—+ A1203 SiO; K20 FeO TiO; MgO CaO SO;
In wt%

20.68 66.21 2.14 5.12 2.50 0.64 1.27 1.44

Figure 5.5.2b Electron micrograph of IM1 - Kasargod 2 kaolin
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10

Elements—>

In wt%

A1203 SiO; K20 FeO TiO; MgO CaO Na;O

42.533 53.005 0.619 0.973 0.611 0.910 0.791 0.558

Figure 5.5.3a Electron micrograph of ROM Trivandrum kaolin
(CP - Back scattered image)

1

r

1 Elements In
i wt%

A1203  K20 FeO T102  C30 N320

I

22.919 62.267 1.378 4.515 4.693 0.849 2.618 0.761

Figure 5.5.3b Electrorflflficrograph of IM1 - Trivandrum kaolin
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A1203 SiO2 K20 F60 T102 Mg0 C30 N320
Elements—>

in wt%
41.061 52.436 1.569 1.221 1.005 0.452 1.153 1.103

Figure 5.5.4a Electron micrograph of ROM Kutch kaolin
(CP - Back scattered image)

A1203 S102 K20 F60 T102 MgO C30 N320
Elements—>

In wt%
43.679 43.505 1.551 3.531 4.121 0.809 1.721 1.083

29
Fiqure 5.5.4b Electron micrograph of IM1 - Kutch kaolin



Elements—> A1203 SiO; K20 FeO TiO; MgO CaO SO;
In wt%

Figure 5.5.5a Electron micrograph of ROM Koraput kaolin
(CP - Back scattered image)

Elements_) A|203  K10 FCO   C30 S03
In wt%

12.70 31.60 1.63 14.65 2.84 0.86 1.27 35.03

Figure 5.5.5b Electron misgggraph of IM1 - Koraput kaolin

43.55 48.03 0.42 2.14 1.77 0.22 0.67 3.21 I



Elements-> A1203 SiO; K20 FeO TiO; MgO CaO SO;
In wt‘/o

22.65 61.75 6.74 4.11 1.46 1.03 1.10 1.17

Figure 5.5.6a Electron micrograph of ROM Bankura kaolin
(CP - Back scattered image)

Elements-> AIZO; SiO; K20 FeO TiO2 MgO CaO SO;
In wt%

14.97 64.76 5.23 8.90 2.37 1.17 1.40 1.22

Figure 5.5.6b Electron micrograph of IM1 - Bankura kaolin
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E]gmgnts—) A1203 SiO; K;O FeO TiO; MgO CaO SO;
In wt%

Figure 5.5.7a Electron micrograph of ROM Pali kaolin
(CP - Back scattered image)

Elements—) A1203  K20 FCO   C30 S03
In wt”/o

Figure 5.5.7b Electron n‘§§;ograph of IM1 - Pali kaolin
Z94

39.41 53.20 1.63 1.99 1.48 0.60 1.09 0.60

35.38 50.62 2.35 2.57 2.09 0.92 4.75 1.33



(a) ROM sample

('6) SCP1 sample

Figures 5.6.1 SEM pictures of Kasargod 1 kaolin
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(a.> ROM sample

('6) SCPI sample

Figures 5.6.2 SEM pictures of Kasargod 2 kaolin
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(a) ROM sample

(6) SCP1 sample

Figures 5.6.3 SEM pictures of Trivandrum kaolin
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Ca.) ROM Sample

('6) SCP1 Sample

Figures 5.6.4 SEM pictures of Kutch kaolin
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(az) ROM sample
\ Pyrite particles

(6) SCPI sample

Figures 5.6.5 SEM pictures of Koraput kaolin
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('4-> ROM Sample

(6) SCPI sample

Figures 5.6.6 SEM pictures of Bankura kaolin
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(4) ROM sample

(5) SCPI sample

Figures 5.6.7 SEM pictures of Pali kaolin
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X 5000 120 kV J 1210

A B C D E F G H IK K Ti K Ti Ti K K K

O

51.8 52.2 32.4 52.2 29.5 38.3 54.5 52.5 50.9

Z’.

23.9 23.5 1.0 22.9 0.9 5.4 20.9 23.1 23.9
23.6 923.3 0.3 22.9 0.8 3.9 22.1 23.4 24.1

Z:1

0.0 0.0 40.4 0.1 65.3 49.9 0.0 0.0 0.1

"11
(D

0.4 0.1 24.3 1.2 2.2 1.0 0.5 0.4 0.3
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Figure 5.7.1b HR TEM-EDS picture of SCP1 of Kutch kaolin
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X 5000 120 kV Jl210

A B C E F H

Ti K K Ti K K
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Si 7.5 24.9 24.9 1.7 25.9 24.9

Z

5.7 23.5 23.0 0.9 23.4 21.5

2'3.

39.0 0.0 0.0 55.5 0.0 0.0

"11
(‘D

2.1 0.0 0.1 4.0 0.1 0.4

E
no

0.2 0.1 0.0 0.0 0.0 0.4

O
an

0.2 0.0 0.2 0.0 0.0 0.0

7<l

1.1 0.1 0.4 0.1 0.1 0.2

Z
av

1.4 0.0 0.3 1.9 0.2 0.2

I

0.3 0.0 0.0 0.6 0.1 0.8

Q

0.8 0.2 0.5 0.9 0.0 0.4

"U

0.7 0.2 0.0 0.0 0.0 0.6

Figure 5.7.1c HR TEM-EDS picture of IM1 of Kutch kaolm
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X 5000 120kV J1210

I A B C D E F G H 1 K L M

0 65.91 65.29 64.22 65.70 66.65 66.15 64.36 64.77 68 .70 66.36 64.57 61.78

Si 16.61 17.57 16.70 18.80 17.58 15.27 17.85 18.15 18.58 18.29 17.48 13.50

AI 16.70 17.26 15.51 15.44 15.77 15.40 17.39 16.78 16.52 14.33 17.07 13.07

r. 0.11 0.12 2.69 0.22 0.51 0.48 0.11 0.1 I 0.44 0.28 0.20 4.72

,5 0.01 0.04 0.25 0.02 0.17 1.2I 0.03 0.00 0.09 0.04 0.07 3.38

lli 0.06 0.06 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.02 0.00 0.04

INa 0.39 0.00 0.27 0.00 0.00 0.70 0.17 0.08 0.00 0.39 0.24 2.24

K 0.07 0.06 0.20 0.07 0.08 0.39 O.oJ 0.23 0.27 0.05 0.19 0.43,
IMg 0.08 0.02 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.07 0.0 1 0.00

Ca 0.04 0.00 0.01 0.08 O.oJ 0.62 0.04 0.00 0.02 0.10 0.04 0.10

Cl O.oJ 0.19 0.26 0.15 0.33 0.21 0.17 0.28 0.22 0.25 0.10 0.58

p 0.00 0.00 0.10 0.29 0.00 0.00 0.15 0.01 0.00 0.09 0.18 0.0 1

Figure 5.7.2a HR TEM·EDS picture of ROM Koraput kaolin
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x 5000 120 kV J1210

A B C D E F G H 1 K L M

0 63.45 62.92 64.13 64.92 78.42 67.40 65.69 64.86 64.57 65.79 64.88 65.32

Si 18.08 13.90 16.65 16.19 11 .97 16.64 15.92 18.04 17.67 17.46 15.15 17.41

AI 16.19 13.30 16.34 15.63 5.36 15 .26 14.94 16.12 16.40 16.16 12.67 16.20

F. 0.59 3.88 1.08 1.01 0.31 0.52 0.37 0.25 0.32 0.20 2.66 0.36

S 0.52 3.89 0.80 0.73 0.00 0.62 1.01 0.40 0.29 0.17 1.84 0.17

Ti 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.04

N. 0.63 1.79 0.59 0.99 1.16 0.00 1.22 0.25 0.36 0.25 1.58 0.31

K 0.22 0.21 0.24 0.33 2.56 0.20 0.44 0.07 0.11 0.09 0.42 0.18

Mg 0.13 0.00 0.00 0.00 0.00 0.11 0.13 0.00 0.01 0.00 0.00 0.00

C. 0.00 0.05 0.00 0.007 0.40 0.00 0.00 0.00 0.00 0.00 0.03 0.00

Cl 0.00 0.32 0.16 0.19 0.84 0.23 0.15 0.18 0.11 0.01 0.35 0.04

P 0.23 0.09 0.17 0.00 0.00 0.15 0.16 0.00 0.19 0.00 0.55 0.00

Figure 5.7.2b HR TEM·ECS picture of SCP1 of Koraput kaolin

306



X 5000 120 kV

100.00 nm

Jl2l0

Element A B C D E F G
0 64.96 65.78 63.70 54.73 63.85 64.70 27.02
Si 1.78 18.16 19.05 16.78 18.53 18.11 3.59
A1 2.53 16.46 16.64 15.19 17.21 17.45 4.80
Fe 15.90 0.31 0.54 4.67 0.33 0.29 21.34
S 9.53 0.00 0.00 7.37 0.05 0.03 40.57
Ti 0.01 0.03 0.00 0.00 0.02 0.00 0.43
Na 4.46 0.00 0.06 0.26 0.00 0.00 0.82
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Figure 5.7.2c HR TEM-EDS picture of IM1 of Koraput kaolin



