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Preface

The geochemical importance of clay minerals stems from their ubiquity in soils and
sediments and their manifold industrial applications. Clay minerals, which are grouped as
phyllosilicates, share a basic set of structural and chemical characteristics. Kaolin groups of
minerals are the most widespread in this phyllosilicate family. Among these, kaolinite is an
important weathering product at low latitudes. Geologically, the process of kaolinization
occurs under different environmental conditions such as surface weathering and
hydrothermal alteration. The product of kaolinization is highly influenced by the geology
and geochemistry of the parent rock, the climatic conditions and the topography of the area.
Kerala kaolins are mostly the products of surface weathering in tropical climatic conditions.
Under this climatic regime primary aluminosilicate minerals are usually weathered to kaolin
group minerals either directly or indirectly. The major clay deposits of this region are
associated with the Cenozoic sedimentary basins, where kaolinites of both sedimentary and
residual origin are well preserved.

The thesis comprises of five chapters. It is an exhaustive study on the geochemical,
mineralogical, morphological, and the utilitarian aspects of clays from two major kaolin
deposits; Madayi (Kannur) and Kundara (Kollam) in the northern and southern districts of
Kerala. The clay deposits are characterised by kaolinites of residual nature, which are the
weathered products of Precambrian crystalline rocks overlain by the sedimentary kaolins of
Tertiary age.

Chapter one deals with the general introduction on the mineralogical, geological and
structural aspects of kaolinite and its industrial versatility. The geological significance of
this particular mineral along with an overview on the process of kaolinization is
presented in this chapter. Brief descriptions on the topography, climate and geology of
Kerala have also been presented.

The second chapter explains the methodology adopted for the geochemical,
mineralogical and morphological characterization. The techniques involved X- ray
diffraction analysis, Differential Thermal/ Thermogravimetric Analysis, Fourier
Transform Infrared Spectroscopy, Diffuse Reflectance FT-IR Spectroscopy, Scanning

Electron/Optical microscopy and Chemical analysis. Physical characterization for



industrial evaluation of the clay involved determination of particle size distribution,
brightness/yellowness, viscosity, contact angle, linear shrinkage, volume shrinkage, water
absorption, bulk density, apparent porosity, green and fired strength measurements.

Detailed characterization of kaolinite from Madayi deposit has been presented in
chapter three. The present investigations give evidences on the influence of the
environmental conditions on kaolinite formation. Kaolinite formed under different
genetic conditions, throw light on the fact that the clay suite can be utilized as a tool to
reflect the climate during the time of its formation or deposition. The studies show that
the sedimentary clay seams, which overlie the industrially viable residual seam, influence
the geochemistry and industrial utility of the latter.

Chapter four is presented in two parts: Part | is a brief description of the
mineralogical and morphological features of Kundara kaolinite. The geochemical aspects
of quick yellow pigmentation of the residual clay have been studied in detail. The iron
impurity, which is mostly in ferrous state at the time of exposure, gets transformed to
ferric form due to oxidation. The black patched FeS, and its oxidation products in the
residual white clay, have a major role in degrading the quality of the white kaolin. The
influence of the climatic conditions on the deposits has been explained. Part 1l deals
with the quality improvement studies. The process involved beneficiation by the removal
of iron using an efficient chemical leaching technique. The treated clay was tested in
bone china formulations.

Chapter five is on the surface modification of kaolinite using organosilane and its
application as filler in natural rubber. Silylated clays form ‘molecular bridges’ to create
strong stable bonds between two otherwise weak bonding surfaces. The composite
obtained by the incorporation of modified filler clays into natural rubber generate bulk
properties of two different phases i.e. an inorganic substrate and an organic polymer. This
uniform composite structure, exhibits improved thermal and mechanical properties.

The thesis concludes with a note on the future perspectives of this gift of nature, the
kaolin.
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Chapter 1

Kaolin- An Overview on the Genesis and Applications

1. Introduction

Clay had been and continues to be one of the important industrial minerals and are
widely utilized in many facets of our day to day life. Clay science during the last three
decades, has been characterized by extensive research work in crystallography,
mineralogy, geology, pedology and in applied sciences such as agriculture and
ceramics. Clays are also the most versatile of all the minerals occurring in the earth’s
crust. It is a natural earthy material with plastic properties when moist, of very fine
grain size (< 2 um) and composed mainly of hydrous aluminium and magnesium

silicates.

1.1 Phyllosilicates

The clay minerals have layered structure and are classified as phyllosilicates. They
have in common the same type of structural unit (Berry et al., 1985). The basic
structural feature of all minerals in this subclass is the combination of layers of
psuedohexagonal network of SiO, tetrahedra (silica tetrahedral layer) and layers of
cations in octahedral coordination (octahedral layer). Two kinds of octahedral layers
are known: gibbsite and brucite layers. The gibbsite layer has a dioctahedral
arrangement; i.e. there are two cations of Al for each six OH ions, whereas a brucite
layer is trioctahedral there being three cations (Mg, Fe) for each layer. Composite
arrangement of each of the octahedral and 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 (a 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 shown in Fig. 1.1
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Fig.1.1. Structure of major clay mineral groups (010) view (after Bailey, 1980); X = layer
charge per formula unit

The mineral kaolin is geochemically and industrially the most ubiquitous and

abundant species of the phyllosilicate family.

1.2 Kaolin Minerals

Kaolin minerals are included under the 1:1 dioctahedral phyllosilicates of kaolin-
serpentine family. The name kaolin is derived from the Chinese term “Kauling”
meaning high ridge, the name of the hill near Jauchau Fu, China, from where this
material was mined (Grim, 1968). The most widespread variety of mineral in kaolin
group is kaolinite. Kaolinite is chemically (Si,Al,Os(OH)s), having an ideal
composition of SiO,- 46.54%, Al,O3- 39.5% and H,0- 13.96%, and occurs mostly as
flakes or plates ranging in shape from near hexagonal to ragged-edged anhedral. The
unit cell dimensions are a = 5.139, b = 8.932, ¢ = 7.371 A,c = 91.6°, p = 104.8°, y =
89.9°

In addition to kaolinite, the polytypes of kaolin mineral include halloysite, nacrite
and dickite (Ross and Kerr, 1931; Ross and Kerr, 1934; Bailey, 1963). Halloysites are

hydrous forms of kaolinite and are of two principal types: a less hydrous form with a



composition near to that of kaolinite, Al,Si,Os(OH), (metahalloysite) and a more
hydrous form with a composition, Al,;Si,Os(OH), 2H,O (halloysite). They usually
occur as rolled cylindrical or quasi-spherical particles. Dickite (monoclinic, unit cell
dimensions a = 5.15, b= 8.94, c= 14.736 A, p= 103.58°) and nacrite (monoclinic, unit
cell dimensions: a = 8.909, b= 5.146, c= 15.697 A, p = 113.7°) have structure similar
to that of kaolinite, but are of rare occurrence. These polymorphs of kaolinite result
from the variability in the positioning of adjacent layers and in the occupancy of the
octahedral sites within each layer (equivalent to layer rotation), which lead to
different permissible stacking sequence of layers. Bailey (1969) has shown that there
are 12 different trioctahedral 1:1 polytypes, and four enantiomorphs, with
periodicities between one and six layers. This variation in the character of the
polytypes results from the varying geochemical environment of formation or
deposition.