IM1 Sample

IM2 Sample

Figure 5.8.1 Optical micrographs of impurity concentrates
from Kasargod 1 kaolin
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1

i IM1 Sample

IM2 Sample

Figure 5.8.2 Optical micrographs of impurity concentrates
from Kasargod 2 kaolin
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IMl Sample

IM2 Sample

Figure 5.8.3 Optical micrographs of impurity concentrates
from Trivandrum kaolin
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IM1 Sample

IM2 Sample

Figure 5.8.4 Optical micrographs of impurity concentrates
from Kutch kaolin
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IM1 Sample

1

IM2 Sample

Figure 5.8.5 Optical micrographs of impurity concentrates
from Koraput kaolin
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IM1 Sample

IM2 Sample

Figure 5.8.6 Optical micrographs of impurity concentrates
from Bankura kaolin
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IMI Sample

IM2 Sample

Figure 5.8.7 Optical micrographs of impurity concentrates
from Pali kaolin
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CHAPTER 6

POSSIBLE CORRELATION OF IRON AND TITANIUM

IMPURITIES WITH THE OPTICAL PROPERTIES OF KAOLIN

Optical properties such as brightness, whiteness, yellowness and Lab color values

(expressed in ISO units) are highly significant for pigment grade kaolin in paper and

paint industries. Brightness represents the % of reflectance of light at a wavelength of

457 nm and Hunter whiteness (HW) and yellowness (HY) indices have the advantage of

single number quantities that are based on the entire visible spectrum. The Lab system

based on the color opposites gives a better representation of the colors. The term L is a

measure of lightness / darkness and varies from 100 for perfect white to O for absolute

black. The red / green color is indicated by “a”. The more positive is its value; greater is

the reddishness and negative value indicates greenishness. Similarly, the yellow / blue

shade is represented by “b”, positive value for yellow and negative for blueishness.

Brightness and Lab color components are influenced by iron minerals and iron bearing

anatase. Iron decreases brightness and L values whereas anatase increases “b” to cause

yellowness. Extensive research has been carried out on the nature of iron impurities in

kaolin, which leads to the conclusion that iron is present as a part of the kaolinite or

ancillary mineral (mica or titania) structure ie., “structural iron” or as separate iron

minerals such as oxides, hydroxides, oxy-hydroxides, sulphides and carbonates ie., “free

iron” (Jepson, 1988). Identification and quantification of various Fe and Ti phases in

kaolin and understanding their effect on the brightness of kaolin is an indispensable part

in its value addition.

In the present study, the Fe and Ti bearing phases have been identified based on

the inferences deduced from the chemical, mineralogical, spectroscopic and microscopic

data of the kaolin samples, their beneficiated products and impurity minerals

concentrated from the samples. The “structural” and ‘free” iron species has been

distinguished by their response to the dithionite citrate bicarbonate treatment. The former

does not get leached out whereas the latter dissolves and gets easily separated. The

‘structural” iron can be either in kaolinite or in ancillary minerals such as mica and

anatase. A small amount of iron in kaolinite structure does not affect the brightness
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because the Fe atoms are too far apart to allow any electronic transition. However, the

same amount of Fe if present in the small quantities of ancillary minerals undergoes

electronic transitions due to their neamess and imparts color and affects the kaolin

brightness. When free iron is present, chemical leaching is very effective and

beneficiation becomes relatively easy. Advanced techniques like SC HGMS, selective

flocculation, ultra flotation etc are found to partially remove the ancillary minerals even

with structural iron.

The results of investigation as described in Chapter 3 and 4 give the properties of

the ROM and beneficiated samples and the probable mineral phases of iron and titanium

inthe kaolin. Table 6.1 gives the minerals identified in the kaolin and / or impurity

concentrates separated from the kaolin and the possible iron species. The chemical assay

(Fe;O3 and TiO2) and brightness values of the ROM and products of beneficiation are

given in Table 6.2. Analysis of the results indicates that the total or analytical iron in a

sample is not directly related to its optical properties. The distribution of iron as

“structural” or “free’ shows variations from sample to sample. Iron compounds such as

oxides, hydroxides, sulphides etc indicating the “free” iron are colored and reduce the

kaolin brightness. In addition, the ancillary minerals having iron in their structure are also

colored. The ROM samples of Kasargod l, Kasargod 2 and Pali kaolins have almost

same iron content, but their brightness values are quite different. The Kasargod 2 kaolin

appears to contain more iron in the “free” form and in the ancillary minerals and less iron

inthe kaolinite structure. Under these conditions, the brightness is low. The Kasargod 1

sample, on the other hand, has more iron in kaolinite structure than in the ancillary

minerals and the “free” iron compounds are also less. This may be contributing to a

higher brightness (than that of the former sample). In the Pali kaolin, most of the total

iron is in the kaolinite structure and hence has the highest brightness among the three

samples. The Koraput kaolin contains more iron than that in Bankura sample, but the

brightness of the former is higher. Most of the iron in Koraput sample is in the pyrite

foms whereas mica is the major impurity in Bankura kaolin. Even though the total iron

content is less, the quantity of iron containing mica is high which gives a dark shade to

the kaolin. Similarly, Kutch kaolin is inferior in brightness to the Kasargod l and Pali
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samples in spite of the lower iron content. This is again due to the same reason that most

of the iron is in the structure of anatase which is the major impurity in the clay.

A similar pattem is shown by the products of size classification (SCPI and SCP2)

also. A schematic representation of the total iron content vs brightness in SCP 2 samples

isgiven in Figure 6.1. The overall results confirm that there is no direct relation between

the iron content and brightness of kaolin.

It has been established that the “free iron” is more soluble than the “structural”

iron and hence the former is more easily removed by chemical leaching. DCB treatment

of the SCP2 samples has been carried out to quantify the “free” leachable iron. The iron

remaining after DCBT may be either in the structure of kaolinite or any ancillary mineral.

The percentage removal of iron and the corresponding brightness improvement during

DCBT are given in Table 6.2. The Kasargod 1, Kasargod 2, Trivandrum, Koraput and

Bankura samples show a marked improvement in brightness indicating that most of the

iron in these samples exists in “free” form ie., essentially in the form of iron oxides /

hydroxides. Iron speciation data also supports the same (Table 6.1). Though Pali clay has

got the highest brightness, no improvement has been observed after DCBT. The

deferration process has improved the brightness of Trivandrum clay to ~ 90.0 (% ISO)

and a marked improvement in the overall shade of Kasargod 1, Kasargod 2 and Koraput

clays has been observed. The improvement in brightness indicates the extent of removal

of the dark colored impurity minerals.

The Kasargod l and Kasargod 2 samples after DCBT treatment has improved

their brightness appreciably (by ~9 and 16 units respectively) followed by a

corresponding reduction in the analytical iron content (~29.0 and 43.0% respectively).

Figure 6.3a gives the variation in brightness, L and HW values in the ROM and products

of beneficiation of Kasargod lsample and Fig 6.3b represent the changes in the “a”, “b”

and HY values. Figures 6.4a and 6.4b represent the corresponding pattems for Kasargod

Zsample and its products. The reduction in reddishness (“a”) and yellowness (“b” &

“HY”) indicates the removal of iron hydroxides and oxy hydroxides and the negative “a”

value shows the complete removal of reddish colored material from Kasargod 2 sample.

The removal of dark colored impurities has resulted in an appreciable increase (~25 units
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in Kasargod 2) in HW value. The high brightness of the DCBT products of these clays

shows that the “structural iron” may be present in the kaolinite framework

The changes in the brightness, L and HW values of Trivandrum kaolin and its

beneficiation products are depicted in Figure 6.5a and those in “a”, “b” and HY values in

Figure 6.5b.The sharp decrease in the “a”, “b” and HY values, indicative of reddish and

yellow shade of the material, confirms the removal of the coloring iron impurities such

as hematite and goethite. Appreciable reduction in iron content (~49%) in the sample also

supports the same. In fact, the negative “a” value indicates that greenish tinge has

replaced the reddishness of the sample. The marked improvement in the optical

properties of the DCB treated product shows that most of the “structural iron” may be

present in the kaolinite framework and are far apart so that it is not affecting the kaolin

brightness.

Though the percentage iron removal (~3 7%) in Kutch clay during DCBT was not

bad, the brightness improvement was found to be very minimal (~ 4.0 units only). Thus

only a part of the iron is leachable. Incidentally, the sample is found to contain significant

amount of titania which does not change on DCB treatment. The brightness / whiteness

of kaolin are dependent on the overall effect of the “L a b” color values. The changes in

the brightness, L and HW values of the Kutch kaolin and its products of beneficiation are

depicted in Figures 6.6a and the “a”, “b” and HY values in Figure 6.6b. The “L” and HW

value of the sample increase after DCB treatment by 1.2 and ~ 7.47 units respectively,

indicating that only partial removal of the dark colored minerals is taking place. After

DCB treatment, “a” value (reddishness) of the sample has come down from 0.63 to -0.51

units indicating the removal of almost all “free” reddish iron oxy hydroxides. The

negative value for “a” is indicative of the greenish tinge achieved by the clay after the

removal of red colored impurity minerals. Similarly, the “b” and HY values are found to

decrease from 6.09 to 5.16 and 9.67 to 8.03 units respectively. The decrease in

yellowness can be attributed to the removal of goethite during DCB treatment. The high

yellowness values (“b” and HY) of the DCBT product indicate that considerable amount

of colored minerals still remain in the sample.

The sharp improvement in brightness in Koraput kaolin after DCBT is due to the

removal of “free” iron (pyrite) from the sample. The percentage iron removal is found to
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be as high as 60% and this has led to ~13 unit improvement in brightness value. The

changes in brightness, L and HW values of the ROM and beneficiated products are

depicted in Figure 6.7a. The corresponding “a”, “b” and HY values are represented in

Figure 6.7b. The HW has increased by 34 units which can be attributed to the removal of

yellow colored iron oxy hydroxides during DCBT. The marked reduction in “b” ( ~7.0 to

l.5) and “HY (ll to 2.4) values and absence of dark/red shade imparting materials

indicated by the negative “a” value account for the high brightness and HW values.

DCB treatment improves the brightness Bankura clay substantially from 41.79 to

69.67 (~ 28 units) and during this process the Fe2O3 content comes down from 5.66% to

0.94%. This indicates that a good amount of the iron in the sample is “free” and

leachable. The changes in the brightness, L and HW values of the ROM and beneficiated

products are depicted in Figures 6.8.a and the “a”, “b” and HY values in Figure 6.8b. The

brightness/whiteness of kaolin is dependent on the overall effect of the “L a b” color

values. The “L” and HW values of the clay increase after DCB treatment by ~5.0 and

~23 units and it gives an idea about the extent of removal of the dark colored impurity

minerals. After DCB treatment “a” value (reddishness) of the sample has come down

appreciably (from 1.07 to -1.32 units) indicating the removal of most of the “free”

reddish iron oxy hydroxides. Similarly, there is a marked reduction in the “b” and HY

values (20.99 to 4.03 and 36.98 to 6.68 units respectively) on DCBT which contributes to

the substantial decrease in yellowness. Even though the extent of brightness improvement

and removal of free by the DCB treatment is very high, the overall brightness of the

product is not promising. The sample still contains ~l.0% of iron and the yellowness

values (“b” and HY) support the same. Since the clay is found to contain mica, it is

possible that the iron remaining after DCB treatment may be present as part of the mica

structure which affect the overall brightness of the sample. The iron speciation data of the

sample confirms the same (Table 6.1).

The response of Pali clay to DCB treatment is found to be very poor and is

evident from the negligible improvement in brightness (0.07 units) with very small

decrease in iron content (3.8%). The changes in the brightness, L and HW values are

depicted in Figures 6.9a and the “a”, “b” and HY values in Figure 6.9b. The “L” and HW

values of the sample have not improved and it implies that the dark colored impurity
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minerals are not getting removed by DCB treatment. Similarly, the “a”, “b” and Hun Y

values do not show much decrease which confirms the presence of coloring iron

impurities in the sample even after DCB treatment. The product sample is still found to

contain ~l.0% of Fe2O3 and the yellowness can be due to the “Fe” minerals. This

indicates that almost all the iron in the sample in the “structural form”. Since the clay

contains more mica than titania, it is possible that most of the iron remaining after DCB

treatment may be present as part of the mica structure (not much in kaolinite) which

affects the overall brightness of the sample. The data from Mossbauer studies confirms

the presence of Fe (II) in mica.

The influence of ancillary minerals, containing “structural” iron, on the optical

properties of kaolin is interesting. For example, “iron stained titania”, as described by

Jepson is a deleterious coloring mineral in some of the important deposits in the world

such as Georgia kaolin. It is well known that pure TiO; does not absorb light in the

visible region and is considered to be the best white pigment. However, it strongly

absorbs in the UV region due to the metal oxygen charge transfer process in the reaction.

O x O ———> Ti(IV) transition

When iron is present in the structure of TiO2, a Fe (II)—'> Ti (IV) transition is possible.

It has been reported that when Fe and Ti are present together in a glass, a charge transfer

or electron hopping process takes place between Fe and Ti ions via an intermediate

oxygen ion (Hogg and Noble, 1979).

Fe”-o-Ti *4 = Fe“ - o- Ti *3

This charge transfer process has an absorption centered at 350 mn in the near-UV region

tailing into the visible at the blue end of the spectrum. Intensities of charge transfer bands

are reported to be 100-1000 times stronger (in terms of extinctions coefficient) than other

transitions like d-d type. Thus, the amount of iron may be small but it has a major effect

on the shade of kaolin, which is called ‘titania effect’ (Weaver, 1976). This confirms that

it is the iron containing titanium (titanoferrous) mineral which is adversely affecting the

optical properties of Kutch sample. A similar charge transfer may be taking place

between iron and any other transition metal ion present in the ancillary mineral like mica

which enables absorption resulting in the coloration of the mineral.
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Hence it can be concluded that the optical properties of kaolin are not directly

related to the quantity of the iron present, but dependent on the form (species) in which

“Fe” occurs.
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Table 6.1 Iron and titanium minerals and probable iron species in the kaolins
I

I

I

I

I

I

Samples Mineral phases Species of Fe - Species of Fe — as
identified as “Structural” “Free” in

I

Kasargod l kaolin H, G, A, R, Mi, L, I, P.R K, Mi, I, P.R, A
R

H, G, L,

A

Kasargod2kaolin H, G, R, A, M, I, Mi,

Ma, P.R, Fe-stained

quartz

K, I, P.R, Mi, A

R

H, G, Ma

I

H, G, R, A, M, Ma, P.R,

Fe-stained quartz

Trivandrum kaolin K, Mi, A, R H, G, M, Ma,

Kutch kaolin H, M, R, A, P.R, Ma,
F e-stained quartz

K, A, P.R, R H, M, Ma,

Koraput P, H, G, M, R, A, I, L,
Ma, P.R, Fe-stained

quartz

K,P.R, I, A, R P, H, G, M, L

Bankura H, G, R, A,,Mi, L, Ma Mi, K H, G, L, Ma

Pali G, H, R, A, Mi, L, Ma Mi, K G, H, L, Ma

H-Hematite; G-Goethite; K - Kaolinite; L-Lepidocrocite; M-Magnetite; Ma-Maghamite,

l-lhnenite; R-Rutile; A-Anatase; P.R-Pseudo Rutile; Mi-Mica
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Table 6.2 Fe;(); and T10; content and brightness of ROM and beneficiated
samples