The hydrous form of kaolinite i.e. halloysite is a metastable phase and are formed
in a low-temperature geological environments (Giese, 1988). Nacrite (with layered
stacking sequence shifted by —1/3a) is the rarest polymorph and is reported only from
high temperature environments (Ross and Kerr, 1931; Firman, 1953 and Hanson et
al., 1981). The formation of kaolinite and dickite is not temperature-dependent, as
both the polymorphs have been reported from high and low temperature environments
(Grim, 1968).

In addition to the above polytypes, kaolinite crystal itself 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 order of kaolinite undertaken by Brindley et al.
(1986), showed that the kaolinite from each locality has a characteristic kind of
internal structural disorder which is fairly constant within the suite of the samples
from a given locality. The incorporation of foreign ions into the structure of kaolinite
results from the variability of chemical environment during its formation. The
presence of different types of polymorphs and their structural variation in kaolin

group of minerals are of high geological and industrial significance.



1.3 Genesis of kaolin

The mineral kaolin originates in a variety of diverse environments including: 1)
crystallization in cavities within the rock, 2) replacement of other minerals 3)
alteration of water—laid clastic 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 kaolinization of aluminosilicate rocks are weathering and hydrothermal alteration.

The formation of kaolinite and its stability depend upon the changes within its
environment. Kaolin minerals tend to develop preferentially in the humid tropics.
Under these climatic conditions, the fresh rocks and minerals in the presence of ample
amount of water and favourable temperature, chemically modifies them to more stable
phyllosilicate phases (Weaver, 1985). Processes leading to the modification/
transformation or formation of clay during chemical weathering include hydrolysis,
dissolution, hydration, oxidation, chelation and the activities of plants such as fungi,
lichen and moss. An increase in rainfall, temperature and moisture enhances the
amount of clay formed.

The influx of groundwater has a great influence on the type of clay mineral formed
from a particular primary silicate. When a primary silicate hydrolyses in an
environment of high activity of H*, alkali and alkaline earth metals are removed by
replacement. Then the resultant product will be a 1:1 layered phyllosilicate. In
contrast, if the activities of the metal ions remain relatively high, 2:1 layer clay
minerals tend to form. Such an environment typically represents low intensity
leaching, as in either semi-arid weathering or alternatively, in water logged
environment, where the metal ions remain at high activity in solution but are not
removed. For example, the reaction involved during the hydrolysis and subsequent
leaching of feldspar (albite) under three different rates of groundwater flow is as
below (Weaver, 1985):

H* + NaAlSizOg + 7H,0 — Al (OH); + Na* + 3H,4Si04 (aq)
(Gibbsite)
(high flow rate)



2H" + 2NaAlSi;0g + 9H,0 — Al,Siy(OH), + 2Na* + 4H,Si04 (aq)
(Kaolinite)
(moderate flow rate)
MgZ++3NaA|Si308+4H20 - 2Na0_05+AI1_5Mgo_5Si4010 (OH)2+2Na++ H4Si0O4 (aq)
(Montmorillonite)

(stagnant)

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 long period of time is necessary. For that, the terrain should be
smooth with quiet tectonic conditions, so that the chemical weathering can be more
effective than erosion. Both high relief and high elevation tend to cause a decrease in
clay formation.

During the earlier stages of weathering the composition of the parent material can
determine the type of clay formation. In addition to the mineralogy of the parent rock,
their texture, porosity, density, structure, fabric and the degree of consolidation also
influence the clay formation. Kaolinite was reported to be formed from various
precusor minerals. A brief description of the methods and pathways of kaolinization
as reported by many workers are given below.

“Kaolinization” is the formation of kaolin by the weathering of alumino-silicate
minerals or clay minerals (resilication of gibbsite to kaolinite, recrystallisation of
halloysite/metahalloysite) (Hurst et al., 1997). Aluminosilicates are common
constituents of bedrock and overlying soil. With progressive weathering, primary
silicates alter into secondary clay minerals displaying a sequential change of texture,
chemistry and mineralogy. Diverse alteration sequences have been reported,
depending on the local weathering environment. The most abundant aluminosilicates

resulting in kaolinization are feldspars and mica group minerals.

1.3.1 Kaolinization of feldspar

Feldspars are the most abundant constituents of igneous and metamorphic rocks, the
product of their weathering is the major source of kaolinite in the earth’s surface.

The structure of this group of tektosilicate consists of a continuous three -dimensional
network of SiO4 and AlO, tetrahedra, with the positively charged sodium, potassium,

calcium and barium situated in the interstices of the negatively charged network (Deer



et al., 1976). The members of this group of minerals include a three component
system, the components being KAISizOg, NaAlSizOg and CaAl,Si,Og and the

individual members are:

Sanidine KAISi3Og Monoclinic (2V =0 to 12°)
Orthoclase  KAISi3Og Monoclinic (2V = 69 to 72°)
Microcline  KAISi3Og Triclinic

Plagioclase Series  (Na,Ca)Al(Al,Si)Si,Og Triclinic
End members

Albite NaAlSi;Og  Triclinic

Anorthite CaAl,Si,Og  Triclinic
The alteration sequences of these minerals show various characters and structural
morphologies. The work on feldspar alteration by several authors showed that the
major clay mineral resulting from the above process is kaolinite.

In a study of residual kaolin derived from feldsphathic rocks in Southern
Appalachians, Sand (1956) noted that kaolinite was dominant in Georgia and Virginia
samples, with halloysite (10 A) increasing in abundance towards the middle of the
region (North Carolina). Here mica is found to be the intermediate phase during this
transformation.

Studies of surface textures of weathered feldspar minerals by Parham (1969),
Lundstorm (1970), Berner and Holdren (1977) indicated that the mode of attack
during chemical weathering results in the formation of solution pits

The pathway for feldspar weathering was suggested by various workers. Feth et
al. (1964) and Helgeson (1971) predicted a sequence of minerals from smectite to
kaolinite and gibbsite as the alteration products of feldspar on thermodynamic ground
by examination of phase diagram. Feth et al. (1964); Loughnan (1969) and Keller
(1970) explained that the plagioclase could be replaced sequentially by smectite and
kaolinite on the basis of phase diagrams. A similar view was also expressed by
Helgeson (1971) for higher temperature alteration (200°C). Similarly, Garrels (1984)
traced the pathway for the replacement of muscovite by illite, smectite and kaolinite
on a log (aK*/aH™) Vs log (aSiO,) diagram. Most stability diagrams constructed in the
study of the alteration of K-feldspars predict the development of K-mica or illite as
the intermediate phase between feldspar and kaolinite (Keller, 1970)



Tardy et al. (1973), in their studies on granite, found that plagioclase alters to
montmorillonite and vermiculite in narrow fissures, whereas kaolinite forms in well-
drained pores.

Clark (1973) in his studies on weathering of granite gneiss from eastern Alabama,
Ashland and Opelika Plateaus, found that gibbsite is the major component (upto 30%)
of upland, well drained soils. Here plagioclase altered directly to gibbsite and
orthoclase to kaolinite. In the poorly drained regions where there is high silica water,
both feldspars alter to kaolinite.

Meunier and Velde (1979) found that the secondary clay minerals were related to
the precursor mineral composition rather than depth in the profile. Illite is formed at
the boundaries between muscovite and orthoclase. Micas and orthoclase altered to
vermiculite and beidellite. The fracture where water movement was more rapid
contains kaolinite and Fe-oxide.

Suttner et al. (1976) concluded that the kaolinite was formed from feldspar under
humid conditions, whereas smectite forms in semi-arid climates, the difference
resulting from more complete flushing of K* under humid weathering.

Keller (1976) stated that the micropitting of feldspar, resulting presumably by
incongruent dissolution, is a common process in pre- or early- stage of kaolinization
of feldspar.

Berner and Holdren (1977) and Nixon (1979) during their studies on feldspar
weathering showed that the access of a solution to the feldspar surface is probably
controlled by defects, cleavages, twin planes and cracks. Dissolution appeared to
proceed by preferential attack at these energetically favored sites.

Berner and Holdren (1977) and Banfield and Eggleton (1990) in their electron
microscopic studies on weathered plagioclase and K-feldspar indicated that the
dissolution was initially strongly controlled by the crystallography of the parent
feldspar, resulting in the formation of sculpted surfaces, honeycombed by prismatic
pits and cracks.

Eswaran and Bin (1978a,b) found that, in a soil developed on Malaysia granite,
feldspars altered to kaolinite or gibbsite directly without any intermediate phase of
amorphous gel. They also observed that in the same horizon one feldspar crystal may
alter to kaolinite while another may alter to gibbsite, depending on the absence or

presence of a void adjacent to the feldspar. According to them feldspar alters via



solution to kaolinite and gibbsite. But halloysite is formed through a noncrystalline
stage.

Keller (1978a) on his study in weathering of Sparta granite in Central Georgia
showed the alteration of feldspar to kaolin. During the early stages of weathering tuffs
of halloysite (elongate form) grow from silica and alumina released from dissolved
feldspar. Eventually grass like mats of halloysite was found to develop on the parent
substrate.

Nagasawa (1978) showed that halloysite occurred as a weathering product from
feldspar in granite saprolite of Japan, whereas the topsoil on granite consists of
kaolinite and 2:1 clay minerals.

Eggleton and Buseck (1980) had revealed a mechanism for the weathering of
microcline in a humid, temperate climate. Dissolution of feldspars was found to begin
at the boundary of twinned and untwinned domains and produces circular holes,
which enlarge to form negative crystals. Amorphous, ring shaped structures develop,
about 25 A in diameter, within the larger holes. These rings, in turn, crystallize to an
arcuate phase having a 10 A basal spacing and then to crinckled sheets of illite or
dehydrated montmorillonite.

Aagaard and Helgeson (1982) in their weathering studies of feldspar showed that
the rate of hydrolysis of this silicate was controlled by the kinetics of reactions at
activated sites at which Al-O and Si-O bonds were disrupted. Many authors
(Frederickson, 1951; Garrels and Howard, 1959; Marshall, 1962; Wollast, 1967;
Wollast and Chou, 1985) during their studies on the structure of the alteration
products have confirmed that hydrogen was involved in the disruption of these bonds,
replacing K, Na, or Ca in the feldspar.

Tsuzuki and Kawabe (1983) suggested that dissolution — reprecipitation
mechanism might be responsible for the entire sequence of alteration of feldspar to
kaolinite.

Anand et al. (1985) in the study of weathered feldspars from a saprolite zone
(bauxite — laterite profile) developed from a granite (45 km southeast of Perth,
Western Australia) showed that the feldspar altered to halloysite, kaolinite and
gibbsite with no evidence of a noncrystalline precursor.

In a study of weathered feldspar from a humid, tropical environment from
Southern Brazil (Tazaki and Fyfe, 1987), highly weathered K-feldspar has been found
to be altered to halloysite (7 A) and gibbsite. Here they found that the slightly



weathered feldspar has primitive clay, which showed structures like fibers, circle and
cylinder with ill-defined structural order.

Banfield and Eggleton (1990) in their studies on weathering of Granodiorite (New
South Wales, Australia) suggested that three separate mechanisms are responsible for
the development of spherical halloysite, tubular halloysite and kaolinite. Spherical
halloysite probably crystallized from a protocrystalline precursor. Tubular halloysite
developed as a space filling material growing outward probably via solution from
corroded feldspar surfaces and kaolinite formed in the early stages of weathering
appeared to have crystallized epitactically onto existing phyllosilicates.

Kawano and Tomita (1996) in their study on weathering of K-feldspar from
Yakushima island, Kagoshima Perfecture, Japan, showed the formation of amorphous
Al(OH); exhibiting two distinct habits: 1) spherical habit less than 1.0 um in diameter
and 2) curled fibrous or circular forms less than 0.02 pum in diameter. These
amorphous Al(OH); were found to be formed at the earliest weathering stages of K-
feldspar as a metastable phase and transformed into a stable phase of gibbsite as

reaction proceeds.

1.3.2 Kaolinization of Mica

The mica group constitutes an isomorphous group within the phyllosilicates. This
group of minerals includes the following polytypes (Deer et al., 1976).

Muscovite KAI,(AlSi3010)(OH),. (2My)
Phlogopite KMgs(AlSizO010)(F,OH),- (1M)

Biotite K(Mg,Fe)s(Al,Fe)Siz010(OH,F),- (1M)

Lepidolite K(Li,Al)3(Si,Al)4010(OH,F),- (1M and 2M1 and 3T)

Glauconite (K,Na)(Fe,Mg,Al),(Si,Al)4(OH),- (1M, 2M and 3T)

Minerals of this group consist of two sheets of linked SiO,4 tetrahedral structure
juxtaposed with the vertices of the tetrahedra pointing inwards. These vertices are
cross- linked either with Al, as in muscovite, or with Mg as in phlogopite. Hydroxyl
groups, which are present, complete the six coordination of Al or Mg. A firmly bound
layer is thus produced with the bases of the silica tetrahedra on both of its outer sides.
This layer has a negative charge because of the substitution of Al for Si in some of the
tetrahedra. The negative charge is compensated by potassium, or less commonly by



sodium or calcium ions that are located between the layers and serve to link the layers
together.
Among this group the most commonly reported phyllosilicates resulting in

kaolinite formation during weathering are muscovite and biotite.