Kasargod Kasargod Trivandrum Kuteh Koraput BankuraProperties l clay 2 clay clay clay clay clay
Pali
clay

ROM

F6303, °/o

T102, %

Brightness,%

SCPI

F6203, %
Ti0;, %
Brightness,%

SCP2

F6203, %

Ti02, %

Brightness,%

SCP2-R.B

F6203, °/o

TiO;, %

Brightness,%

SCP2- DCBT
F6203, 0/0

TiO;, %
Brightness,%

Percent iron
removal

Brightness

1.02
0.65
74.56

0.75
0.49
77.36

0.70
0.20
78.04

0.68
0.20
78.26

0.50
0.20
86.86

28.6

improvement, 8.82
units

1.15
0.57

60.51

1.07
0.49

66.65

1.07
0.41

67.56

0.95
0.41

68.12

0.61
0.34
83.27

43.0

15.51

0.66
0.19

77.71

0.62
0.53
78.17

0.35
0.52
80.72

0.30
0.50
81.54

0.18
0.50
89.85

48.6

9.13

0.86
1.63

70.34

0.61
1.53

72.50

0.43
1.60

74.08

0.40
1.60

73.96

0.27
1.59

77.81

37.2

3.73

5.41
1.60

45.87

2.05
0.80

68.13

1.16
0.66
70.45

0.93
0.66
73.32

0.50
0.66
83.41

56.9

12.96

3.94
0.44
37.69

5.17
0.77

41.48

5.66
0.28

41.48

4.86
0.28
46.45

0.94
0.28

69.67

83.4

28.19

1.10
0.52
80.16

1.13
0.62
79.97

1.04
0.55
81.17

1.03
0.55
81.18

1.00
0.49
81.10

3.8

0.07
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Figure 6.1 Iron content and brightness of the samples(SCP2) before DCBT
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Figure 6.2 Iron content and brightness of the samples(SCP2) after DCBT
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CHAPTER - 7

BENEFICIATION OF THE ACIDIC KAOLIN

FROM KORAPUT

The kaolin from Koraput district of Orissa has been found to be highly acidic due

to the presence of pyrite and is different from all other samples under the present

investigation. Addition of water to the clay makes pH of the slurry in the range 1-2 which

corrodes the processing machinery. Hence, the conventional method may not be adopted

for the size classification and other beneficiation studies. The detailed properties of the

ROM kaolin have been described in Chapter 3. The beneficiation and characterization of

the products has been dealt in this chapter and the possible industrial use has been

discussed.

The main objective of the size classification experiments is to achieve the

optimum possible refinement of the clay ie., removal of the coarse impurities and

enrichment of the fines in the clay. Conventional size classification procedure involves

(i) slurry preparation - mixing of clay with water to make a clay-water suspension,

(ii) blunging - high speed stirring of the water suspension to achieve maximum

de-aggregation,

(iii) screening of the blunged slurry through 300 um screen and

(iv) further size classification using a series of small diameter hydrocyclones for

removal of medium sized impurities and emiching the fine clay and to separate the

desired size fractions.

7.1 Size classification using conventional method

Initially, the conventional size classification methodology has been adopted for

the size separation of Koraput clay as done in the case of other clay samples (Figure 7.1).

But when the clay is mixed with water and diluted to 25 % solids w/w, the clay

suspension is found to acquire a pale yellow color. This phenomenon is due to the

dissolution of iron in the acidic medium followed by the formation of colloidal

hydroxides because of the subsequent increase in pH. As the highly acidic slurry has

detrimental effect on the processing equipments, further downstream processing of the

clay is found difficult. When the pH of the slurry is modified to ~ 5.0 by adding dilute
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alkali (NaOH solution), the slurry color is changed to dark yellow. The processing of the

slurry is then continued by adopting the conventional size classification method by high

shear blunging followed by screening (300um) and size separation using 2”stub

(separation size 45 pm) and l” cyclone (separation size 2pm). At every stage of size

classification, part of the product slurry is dewatered, dried and characterized for relevant

properties. Interestingly, the dried final size classified product (SCP2) is found to be

yellowish-orange in color. This has led to deterioration in optical properties.

The experimental conditions are given below

(i) Blunging :

Feed slurry - % solids 25.0; blunging time - l0minutes; total slurry volume — 70 lit.

ii) 2 "Stub hydrocycloning .'

Feed slurry - % solids 20.0; Inlet feed pressure — 25 psi; Vortex finder /spigot - 14.3 /

4.7 rmn; Total slurry volume - 65 lit.

(iii) 1 ” hydroycloning :

Feed slurry - % solidsl 6.0; Inlet feed pressure — 60 psi; Vortex finder/ spigot — 7.0 /

2.2 mm; total slurry volume - 30 lit.

Subsequently, studies at laboratory level have been carried out to understand the

reason for yellowing of the Koraput clay during wet processing and to find a solution to

overcome the same.

7.2 Laboratory studies

A detailed study was conducted in the laboratory devise a method for removing

the yellow coloration developing in the clay slurry (Figure 7.2.1). The yellow color of the

supematant liquid of the clay-water (slurry) suspension and its chemical analysis indicate

that the color is due to the water soluble iron. In order to remove this species, a series of

water washing and subsequent decantation of the supematant liquid after each washing

was carried at particular clay — water ratio. The contact time as well as the number of

washes required for the maximum removal of the water soluble iron was optimized by

estimating the iron content of the supernatant liquid after each test.

The following procedure was adopted for the study. ROM clay of approximately

<500 pm in size was taken and a slurry with 25% solids (w/w) was prepared in distilled

water (pH-6.76). The slurry (l00ml) was taken in a 250 ml glass beaker and mixed well
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with a glass rod. The optimum contact time required for maximum dissolution of iron in

water was determined by withdrawing the supematant solution at regular intervals and

analyzing for iron. The supematant liquid was filtered through Whatman No.40 filter

paper and the iron in the filtrate was determined by colorimetric method using 1,10­

phenanthoroline. Tests were conducted both at broad and narrow range time intervals and

the details of the same as well as the iron content in the filtrate are given in Table 7.2.1

and Figure 7.2.2

The results of the optimization studies with the broad range time interval of

contact time shows that the supematant liquid taken after 15 minutes is found to contain

0.30% of iron (as Fe2O3, %) and the same increases to 0.41% after 30 minutes. No

appreciable change was noticed in the iron values in the supematants collected after 45

and 60 minutes. The results of narrow range time intervals also shows that the maximum

extraction of water soluble iron was achieved after 30 minutes of contact time.

The extent of removal of the water soluble iron, indicated by the iron

concentration in the supematant liquid, clearly shows that three washings are sufficient

for achieving the maximum removal. The maximum iron concentration obtained in the

soluble form is ~0.50 % and this constitutes about 9.3 % of the total iron present in the

ROM clay. The results are given in Table 7.2.8. and Figure 7.2.3. Even though the

concentration of the water soluble iron is only 9.3%, if not removed, it adversely affects

the optical properties of the product clay to a great extent. The reason is that the pH will

automatically rise during further dilution of the slurry and will lead to the precipitation of

hydrated “Fe” species / hydroxides.

The supematant liquid containing the water soluble iron is found to have yellow

color and this can be due to the presence of hydrated species of iron along with other

colored metal sulphates which are leached out from the clay at this pH. The colored

complexes of organic compounds in the clay are also contributing to this coloration. It is

seen that, during pH modification (to pH~5 unit), these hydrated compounds are

precipitated to ultrafine brownish/orange particles. These particles get coated all over the

clay surface and make them brownish yellow in color.

The laboratory studies have further shown that, after removing the water soluble

iron, pH modification either by further dilution or by adding alkali does not impart any
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coloration to the slurry. Based on this inference, the size classification of the clay was

carried out by incorporating the necessary changes in the conventional beneficiation

procedure.

7.3 Size classification by modified method

Based on the laboratory level studies, experiments were conducted to evolve a

micro-pilot level method for the beneficiation of this kaolin. The water soluble iron was

removed by a combination of operations such as thorough mixing of the clay with water

by low speed stirring, allowing the clay portion to settle and removing the colored

solution by decantation. Even though the optimum contact time required at the laboratory

level was 30 minutes, this duration was not sufficient during scale-up. The whole process

was repeated three times for the maximum removal of the color imparting species. After

removing all the soluble iron, the pH was raised to the desired level ~ 5 units and further

down stream processing of the clay was carried out. It is worth mentioning that, now the

pH modification has not led to any yellowing of the slurry, which indirectly indicates the

complete removal of the limonite like materials for the clay. Also, the chemical analysis

has shown that ~ 65% of the pyrite particles are in coarser size ranges (> 45 um in size).

That means, if we adopt the conventional high shear blunging procedure used for the de­

aggregation of the particles, it will ultimately led to the breaking down of the coarse

pyrite particles to finer sizes and their spreading to the finer portions of the clay. It is

therefore advisable to remove the pyrite particles in the coarser range itself and in order

to achieve this, the aggressive high shear blunging was replaced with low speed stirring

in the modified method. The down stream processing of the blunged slun'y was then

screened through 300 um sieve and then size classified using 2”stub ( separation size 45

pm) and 1” cyclones ( separation size 2 um). The final product (SCP2) obtained after

processing by the modified size separation method is found to be white in color with

improved optical properties (Figure 7.3.1). The flow sheets of the conventional and

modified methods of size separation are given in Figure 7.1 and Figure 7.3.2 respectively.

The actual experimental conditions are given below.

(i) Water washing and screening

The clay slurry (25% solids equivalent to 15 Kg.of dry clay) was taken in the

Stainless Steel tank of 65 L capacity and was mixed slowly using a marine propeller
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stirrer for 3 minutes. The slurry was then allowed to settle for 3 hours, the supernatant

liquid was siphoned off and the percent solids of the slurry was maintained at 25% by

adding the required quantity of water. This process was repeated three times. After this

water washing, pH of the slurry became slightly high (~ 1.93). It was further raised to

4.85 by adding 20% NaOH solution (dosage 15 kg/ton). The slurry was then passed

through a 300 micron screen to collect the undersize (<300 pm fraction) for subsequent

processing using hydrocyclones.

(ii) 2” stub hydrocycloning

The experimental conditions for 2” stub cyclone classification are given below.

Feed percent solids - 20.0; Feed inlet pressure - 25 psi;

Vortex finder — 14.3 mm; Spigot — 4.7 mm

(iii) l” hydrocycloning

The overflow slurry of 2” stub cyclone separation was diluted to 16% and the l”

cycloning was done at the following fixed experimental conditions

Feed inlet pressure - 60 psi; Vortex finder — 7.0 mm; Spigot — 2.2 mm

At every stage of size classification, part of the product slurry was dewatered and

dried for further characterization. The slurry was kept for a few hours so that maximum

solids settled at the bottom. The supematant portion was decanted; the concentrated

slurry was taken in a S.S tray and dried on a water bath to get the dried material

7.4 Characterization of the product samples

The size classified samples produced by the modified beneficiation method were

characterized for their physical, chemical, mineralogical and morphological properties.

The detailed property evaluation of the ROM clay has been discussed in Chapter 3.

7.4.1 Physical properties

As discussed in Chapter 3, the ROM clay is soft and easily slaking in nature and

is gray in color with blackish impurities. Table 7.4.1 gives the properties of the ROM

clay along with those of the beneficiated products. The low pH and high specific gravity

of the ROM clay are due to the presence of pyrite. Most of the pyrite particles are

removed during size classification and the size classified products have lower values

almost matching with that of ideal kaolinite. In the ROM clay the matter soluble in water
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and acid are on the higher side which changes appreciably in the products of size
classification.

The particle size distribution analyses (Table 7.4.1) show that the grit content is

moderate (l6.80%), and the fines are moderately high (49.90% < 2pm fraction) in the

ROM sample. Screening and separation using 2”stub hydrocyclone has resulted in

marginal decrease in < 45 pm fraction (from ~ 43.30% to 38.90% along with an increase

in the -2 pm fraction (49.30 % to 61.90%). Further sizing with 1” hydrocyclone is found

to enhance the <2 um fraction to 73.90 %.

The brightness, lightness (L) and Hunter whiteness (HW) values of ROM sample

are found to be very poor. The low “L”and HW values are due to the presence of

black/dark coloured particles in the clay. The greenish tinge of the sample (“-a” value) is

indicative of the absence of reddish colored minerals in the sample. The “b” value and

Hunter Yellowness (HY), shows that the overall yellowness of the sample is low. This

indicates that low brightness of the sample is due to the presence of black / dark colored

minerals. Size classification increases the brightness of samples appreciably ie., by 22.3

(SCPI) and 24.6 (SCP2) units. Similarly, there is a sharp increase in the lightness “L”

value (~21 units) and moderate increase in the HW (~11 and 16 units for SCPI and SCP2

respectively) of the beneficiated samples which is due to the removal of the colored

impurities. The “greenishnes” of the material increases marginally during size

classification and is evident from the “a” values. But there is appreciable increase in the

yellowness of the sample SCPI and SCP2 as indicated by the HY and “b” values. The

sharp improvement in the optical properties of the samples may be due to the removal of

some of the coarse dark colored impurities such as pyrite. The appreciable reduction in

the Fe2O3 content of SCPI and SCP2 also supports the same. Optical properties, % Fe2O3

and % TiO2 values of ROM are given in Table 7.4.1 and those of beneficiated samples in

7.4.4. For pigment grade kaolin, brightness should be >80% ISO and beneficiation to

achieve this level is one of the highest value additions of kaolin.

The conventional reductive (‘hydros’) bleaching removes only small amount of

‘Fe’ minerals. Hence, the brightness improvement of the product sample SCP2 is also

marginal. The brightness of the sample has improved on hydros bleaching only by ~ 3.0

units with small reduction in the Fe;O3 content and only a marginal improvement in the L
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and HW values and reduction in “a”,” b” and HY values. It implies that the impurity

minerals imparting dark/reddish and yellow shade to the material is unaffected by this

reductive bleaching technique and the extent of “free” iron removal is low. DCB

treatment improves the brightness substantially (~l3.0 units) and during this process the

Fe203 content reduces from 1.16% to 0.50%, indicating that part of the iron in the

sample is “free” and leachable. The brightness/whiteness of kaolin is dependent on the

overall effect of the Lab color values. The “L” value and HW of the sample increase after

DCB treatment by ~3.5 and ~34 units and it gives an idea about the extent of removal of

the dark colored impurity minerals. After DCB treatment “a” value (greenishness) of the

sample has come down marginally (~0.6 units). Similarly, there is a marked reduction in

the “b” and HY values (~ 5.5 and 8.8 units respectively). The sample is still found to

contain ~0.50% of Fe2O3 and the yellowness values (“b” and HY) support the same.

Since the brightness of the sample is promising, it is possible that the iron remaining after

DCB treatment may be present as part of the kaolinite framework structure.

The brightness, “L” and HW values of SCP1 sample was found to decrease after

calcination. Correspondingly, there is increase in the reddishness and yellowness of the

sample as indicated by the increase in the colour (“a”, “b” and HY) values (Table 7.4.4).

Since the iron content in the sample was on a higher side, it is possible that most of the

iron getting liberated during metakaolinisation may not be getting incorporated into the

kaolinite structure during calcination. Since almost 85% of the iron in the sample

corresponds to pyrite (Table 7.4.2) and other forms of iron are small, the blakish-gray

shade of the calcined material is possibly due to the presence of oxidation products of

pyrite.

7.4.2 Chemical assay

The percentages of chemical constituents in the samples are given in Table 7.4.1.

The silica alumina values in the ROM clay are found to be near to those of kaolinite

mineral, but the LOI value is on a higher side (18.l7%) The higher LOI value is possibly

due to the presence of carbon and oxidization of pyrite. Samples SCP1 and SCP2 are

found to be more kaolinitic in nature and is evident from the increased A1203 content.

That is, 2” stub and l” cycloning have removed the coarse silica particles and emiched

kaolinite content in the clay (Figure 7.4.3). Though the LOI values of SCP1 and SCP2
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have decreased marginally, the values are still higher than that of kaolinite mineral. This

shows that some amount of carbon and / or pyrite is still present in these samples.