1.3.2.1 Formation of kaolinite from muscovite

Muscovite occurs in a wide range of regionally metamorphosed sediments and is
found in rocks belonging to each of the zones of progressive regional metamorphism
(Deer et al., 1976). This 2:1 mineral is relatively resistant to weathering, and it is
found that a relatively intense weathering is required before it is appreciably altered.

The experimental work by Rausell-Colom et al. (1965) indicated that the removal
of K from muscovite during weathering is extremely difficult and strongly dependent
on the K content of the solution.

Stoch and Sikora (1976) in their study on the Tertiary kaolinite weathering crusts
formed on granites and gneisses of Lower Silesia, Poland showed the formation of
kaolinite by mica weathering. In this area where K*/H" ratio is low, biotite and
muscovite and presumably secondary illite were found to pass directly to kaolinite.
They suggested a transition of two muscovite layers to three kaolinite layers,
involving the formation of interlayer gibbsite-like sheets and inversion of tetrahedral
sheets. The reaction involved during the above mechanism is:
2K,Al,(SigAl,)O2(0OH)4 + 6H,0 + 4H" — 3Al1,Si;010(0H)g + 4K*

(muscovite) (kaolinite)

Craw et al. (1982) studied the alteration of micas to kaolinite in weathering and
hydrothermal environments, using X-ray powder diffraction (XRD), electron
microprobe analysis and optical microscopy. They showed that the alteration occurred
through fine- scale intergrowths of micaceous phases and kaolinite.

Sharp et al. (1990) proposed a mechanism involving the transition of three 2:1
layer to four 1:1 layer for the phlogopite-to-serpentine transition. Similar method of
transformation was applied to explain kaolinite formation from muscovite. The
reaction involved is:

3K,Al4(SisAly)O20(0H)s + 20H" —  4Al,Sis(OH)g + 2Si*™* + 2A1" + 6 K*
(muscovite) (kaolinite)



Banfield and Eggleton (1990) described epitaxial replacement of pre- existing
illite and smectite to kaolinite that formed by weathering of muscovite.

Singh and Gilkes (1991) indicated that the kaolinite crystals developed from
muscovite faithfully preserved the crystallographic orientation of the parent mica.
This alteration involved either epitactic growth of kaolinite on the surface of the
residual layer of muscovite or by a topotactic transformation of muscovite to kaolinite
involving the preservation of some components of the octahedral sheet of muscovite.

Robertson and Eggleton (1991) explained that the transition of muscovite to
kaolinite minimally involves the removal of interlayer alkali ions and octahedral Mg
and Fe, replacement of tetrahedral Si by Al, reorientation of the Si tetrahedra in one of
two sheets, formation of one new dioctahedral sheet, and gain of water and / or
protons (H") to form OH groups coordinating Al. According to them a topotactic
conversion of a 10 A muscovite layer to a 7 A kaolinite layer occurs by replacement
of K by H followed by stripping of Si tetrahedral sheet from one side of a 10 A layer.

Pevear and Nagy (1993) observed that kaolinite nucleates on the basal surface of
muscovite and biotite in a diagenetic environment and also simulated kaolinite
overgrowth on muscovite in the laboratory. They concluded that the muscovite and
illite act as nucleation sites for kaolinite precipitation.

Jeong (1998Db), during a study of the kaolin formation by deep residual weathering
of anorthosite in the Sancheong kaolin deposits, Korea reported that biotite, sericite,
clinochore and muscovite were altered into vermicular kaolinite, typically displaying

fanning-out textures involving an enormous increase in volume.

1.3.2.2 Formation of kaolinite from biotite

The weathering of biotite differ from that of muscovite due to the variation in the
chemical composition of the octahedral and tetrahedral sheets. Kaolinization of biotite
is accompanied by a change of chemical composition by exchange of some of its
components such as H,0, K*, Mg*, Si**, AI**, Fe**, Fe** with their surroundings.
Wilson (1966) observed that a variety of minerals were found to form as end
products of biotite under different weathering conditions. He noted the development
of oriented alteration products i.e. epitactic crystallization of gibbsite and kaolinite
onto biotite. He also reported that the crystallization of goethite crystals with Z

parallel to biotite Y, presumably by nucleation of the iron-oxygen octahedral chains



of goethite parallel to octahedral strips in biotite during the alteration of this
phyllosilicates.

Analysis of heavily altered biotite from natural weathering environments (Gilkes
and Suddhiprakarn, 1979) exhibited nearly complete oxidation of Fe in the mineral
structure during the process of kaolinization.

Muller and Bocquier (1987) found that the kaolinite replacing micas in the tropics
are Fe- kaolinite and with increasing weathering (upward) it become more Fe- rich
and less well crystallized.

Ahn and Peacor (1987) studied hydrothermal kaolinization of biotite in mica schist
and proposed that the alteration mechanism involved dissolution of biotite and
crystallization of kaolinite along linear boundaries in biotite layers. They also
emphasised the two modes of occurrences of kaolinite from biotite: 1) as packet of
layers interstatified within biotite, having thickness of 50 to 300 A and 2) two layer
units irregularly interlayered within biotite. Termination of two- layer tetrahedral-
octahedral (T-O) units of kaolinite by single tetrahedral-octahedral-tetrahedral (T- O-
T) unit of biotite layers was observed, implying a reaction of one biotite to two
kaolinite layers.

Banfield and Eggleton (1988) showed the evidence of a two — stage processes
during biotite alteration. An initial stage, dominated by biotite vermiculite reaction
and a later stage dominated by the production of kaolinite and goethite. The formation
of kaolinite is confined to the surfaces of biotite, resulting from the epitactic
crystallisation onto existing tetrahedral sheet. Here, the growth of kaolinite and
goethite crystal is controlled by the orientation of biotite. Goethite generally develops
with its Y axis parallel to enclosing sheets, whereas kaolinite forms layer which
parallel biotite layers

Acker and Bricker (1992) showed that at pH 4 and above the dissolution
mechanism of biotite involved the loss of octahedral cations, leading to the formation
of a vermiculite type product. At pH 3, biotite dissolves resulting in the destruction of
the tetrahedral and octahedral layers.