The Fe2O3 and TiO2 content in the sample are 5.41 and 1.60% respectively. The

total “iron content” (as Fe) in the sample was found to be 1.94 % and out of this 1.85 %

was found to be pyritic iron. The pyrite content in the sample was found to be 3.97%.

The sample is also found to contain 2.07 % of sulphur and 1.2% of carbon. After size

classification, there is a reduction in the Fe2O3 and TiO2 content in the sample and a

corresponding decrease is observed in the pyrite content. It is seen that ~72% of the iron

remaining in SCP2 sample is pyritic in nature (Table 7.4.2).The presence of moderate

quantities of Fe2O3 (~ 22% ) and TiO2 (41%) in the SCP2 sample indicates the ultra fine

size of these impurities which are getting enriched in the product during size separation.

The organic carbons as well as sulphur contents are also found to decrease during size

classification. The other impurity minerals of Na, K, Ca etc. are present only in low

concentrations. The presence of Fe and Ti and other impurity minerals of Na, K and Ca

etc. in the finer size fractions indicate that they are almost uniformly distributed in all size

fractions. Results of the trace elements analysis shows that the concentrations of certain

elements such as Zn,Pb,Ba,Ca,Co,Cr,Mn,Sr,V,Z,P,S and Ni are relatively high in the raw

clay and come down in the beneficiation products (Table 7.4.3).

Reductive bleaching is ineffective in removing the iron and is evident from the

marginal decrease in the Fe2O3 content of SCP2 R.B sample. But after DCB treatment,

the Fe;O3 percentage is reduced by ~l3.0 units and the optical properties are improved to

a great extent. The iron removal shows that ~57% of the total iron in the clay is ”free”

in nature and the rest is present in the structure of either kaolinite or ancillary mineral

(mica or titania). Also, the sharp decrease in the “a”, “b” and HY values confirms the

removal of the coloring iron impurities such as pyrite, hematite and goethite. The sample

is still found to contain ~0.50% of iron. Since the sample has got good optical properties,

it is possible that the iron remaining after DCB treatment may be present as part of the

kaolinite structure and their by not appreciable affecting the overall brightness of the

sample. It is also worth mention that chemical leaching has not effected any changes in

the TiO2 content. The Fe;O3 and TiO2 content and optical properties of the beneficiated
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samples are given in Table 7.4.1 and Figure 7.4.4 represents the variation in Fe2O3 and

TiO; content.

7.4.3 Mineralogical study

X-ray diffraction and thermal analyses give mineralogy of the clay. The XRD

analysis data of the ROM and beneficiation products is given in Table 7.4.1 and the

powder pattems are represented in Figure 7.4.1. In the raw clay, kaolinite is the major

mineral along with quartz, pyrite, hematite, anatase and rutile as the ancillary mineral

impurities. An increase in the intensity of the kaolinite peaks and a decrease in the

intensity of quartz peak in the XRD pattems of SCPI, SCP2 and SCP2 DCBT clearly

show the emichment of kaolinite in the sample during the size classification.

Thermogravimetric analyses of the ROM sample (Table 7.4.1) shows that the

total weight loss on heating is ~l8.27%, which is higher than that of the kaolinite

mineral. Again, it can be attributed to the oxidation of the pyrite. The weight loss in the

range 450 to 600°C corresponds to the dehydroxylation of kaolinite. This value decreases,

as the ROM clay is beneficiated by size classification confirming the increase in kaolinite

content and removal of pyrite mineral. The DTA pattems of the samples have given

characteristic endotherm and exotherm of kaolinite and pyrite minerals(Table 7.4.1).

Table 7.4.5 gives the percentages of possible minerals in “Koraput” kaolin as

calculated from the chemical assay. The rational analysis data shows that the ROM

sample is kaolinitic in nature. It is also found to contain quartz, pyrite, micaceous

minerals (both muscovite and paragonite mica), hematite, anatase and carbonaceous

matter in small quantities. In the size classification products, the kaolinite content

increases with a simultaneous decrease in other minerals (especially pyrite) supporting

the XRD findings.

7.4.4 Morphological characterization

Scanning electron microscopic analysis (SEM) pictures of the ROM clay and

SCPl are presented in Figure 7.4.2, which shows the presence of aggregates of pseudo

hexagonal kaolinite particles along with well crystallized pyrite particles of typical

octahedral shape. The SCPI sample shows only the pseudo hexagonal kaolinite particles.
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7.5 Possible industrial utilization of the beneficiated products

In the present study, beneficiated clays of different grades are produced and their

utilitarian aspect was explored by comparing their critical properties such as particle size

distribution and brightness with the required standard specifications for various end

uses. This is done to have a idea about the possible value addition of these clays. The

different beneficiated samples taken are the < 45 micron fraction (SCPI), its calcined

product at 1lOO°C, <2 micron fraction (SCP2) and its reductive bleached and DCB

treated products and their salient features are given in Tables 7.4.1, 7.4.4 and 7.5.1.

Though DCB treatment is not a viable option for the beneficiation of kaolin on an

industrial scale, here it is carried out to get an quantitative information about the

removable free iron in the clay. On an industrial scale, their removel is done by

employing various sophisticated methods such as High gradient magnetic separation. The

intemational / national specifications of the kaolin for various applications are given in

chapter 3 (Tables 3.8.1 to 3.9.11).

The properties of the beneficiated samples were compared with the intemational

specifications for various applications and Table 7.4.4 shows that, the optical properties

of SCPI and SCP2 samples are not very good and they contain appreciable quantities

of <2 pm fraction particles. It is seen that these values does not match with the required

specifications for either paper coating or filler grade kaolins. Though the percentage of

finer fraction (<2 um) in the clays falls within the range for its use in ceramic industry

for the production of whitewares the higher iron content makes it unsuitable for the same

(Table 3.8.8) and can be used in the whiteware industry only after removing iron to the

required level. This indicates that the sample has to be beneficiated further for it s

optimum utilization. The reductive bleached product (third beneficiated product) is also

found not suitable for any of the above mentioned applications due to its poor optical

properties and high iron content. DCB treatment is found to remove appreciable

quantities of iron from the sample and is evident from the improved optical properties of

the fourth beneficiated product (Table 7.4.4). Though the optical properties and chemical

assay of the DCBT product matches well with that of the commercial grade coating

kaolins (Table 3.8.3 and 3.9.9), the low value of <2 micron fraction makes it unsuitable

for paper coating application. Properties of the clay matches with the specifications of
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commercial paper filler grade kaolin of Imerys (UK) [Table 3.9.5] and ceramic grade

kaolins for whitewares (Table 3.9.8). Further value addition of the clay is possible by

emiching the finer fractions in the clay and improving its optical properties. This can be

achieved by fine tuning the size classification step as well as by ensuring maximum

removal of the iron from the clay by using sophisticated techniques such as high gradient

magnetic separation. Calcined clay (fifth beneficiated product) is found to be inferior in

quality and is evident from the low brightness value (Table 7.4.4).

The beneficiated samples are also compared with the IS specifications for their

possible use in paper and ceramic industry. The properties of the samples are given in

Table. 7.5.1. The SCP1 and SCP2 (beneficiated products 1 & 2) samples did not have the

desired particle size distribution as per the IS specifications for Grade I (paper). The iron

content as well as the brightness values of the samples, are also not matching with the

required specifications and it is clear that further beneficiation of these samples are

essential to improve its quality to Grade I level. But both these samples are found to

fulfill the criteria for Grade II (filler) kaolin and they can be used as filler clay. Though

the reductive bleaching has not produced any appreciable reduction in iron values of the

sample, DCB treated sample is found to have improved optical properties. Though the

high brightness value of the DCBT product makes it suitable for paper coating (Grade I),

it can be used for such applications only after improving the finer fraction (<2 micron)

content.

The SCPI & SCP2 samples did not possess the required particle size distribution

and the metal oxide content ( Fe,Al & Ti) and they can not be used in making of high

quality ceramic products ( Grade I kaolin). The SCP1 sample can be used only as Grade

III kaolin due to the high (Fe2O3 + TiO2) content. The enhancement of finer fractions as

well as the reduction in iron content makes the SCP2 sample suitable for its use in

ceramic industry as Grade II kaolin.