Samatoin and Checkin (1993) have interestingly observed the spiral growth of

kaolinite on mica and chlorite substrate in weathered granite.



1.3.3 Formation of kaolinite from halloysite

Thermodynamic studies by Parham (1969) and Huang (1974) predicted that the
halloysites which are polytypes of kaolinite would convert into kaolinite with ageing.
This sequence of transformation is also accepted by most investigators ( Keller, 1977;
Nagasawa, 1978; Tsuzuki and Kawabe, 1983; Churchman and Gilkes, 1989; Steefel
and Van Cappellen, 1990).

Robie and Waldbaum (1968); Robie et al. (1978) and Anovitz et al (1991) showed
that the conversion of halloysite to kaolinite is consistent with thermodynamic
considerations. The Gibbs free energy of formation of halloysite is about 4 k cal/mol
higher than that of kaolinite.

Banfield (1985), from SEM observations suggested that the platy kaolinite could
be formed by the coalescence of halloysite tubes, by a mechanism of simultaneous
solution and precipitation.

Thomas et al. (1987) in their studies on the weathered crust of Precambrian rock
from South Kerala, Kundara showed that halloysite undergoes transformation into
well crystalline kaolinites.

Churchman and Gilkes (1989) suggested that halloysite tubes could be altered to
kaolinite via dehydrated halloysite in a solid state by prolonged dehydration.

Hurst and Pickering (1997) showed that the formation of kaolinite from halloysite
involves two steps. During the first stage, irreversible dehydration changes the
halloysite habit by shifting the components of the structure, thereby producing
metahalloysite. During the second stage, recrystallization of metahalloysite destroys
its habit while kaolinite crystallites nucleate and grow. The end product is striking
“saw toothed” elongated platelets of kaolinite.

Jeong (1998) suggested the mechanism of kaolinization from halloysites on the
basis of the observed micro textures. He proposed a solid — state transformation of the

interconnected halloysite grains into large kaolinite plates by coalescence.

1.3.4 Conversion of gibbsite to kaolinite

This aluminum oxide (AlI(OH)3) mineral is more frequent in the intense chemical
weathering environment and is mostly associated with kaolinites. However reports on

kaolinization of gibbsite are limited.



The karst and lateritic type bauxites were reported to be altered to kaolinite
(Goldman and Tracey, 1964; Keller, 1962; Keller and Clarke, 1984; Valenton, 1972;
Dangic’, 1988) by a relatively simple process of metasomatic resilicification (Keller,
1962; Keller and Clarke, 1984; Valenton, 1972).

Garrels and Christ (1965) considered that both kaolinite and gibbsite form in
bauxitic soils where the equilibrium concentration of Si in soil water is between 1.5
and 3 ppm which is near the value of ~ 0.5 ppm predicted for equilibrium between
gibbsite and kaolinite.

Dangic’ (1985) showed that in the Vlasenica region of Yugoslavia, kaolinization
of bauxite had taken place in a complex manner, involving both Si- metasomatism
and Al-remobilization. He found that the original bauxite altered progressively to
various assemblages of syngenetic or epigenetic boehmite, diaspore and kaolinite,

thereby illustrating the complexity of the process.

1.3.5 Formation of kaolinite from smectite

Smectites are 2:1 phyllosilicates with structure similar to muscovite. This clay
mineral is reported to be interstratified with kaolinite in a diagenetic environment.

Over large area of Central Florida (Altschuler et al., 1963), Southern Florida,
Coastal Alabama and Mississippi (Weaver, 1985), montmorillonite parent material
has been altered to kaolinite, often via a mixed layer Kaolinite/Smectite (K-S) stage.

Srodon (1980) suggested that kaolinite-smectite (K-S) mixed layers form from
smectite by the dissolution of some layers and subsequent crystallization of kaolinite
in the interlayer of remaining smectite.

Hughes et al. (1993) discussed the mechanism of formation of kaolinite-smectite
(K-S) mixed layers by solid-state transformation of pre-existing smectite layers by
“stripping” away the tetrahedral sheet.

Amouric and Olives (1998) showed that two types of mechanisms are responsible
for the formation of kaolinite from smectite: 1) The transformation of 1 smectite layer
into 1 kaolinite layer denoted S — K by stripping of a tetrahedral sheet and the
adjacent interlayer region as per the equation:

(Mysz (H20)5 (SigxAly) (Alyy., Fe'"',Mg,)010(OH), + (y-z-x) Al + 2H —
(Smectite)
Si,AlL,Os(OH), + (x+2)M + nH,0 + (2-x)Si + yFe"' + zMg + 30
(Kaolinite)



M= Na, K, Mg s, Cag s, y+z-X may be positive or negative

and 2) The intercalation of kaolinite layer into smectite layer. In this mechanism, all
the atoms necessary to create the new kaolinite layer must be provided, from the
dissolution of the surrounding smectite.

1.3.6 Laboratory synthesis of kaolinite

Lot of studies have been undertaken on the synthesis of kaolinite, because of its
abundance in geological environments and also because of its use in many industrial
fields.

Hemley (1959) studied phase equilibrium in the system of K,O- Al,0s- SiO,- H,0
and showed alteration of K- feldspar to mica or kaolinite in aqueous solution of
various K*/H" activity at 200 to 500°C.

DeKimpe et al. (1961; 1964) examined the synthesis of aluminosilicates at low
temperatures and under normal pressure with the gels and crystalline phases of
various Si/Al ratios. Moreover, they found that the condition of temperature, pH and
cationic and anionic impurities are critical for the formation of kaolin mineral.

Helgeson (1971) plotted experimental data activity diagram from the system of
K,0-Al,0;—Si0,—HCI-H,0—CO, and suggested that boehmite, kaolinite and illite
precipitated as reaction products under equilibrium conditions at 100°, 150° and
200°C.

Eberl and Hower (1975) synthesised kaolinite hydrothermally using amorphous
gels with various Si/Al ratios.

DeVijnck (1976) reported the hydrothermal formation of kaolinite from
aluminosilicate sols containing alkaline ions such as Li* or K. He determined the
concentration ranges of Li/K: Al and Si for kaolinite formation.

Tomura et al. (1983) synthesized spherical kaolinite for the first time from
noncrystalline aluminosilicate material in hydrothermal experiments conducted
between 150 and 250°C under autogeneous vapour pressure. Osaka and Kato (1984)
also crystallized kaolinite from a mixture of silica and alumina in a strongly acidic
medium.

Regarding the mechanism of growth of the kaolinite minerals, Tomura et al.

(1985) suggested that the spherical particles precipitate from solution with a high



degree of supersaturation at the beginning of the synthesis process, whereas platy
kaolinite grows at relatively low degree of supersaturation.

Miyawaki et al. (1991) hydrothermally synthesised kaolinite in the Al,O3-SiO,-
H,0 system to study inhibitory effects of additional ions on the formation of kaolinite.
Here the syntheses were carried out with amorphous starting materials and salt
solutions of various concentrations in teflon pressure vessels at 220 °C for 5 days. The
studies showed that divalent cations Mg** and Ca®* interfere with the crystallization
of kaolinite more than do univalent Li*, Na* or K* cations. Addition of Fe** or excess
AI** ions interfered mostly with the ions of the same valence, the larger the cation, the
greater the inhibition in the formation of kaolinite.

Huertas et al. (1993) suggested that the formation of kaolinite from
aluminosilicate gels as a two stage process. The first stage corresponds to the
formation of spherical domains whereas the second to crystals having platy or lath
morphology.

Satokawa et al. (1994) showed that the process of kaolinization and properties of
synthetic kaolinite were influenced by factors such as structure and composition of
starting materials, pH as well as the hydrothermal conditions.

Satakawa et al. (1996) in their study on the hydrothermal synthesis of kaolinite
discussed the relationship of the rate of kaolinization with the pH condition of the
reaction system. It was found that the use of appropriate acidic conditions promoted
the dissolution of the starting materials and the crystal growth of kaolinite.

The study on the artificial preparation of clays can to some extent simulate the
formation of clays in nature.

As stated earlier the kaolinization in a particular region is found to be dependent
upon its climate, geomorphology, and geological factors in the area and their mutual
relationships. In this context a brief description of the geological settings of the clay

bearing area is of extreme significance.

1.4 Geology and Geomorphology of Kerala

1.4.1 Geology

Kerala state lies between north latitude 8° 17’ 30" and 12° 27' 40” and east
longitudes 74° 51’ 57" and 77° 24’ 47", covers an area of 38,863 km?. Geologically



the major part of Kerala is occupied by Pre-Cambrian crystalline rocks. These
crystalline rocks are fringed on the west by sedimentary formations, belonging to
Tertiary and Quaternary period. The associations of various rock types, their
stratigraphy along with their mineralogy are briefly discussed.

1.4.1.1 Precambrian rock

Geologically, Kerala forms part of the Precambrian shield. The major rock types
include granulites and associated gneisses belonging to Precambrian age. Late
Precambrian — early Palaeozoic granites and associated pegmatites and Mesozoic-
Cenozoic dykes intrude these rocks. The Precambrian rocks of North Kerala varies in
composition when compared to those of South Kerala.

1.4.1.1.1 Precambrian rocks of North Kerala

The most widespread rocks in northern and central Kerala are charnockite (pyroxene
bearing granulites) and associated gneisses.

Charnockite has been defined as hypersthene granite, which is composed of
hypersthene, microcline, quartz and associated iron minerals. They are characterised
by the granulitic texture and the invariable presence of rhombic pyroxenes. Holland
(1900) defined charnockite as an orthopyroxene — quartzo-feldsphatic rock with or
without garnet, characterised by a greenish blue feldspar and greyish blue quartz. The
mineralogical assemblages in these group of rocks in Kerala consist of 1) quartz-
plagioclase-orthopyroxene, 2) quartz- plagioclase-clinopyroxene, 3) quartz—
plagioclase-orthopyroxene—  clinopyroxene-hornblende  4)  quartz-plagioclase-
orthopyroxene- clinopyroxene- biotite 5) quartz-plagioclase- clinopyroxene-
hornblende 6) quartz-plagioclase-clinopyroxene-biotite. Magnetite, ilmenite, apatite
and zircon are the accessory minerals.

Hornblende-biotite gneiss forms a major rock type in segments north of Achankoil
shear zone, and covers some region in northern and central Kerala.

Wayanad and Vengad Groups are the greenstone sequence in Kerala, which occurs
as a southward extension of Sargur Group in Karnataka. The oldest rock associated
with Wayanad Group is represented by bands of quartz- mica schists with kyanite,
quartz-sericite schists, quartz magnetites, quartzites, meta-ultramafite and

metapyroxenites.



The Vengad Formation consists of schists and quartz with conglomerates. This

apparently overlies charnockites, gneisses and Wayanad schist.

1.4.1.1.2 Precambrian rocks of South Kerala

South Kerala (south of Achankovil shear zone) comprises an assemblage of
migmatised metasedimentary and metaigneous rocks i.e. khondalite—charnockite
assemblages. Khondalite Group has been ascribed to the rock assemblage containing
garnet-sillimanite-graphite gneiss, garnet- biotite gneiss and garnetiferous —quartzo
feldsphatic gneiss.

Patches of charnockites are associated with this khondalite group of rocks.
Massive charnockites with granoblastic texture are also noticed outcropping in some
regions. Their mineralogical association includes hypersthene, garnet, plagioclase,
microcline, microperthite and quartz. llmenite, rutile, apatite and zircon occur in
minor quantities. A few patches of calc —granulites also occur.

Garnet- sillimanite gneiss chiefly consists of plagioclase, K-feldspar, quartz,
garnet and sillimanite. Garnet biotite gneiss occurs almost throughout the khondalite
terrain of south Kerala as concordant bands within the khondalite. Major minerals of
this unit are plagioclase, quartz, biotite, K-feldspar and garnet. Sphene, ilmenite,
rutile, zircon and monazite are the accessory minerals.

Cordierite Gneiss: These rock types occur along Achankovil — Konni area (Sinha-
Roy et al., 1984). They occur as discontinuous bands. The cordierite bearing gneiss
has the following mineral assemblages: quartz- perthite- oligoclase, cordierite, biotite,
garnet, sillimanite and ilmenite. Calc granulites also occur as patches and are
composed of quartz, clinopyroxene, sphene, plagioclase, calcite, scapolite, grossular-

andradite garnet and wollastonite.

1.4.1.2 Tertiary Formation

Most of the major residual and sedimentary deposits including kaolinite deposits are
associated with the Tertiary sedimentary formations. This great sedimentary deposit is
spread over a major part of the western margin of Kerala. The sequence consists of
both marine and non- marine rocks in the on-land part (King, 1882; Foote, 1883), and
are distributed in two major basins of deposition 1) between Trivandrum and Ponnani

in the south and central Kerala with a maximum width of 16 km between Quilon and



Kundara and 2) between Cannanore and Kasargode in north Kerala with a maximum

width of 10 km at Cheruvattur (Paulose and Narayanaswami, 1968).

Paulose and Narayanaswami (1968) have suggested the following general

stratigraphic succession of the sedimentary rocks as given in table 1.1

Table 1.1 Stratigraphic succession of sequences of rocks in Kerala

Recent to sub-recent

Warkallai Formation

Quilon Formation
(Middle Miocene)

Archean

Soils and alluvium

Beach sand deposit

Lime shell deposits of backwaters

Old and red teri sands of subrecent-marine and
lacustrine formations

Peat beds with semi-carbonised woods
Calcareous clays with shell etc

Laterite

Current-bedded friable variegated sandstone
interbedded with plastic clay and variegated
clays

Carbonaceous and alum clays with (Mio-
Pliocene) lignite seams.