The inputs from the study shows that further value addition of the clay for high

end applications is possible by improving its size distribution pattem and optical

properties by employing suitable beneficiation methods.
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Table 7.2.1 Iron content in the washings at different contact tlmlngs

SI. No. Contact Time (minutes) Water soluble lron
as Fe;O3, %

Broad range

-§UJl\J'—*

Narrow range

U1-kbJl\)~—*

0.22
0.30
0.41
0.42

0.2642
0.3106
0.4133
0.4139
0.4142

Table 7.2.2 Iron content in the washings after various periodic washes

Sl. No. Number of washes Water soluble ll'0ll
as Fe;O3, °

\lO\-§L»Jl\J'—"

£11-I>UJl\J*-‘@

0.4133
0.4371
0.4729
0.4960
0.4972
0.4998

Contact time - 30 minutes



Raw clay

Mixing w'th water

Stirring at high rpm for max. de-aggregation

Screeningl size separation using
Hydrocyclones

Drviing

Figure 7.1 Flow sheet for conventional size separation
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Figure 7.z.lColored supernatant liquid from water
washing
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Figure 75.! Colour of the ROM and final size
classified product samples (SCP2) - conventional and

modified methods
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Raw clay

Mixing with water

Mild Stirring at low rpm for de-aggregation

(to avoid size l‘€dllCtl0ll of coarse pyrite particles)
ettling of the clay mass

Decantation of the supernatant liquid

(3 water washings) Water washing with mild mixing

(to remove water solluble Fe impurities)

pH modification using NaOH solution (to neutral pH)

Screeningl size separation using a set of hydrocyclones

1.

rig

Figure 7.3.2.Modified flow sheet for size separation
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Table 7.4.1 Chemical assay, mineralogy and physical properties of ROM and
beneficiated samples of Koraput kaolinParticulars ROM SCPI SCP2 SCP2­

DCBT
Chem.Assay (% wt)

SiO;
A1203
F6203
TiO2
CaO
N320
K20
LOI
Sulphur
Total Carbon
FeO

Physical Properteis
Particle Size Distribution, wt. %

> 45 pm
< 45 > 2|.1m

< 2 pm

Optical Properties (% ISO)
Brightness

L
a
b

HUNW
HUNY

pH
Cation exchange capacity ,meq/100 g
Water solubles, % w/w
Acid soluble, % w/w
Specific gravity, g/cc
Mineralogy

XRD
Maj or phases K, Q K K
Minor phases P,A,R,H Q,A,R,H Q,A,R,H

DTA

41.81
32.01
5.41
1.60
0.69
0.23
0.08
18.17
2.07
1.2

2.40

16.80
43.30
49.90

45.87
67.43
-0.75
-0.44
27.17
0.94

1.72
2.1

4.14
9.06
2.78

42.47
37.71
2.05
0.80
0.58
0.20
0.08
17.12
0.69
0.50

Nil
38.90
61.10

68.13
88.21
-0.86
7.91

37.95
12.81

1.94
7.94
2.61

42.52
38.41
1.16
0.66
0.69
0.23
0.02
15.98
0.33
0.41

Nil
26.10
73.90

70.45
88.92
-0.89
7.02

43.41
11.27

0.52
1.07
2.60

Endotherm(°C) 534.3, 684.9, 534.4, 671.3 563.8,
73.4 671.6

Exotherm (°C) 468.0, 554.8, 438.5, 981.6 695.5, 749.1,983.8 992.2
TG (wt. loss %) 18.27 16.49 16.20

44.08
38.91
0.50
0.66
0.69
0.23
0.02
14.71
0.08

0.38

Nil
26.10
73.90

83.41
92.41
-0.31
1.58

77.06
2.44

2.59

K

Q.A.R

Q-Quartz; K-Kaolinite; P-Pyrite; A-Anatase; R-Rutile; H-Hematite
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Table 7.4.2 Pyrite content in ROM, beneficiated samples and IM1 of Koraput
kaolin

Properties ROM SCPI SCP2 IMI

Total Iron, %
(by estimation)

0.75 0.43 4.24

(by estimation)
Non-Pyritic Iron, % 0.12 0.35

Pyritic Iron,%
(by calculation)

0.31 3.89

Sulphur, % 0.69 0.33 4.50

% of pyrite from
Pyritic Iron
Sulphur

0.67

0.62

8.36

8.42
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Table 7.4.3 Trace elements in the ROM and
beneficiated samples of Koraput kaolin

012/ 2)

Elements ROM SCP1 SCP2 SCP2 — DCBT

Barium

Calcium

Cadmium

Cobalt

Chromium

Copper

Potassium

Lanthanum

Magnesium

Manganese

Sodium

Nickel

Phosphorous

Lead

Strontium

Vanadium

Zinc

Zirconium

304 1094
569 414
<2 <1
647 28
145 126
36 28
134 66
68 60
68 4535 7
148 47
83 69
1537 1250
145 137
212 178
133 99
154 149
403 301

1274 ND
358 ND<2 <141 5
130 1520 <1
115 ND55 10
67 ND18 <1
72 ND57 8
1089 ND
121 17
143 ND142 7145 6
274 18

<1 ppm - BDL
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Table 7.4.4 Optical properties and Fe & Ti content in the beneficiated Koraput
kaolin

Samples Fe;O3, TiO;_ B L a b HW HY% %
SCP1

SCP2

SCP2 R.B

SCP2 DCBT

SCP1 Calcined

2.05

1.16

0.93

0.50

0.80

0.66

0.66

0.66

68.13

65.58

70.45

73.32

83.41

88.21

83.46

88.92

89.31

92.41

-0.86

2.65

-0.89

-0.47

-0.31

7.91

8.45

7.02

6.22

1.58

37.95

33.23

43.41

46.10

77.06

12.81

12.92

11.27

10.36

2.44

Table 7.4.5 Rational analysis data of ROM and
beneficiated samples of Koraput kaolin

Mineral ° 0 by wt ROM clay SCP1 SCP2
Kaolinite

Quartz

Muscovite

Pyrite

Hematite

Anatase

Calcite

Carbonace

Free alumi

Paragonite

mica

mica

ous matter

I13

4.10

0.68

2.84

3.87

2.84

1.60

1.78

4.75

/ .
77.54 88.99

0.69

2.48

1.29

1.19

0.80

1.04

1.70

1.32

87.09

0.17

2.84

0.62

0.74

0.66

1.23

3.33

3.32
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Table 7.5.1 Properties of beneficiated products (SCPl & SCP2)
of Koraput kaolin

Sl.No Characteristics SCPI SCP2

1 Coarse particles or grit (residue
on 53pm IS sieve), %by mass

Nil Nil

2 Particles coarser than 25 pm, 8.20 Nil

3 Particles larger than 10pm in
dia, % by mass

13.90 8.51

4 Particles smaller than 10pm, %
by mass

86.10 91.49

5 Particles finer than 2 pm, 61.10 73.90

6 Relative density 27/27°C 2.6 2.6

7 Loss on ignition, % by mass 17.12 15.98

8 Matter soluble in water, % by
mass

1.94 0.52

9 Matter soluble in HC1,% by
mass

7.94 1.07

10 CuO. % by mass 0.0028 0.0020
11 AS203, PPTT1 Not detcted Not detected

n--I
l\J

Fe2O3, % by mass 2.05 1.16

1-»
U)

TiO2, % by mass *1, 0.80 ‘P, 0.66 ‘,

r—1

-l>~

A1203, % by mass 37.71 * 38.41

a—~

(II

F e203 & TiO2 together % by
mass

2.85 1.82
16 MnO, % by mass 0.0007 0.0018
17 pH value of aq.extract 6.54 6.52
18 Color reflectance to blue light 68.13 70.45

of wavelength 5040 A, %
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Figure 7.4.1 XRD patterns of (a) ROM (b) SCP1 (c) SCP2 and

(d) SCP2-DCBT of Koraput kaolin
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ROM sample

SCPI sample

Figure 7.4.2 SEM picture of Koraput kaolin
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Figure 7.4.3 Variation of <2 micron fraction & kaolinite content
during size separation in Koraput kaolin
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CONCLUSIONS

Detailed investigation has been conducted on kaolins from major deposits of the

country, Kasargod and Trivandrum (Kerala), Koraput (Orissa), Bankura (West Bengal),

Kutch (Gujarat) and Pali (Rajasthan). Valuable information has been obtained on the

basic characteristics of the deposits and possibility of beneficiation to give value added

products. The identification and quantification of the iron and titanium minerals

associated with kaolin has enabled to understand their influence on the kaolin brightness.