Gravel and pebble beds. Base marked by

gibbsitic sedimentary clay.

Fossiliferous shell limestone alternating
with thick beds of sandy clays, calcareous
clays and sandstones

Base unknown

e Unconformity-----------------
Crystalline rocks

In addition to the above sequences, Raghava Rao (1976) indicated that the “Vaikom

beds” underlie the above thick sedimentary layers.



1.4.1.2.1 Vaikom Formation: This lowest sedimentary sequence consists of gravel,
coarse to very coarse sand with greyish and carbonaceous clay with thin seams of
lignite. This formation is exposed in the laterite quarries of Vaikom and has a

thickness of 100 m and overlies the crystalline rock.

1.4.1.2.2 Quilon Formation: The sequence of deposition of this formation in the type
area, Padappakara includes sandy clay Il, carbonaceous shale, carbonaceous clay,
sandy clay I, limestone, laterite and detrital laterite. Rasheed and Ramachandran
(1978) suggested Miocene age for these beds, based on the study by foraminiferal
biostratigraphy of this sequence. The overall faunal assemblages also indicated that

these formations were deposited during the Miocene age.

1.4.1.2.3 Warkallai Formation: Warkallai Formation unconformably overlies the Quilon
bed. King (1882) gave a succession of lignite bed, alum clay, sand, sandy clay and
laterites with an overall thickness of 60 m for the type section at Warkallai. This
formation has been traced along the entire coast stretching from near Cape Comorin
in the south to Ernakulam in the north bordering the coastal tract (Prabhakara Rao,
1968), covering an area of 2000 km?. Exposure of these sediments occurs in Kundara,
Thamarakulam and Puliyur in the south, Cheruvatur, Pazhayangadi, Ramapuram,
Nileswaram and Kalnad in the north. Krishnan (1982) gave an age of Late Miocene
for these sediments. The carbonaceous and peat beds have well preserved palynoflora,
with characteristic features of mangrove swamp and coastal vegetation, indicative of

warm, humid climate with heavy rainfall.

1.4.1.3 Quaternary Formation

Quaternary Formation unconformably overlie the Cenozoic sediments and are found
in the entire stretch of sedimentary basin. This formation consists of sediments both of

fluvial and marine origin.

1.4.2 Structural trends

The Kerala region can be divided into two major tectonic provinces, namely
Precambrian tectonic province and the Tertiary tectonic province.
The Precambrian tectonic province constitutes, the high ranges of the Western

Ghats, the foothills and parts of midlands. This area forms the western limb of a



NNW plunging synclinorium, the axis of which is traceable from Tuticorin in the
south to Dharwar and Belgaum in the north (Rao, 1974). The regional strike of
foliation of Precambrian rocks is NW- SE to WNW-ESE with a steep dip towards
SW.

The Tertiary tectonic province includes a narrow belt between coastal and midland
region extending from Thiruvananthapuram in the south to Kasargode in the north.
The Tertiary rocks are almost horizontal to subhorizontal.

A number of lineaments have been identified within Kerala region (Varadharajan
and Balakrishnan, 1980; Nair, 1990) and they can be broadly grouped into 1) NW- SE
to WNW- ESE 2) NNW- SSE to N-S and 3) ENE- WNW trending lineaments.

1.4.3 Geomorphology

1.4.3.1 Topography: The area is divisible into five physiographic zones (resource
atlas of Kerala, 1984). They are — the mountain peaks above 1800 m, the highland at
altitudes of 600-1800 m (covering 20.35% of Kerala), the midlands at altitudes of
300- 600 m (8.44%), the low land at 10- 300 m (54.17%) and coastal plains and
lagoons below 10 m (16.40%).

1.4.3.2 Drainage: The state Kerala is drained by 44 rivers of which 3 (Kabani,
Bhavani and Pambar) are east flowing. The general drainage pattern of these rivers is
dendritic although in places trellis, sub-parallel and radial patterns are also noticeable.
Most of the river courses are straight indicating structural control and their course
coincides with the prominent lineament directions (NW-SE & NE-SW).

Another typical physiographic feature of Kerala coast is the chain of water bodies-
backwater - estuaries and lagoons - locally known as kayals. The Kerala Public Works
Department (Water Resources of Kerala, 1974) has identified 27 estuaries and 7

lagoons in Kerala.

1.4.3.3 Climate: The territory of Kerala falls within the realm of tropical climate. The
variations in the relief feature and proximity to the sea influence the climatic
parameters, resulting in sub-tropical climate in certain areas of the eastern parts of the
state. Kerala experiences two monsoons, namely the southwest (June to September)
and the northeast (October to December), known locally as “Edavapathi” and

“Thulavarsham” respectively. The lowland and midland regions experience mean



annual temperature in the range of 25.5 to 27.5°C. Higher temperatures (> 27.5°C) are
experienced in a belt in midland parts of central Kerala. Annual mean humidity varies
from 79 to 84% in the morning to 73 to 77% in the evening along the coastal areas.
During the period from January to March, afternoon humidity reduces to 60 to 63%
with variation from 35% in the interior to 71% in the coastal area (Kerala State
Gazetteers, Vol 1, 1986). This extensive development of humid tropical climate
results in the intense chemical weathering of the country rock leading to lateritization.
Laterites are weathered material rich in secondary oxides of iron, aluminium or both
and are nearly devoid of bases and primary silicates. Two lateritisation cycles: pre -
Tertiary and post —Tertiary are reported from various parts of Kerala (Menon, 1966;
Gopalakrishnan and Nair, 1976; Soman and Slukin (1987); Rajendran and
Narayanaswamy, 1987).

1.4.4 Clay formation in relation with geology and geomorphology

Thick deposits of kaolin occur in different parts of the state. The clay deposits of
Kerala are either primary (in situ) or secondary (sedimentary). Primary clays are
formed as a result of chemical weathering associated with lateritisation or
kaolinization of the basement Precambrian crystalline rock and the secondary clays
are formed as a result of transportation and simultaneous deposition of the sediments
in a basin during the Tertiary period.

In Kerala, kaolinite deposits are found to spread over major parts of the coastal
region (Fig. 1.2). Major clay occurrences are mainly confined to areas around
Thonnakkal in Thiruvananthapuram district, Kundara in Kollam district, Payangadi in
Kannur district and Nileswaram in Kasargode district. Minor occurrences are also
reported from other parts of the state (Fig.1.2).