All the ROM clay samples are found to be highly kaolinitic except that from

Bankura which is more siliceous. Quartz is the major impurity and minor amounts of

colored minerals of iron and titania are also present. Kasargod and Trivandrum clays are

relatively superior to the others. Mica is dominant in Bankura and Pali samples whereas

iron stained titania is the coloring impurity in Kutch clay. Due to the presence of pyrite,

Koraput clay is highly acidic. The particle size distribution and optical properties of these

clays show wide variation. The brightness values of Koraput and Bankura samples are

very poor while that of Trivandrum and Pali kaolins are quite high. All other samples

have got moderate brightness. The crystallinity studies by XRD, DTA, FTIR and EPR

techniques indicated the disordered nature of the Bankura clay.

Size classification of the samples has resulted in an increase of finer size fractions

(<2um) in the product (SCP1) and removal of coarser particles which include quartz and

small quantities of other minerals. Simultaneously, the kaolinite content increases and

there is a marginal improvement in brightness also. The Bankura clay is found to be still

siliceous. The highest percentage of < 2 um fraction is in Trivandrum clay (~84%) and

the same in Pali, Kutch and Koraput kaolins are promising. The maximum improvement

in brightness on the SCPI is observed in Koraput clay due to the removal of appreciable

quantities of pyrite. But the overall brightness of the sample is found to be low. A

moderate increase is observed in the brightness of SCPI from Kasargod 2 and

Trivandrum kaolins, but Pali clay does not show any improvement. An enrichment of

iron minerals is occurring in the SCPlof Bankura clay which gives a low brightness. The

SCP2 samples also show a similar trend and the percentage of <2um fraction has

improved appreciably in all clay samples and the maximum is observed in Trivandrum

clay (~92%), followed by Pali and Kutch samples. The SCP2 of Pali is having the highest
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brightness (~81.2%), followed by Trivandrum and Kasargod 1 clay. Brightness values of

all other clays are found to be on a lower side. The reductive bleaching has not made any

appreciable improvement in the overall shade of the samples.

The conventional method of size classification could not be adopted for the

Koraput clay due to the high acidity. During the slurry preparation, some of the

impurities including part of the pyritic iron are dissolved initially and then get

precipitated on dilution giving yellowish brown color to the product clay. Hence, a

modified method has been suggested for avoiding this problem and getting product clay

of acceptable brightness.

DCB treatment is used to leach out the “free” iron and gives a quantitative

measure of the same. The “structural” iron does not respond to this treatment and hence

the two types can be differentiated. Improvement in the optical properties has been

achieved by most of the samples and the highest is for Trivandrum clay. The

improvements in Kutch and Pali clays are minimal as most of the iron in these samples is

incorporated in the structure of anatase and mica respectively. The Bankura kaolin

contains considerable amount of mica and the low brightness of is due to iron containing

mica. Calcination has not given any improvement in brightness of the SCP2 samples,

except in the case of Trivandrum kaolin.

Comparison of the critical properties ie., particle size distribution and brightness

of the beneficiation products with intemational specifications shows that none of the

SCPl samples fulfill the requirement for either paper coating or filler grade kaolins and

further beneficiation is required for their optimum utilization. Properties of SCP2 of

Trivandrum and Pali kaolins show that they can be used as Grade C paper filler. SCP2 of

Trivandrum clay is even comparable with the commercially available filler grade kaolin

used in paper industry. All other samples need further improvement in optical properties

for their optimum utilization. The DCB treated sample from Trivandrum is found to have

the maximum brightness and fine particle content (<2um fraction) and is comparable to

the intemational high quality coating grade clays. Kasargod 1, Kasargod 2 and Koraput

samples are comparable to the intemational commercial grade paper filler clays. Koraput

kaoin can also be used for the manufacture of white wares (ceramic grade). The
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properties of calcined product from Trivandrum match well with the intemational

specifications for paint formulations.

The properties of the product clays have been compared with the IS

specifications. Optical properties of SCPI and SCP2 of all samples except Trivandrum

clay need further improvement for their possible use as Grade I (paper) and Grade II

(filler) kaolin. The Trivandrum clay can also be used in the manufacture of high quality

ceramic products (Grade I kaolin). Kasargod 1, Kasargod 2 can be used as filler (Grade

II) kaolin only after removing some of the iron impurities. While SCP2 of Kutch,

Koraput and Pali kaolins can be used as Grade II kaolin, Kasargod 1 and 2 and Koraput

clays can be used as Grade III kaolin in ceramic industry.

Characterization of the impurities concentrated by different methods has enabled

to have a closer look on the nature of iron and titanium minerals. The hydrocyclone

underflow (IMI) represents the coarser particles whereas the panned impurities (IM2)

have higher density. NaOH treatment of the clay removes the kaolinite and the IM3 is

much more concentrated in impurities. The minerals separated by magnet (IM4) are

essentially ferruginous. A combination of the characteristics of these four concentrates

gives an overall picture of the total impurities present in the clay.

Compared to the other kaolins, the enhancement in optical properties of Kutch

and Pali samples after DCBT is not promising. Though there has been a marked

improvement in brightness of Bankura sample, the overall shade of the product is not

acceptable. Bankura and Pali samples contain mica and appreciable quantities TiO; is

found in Kutch clay. These ancillary minerals contain “structural” iron and reduce the

brightness of the clay. It is difficult to remove these impurities by DCBT and hence the

optical properties do not improve.

The EPR spectral studies have been used to understand the extent of iron removal.

The spectral data, based on the decrease in intensity of the line at g ~2.6 shows that the

iron removal in these samples are minimal. The spectral analysis of the ROM, products

of size classification and DCB treatment confirms that most of the iron is ferric and

“structural” in Pali clay. Koraput sample contains mostly iron in ferrous state. Most of the

iron is “free” in Trivandrum clay whereas Kasargod 1, Kasargod 2 and Bankura samples

contain both “structural” and “free” iron where the DCB treatment removes the “free”
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iron. The Kutch sample contains only very small part of iron as “free” and the remaining

exists in the “structure” of anatase (as titanoferrous). Mossbauer spectra confirm the

presence of ferrous iron in Bankura and Koraput samples. The presence of oxides and

hydroxides of iron in most of the samples is again indicated by the IR and UV-Visible

spectral studies. The HR TEM- EDS clearly shows the presence of ultrafine titanoferrous

and pyritic particles in the Kutch and Koraput kaolins respectively.

It has been confirmed that the clays contain different types of impurities in

varying concentration and conventional methods of beneficiation alone can not give

optimum value addition. DCB treatment is not commercially viable, but it gives very

crucial information on the nature of impurities. Hence, advanced techniques of

beneficiation such as super conducting high gradient magnetic separation (SC HGMS),

froth flotation, selective flocculation have to be adopted in combination with the

conventional screening, size classification and reductive bleaching to get maximum and /

or optimum value addition of these kaolins.

An attempt has been made to study whether any correlation can be made between

the quantities of iron and titanium minerals in the clay with the optical properties.

Analysis of the results clearly indicates that the total or “analytical” iron in a sample is

not directly related to its optical properties. The type of iron in the ancillary mineral as

“structural” or “free” plays significant role in determining the color of the kaolin. The

oxides, hydroxides, carbonates, sulphides etc where iron is in the “free” form are colored

and have direct influence on the kaolin brightness. A small amount of iron in the structure

of kaolinite does not affect the brightness because the iron atoms are too far apart to

allow any electronic transition. However, the same amount of iron if present in the

structure of ancillary mineral undergoes transitions due to the neamess of the iron atoms.

A charge transfer or electron hopping is also possible between iron and any other

transition element in the sample. This phenomenon is observed in the titanoferrous

impurity in the Kutch clay. Clay is a naturally occurring mineral and the distribution of

“analytical” iron among the two species, “structural” and “free”, changes from sample to

sample resulting in brightness variations. Hence, a direct correlation between the

“analytical” iron and brightness is not possible.
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