Since the major portion of Kerala region consists of Precambrian rocks enriched
in feldpar and micaceous minerals, kaolinization of the country rock is noticed in
almost all parts of the state. These clays were subjected to intense lateritization i.e.
advanced stage of kaolinization and hence the kaolin suffers quality degradation due

to the enrichment of iron oxide and oxyhydroxides.



7850 76° 770

L T :
N
' L 040 .
Kasargode 1000 10 203049 50 60 70 km T
India
0 600
St K8
120 r -
Cannanore
Kozhikode
11°f | o . |
Malappuram
Palghat o
Trichur
|
ol
t | ~10°
Alleppey
* Clay deposit
Thiruvananthapuram
1 l :

75° 76° 779

Fig.1.2. Location map of clay mineral deposits of Kerala
(synthesized from Geological Survey of India —-Resource Map)

The geological and geomorphlogical factors thus help to explain the mineralogical,
morphological and geochemical evidences obtained during the present investigation.



1.5 Kaolin resources

1.5.1 World resource

The world kaolin production as reported by the USGS for the year 1999 is
approximately 40 million tons (Dickson, 2000). The major producers and exporters of
kaolin are the USA, UK, Brazil, Germany, South Korea and Czechoslovakian
Republic. China, India, Uzbekistan and Colombia are also important producers, but
mainly serve for internal market. The world kaolin production estimated (in lakh
tons) in 1999 is as follows: United States — 97.1; North America — 100.5; Brazil
(beneficiated) — 13; Colombia — 80; South & Central America — 95; Germany — 18,
United Kingdom — 23; European Union — 52.8; Czech. Republic — 29; Turkey — 5;
Ukraine — 8.5; India — 5.6, Uzbekistan — 5.5; Australia — 2.2; Iran — 5; Mexico — 3.4
and Spain — 3.

1.5.2 Indian Resource

India possesses extensive deposits of china clay distributed throughout the country.
The total recoverable reserves of kaolin in India are placed at 1042 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 in different parts of the country in percentage are West Bengal-
24.08%, Rajasthan-19.67 %, Orissa-15.61%, Kerala-12.18%, Andhra Pradesh -5.09
%, Meghalaya-4.99%, Bihar-4.41 %, Tamil Nadu-4.32%, Gujarat -2.97% and others -
7.13%.

Clay deposits of Kerala are possibly the best in the country. It has remained the
largest producer of processed china clay. Of the total reserves of 127 million tons in
Kerala, about 5% fall under proven category, 2% in probable category and 93% under
possible category. The production of china clay in Kerala comes from four districts
namely Cannanore (Kannur), Kasargode, Quilon (Kollam) and Thiruvananthapuram.
Thiruvananthapuram remained the leading producer in the state and produced about
74% at 69,304 tons of total state’s production in 1996-97 (Indian Bureau of Mines,
2000). Other districts in the decreasing order of productions are Quilon 11%,



Cannanore 8% and Kasargode 7%. In addition to this about 8% of reserve, has been
established in Alleppey district.

The estimated consumption of crude and processed kaolin in 1996- 97 all over
India and the present demand of the same are shown in table 1.2.

Table 1.2. Internal demand of crude and processed china clay

Industry Estimated consumption | Present demand (2001-
(1996-97) (in tons) ‘02) (in tons)
I. Crude: (total) 199, 700 236, 600
Cement 150, 400 187, 300
Insecticide 26, 100 26, 100
Refractory 23, 200 23, 200
Il.  Processed: 219, 850 352, 600
(total) 149, 100 235, 400
Ceramics 15, 500 20, 000
Paper 27, 600 58, 000
Plastics 9, 000 12, 300
Paint 2,100 2,900
Rubber 5, 250 9, 500
Fiber glass 11, 300 15, 500
*QOthers

* include chemicals, abrasives, textiles, cosmetics, pharmaceuticals etc

1.6 Applications and specifications of kaolin

Kaolin is one of the most important of our industrial minerals. Millions of tons
are utilized annually in a large variety of applications (Murray and Keller, 1993). The
varied and diverse use of kaolin results from its properties of white colour, softness,
small particle size and chemical inertness. The desired properties of kaolin vary

greatly depending on the applications.



1.6.1 As a paper coating and filler material

Kaolin when used as a coating pigment an application which requires some of the
highest demand in terms of quality, endows the paper with a topographically smooth,
bright surface possessing good ink receptive properties and also good opacity. In
addition, kaolin possesses rheological properties suitable for modern high-speed paper
coating.

Kaolin’s principal function as filler is to act as a substitute for the expensive
pulpweb, thereby reducing costs. Kaolin also enjoys a principal advantage over its
rival calcium carbonate by way of its chemical inertness to other paper making
materials, enhances opacity, brightness and printability

Typical specifications of coating and filler grades are shown in table 1.3. Low
abrasiveness is important for a filler grade product and the favourable rheological
properties along with low particle size and high brightness being the requirements for

good coating grade material.

Table 1.3: Typical properties of filling and coating kaolin

Property Coating clay Filler clay
% Brightness (1ISO)* 81.5-90.5 76 — 82
%Yellowness 4-6.5 57-8

Particle size %

<2um 75-95 25-60

> 10 um 0-6 625

> 53 um 0.02 max 0.05 max
Viscosity concentration 64.2 - 74.5 61.2-715

(% solids at 5 poise at 22 °C)

*International Standards Organization (1SO)

1.6.2 Ceramics and Refractories

The important non-paper end-uses of kaolin are in the ceramics and refractory
industries. Clay is the essential raw material in ceramic products, comprising 25-

100% of the ceramic body. Kaolin makes up an average of 25% of the earthenware,



60% of porcelain, 20-30% of vitreous china sanitary ware, and 20% of electrical
porcelain and wall tiles. Refractory uses include linings of open hearth and blast
furnaces in steel industry and other types of high temperature furnaces.

Important properties essential for kaolin in the ceramics and refractories are green
strength, dry strength, drying and firing shrinkage and fired color. Shrinkage is also
very important to the ceramics manufacturers. The general composition and properties

of kaolin used in ceramics are shown in tablel.4.

Table 1.4 Composition and properties of ceramic grade kaolins

Specifications a* b* c*
SiO, (%) 47 48 48
Al,O3 (%) 38 37 37
Fe,03 (%) 0.39 0.70 1.00
TiO, (%) 0.03 0.02 0.05
CaO (%) 0.10 0.06 0.07
MgO (%) 0.22 0.30 0.30
Na.O (%) 0.15 0.10 0.10
K20 (%) 0.80 1.85 2.00
LOI (%) 13.0 12.2 12.1
% Kaolinite 93 81 83
%Muica 4 15 13
% Feldspar 1 1 2
% Other minerals 2 3 2

% of particle:

<2 pum 85 57 40
> 10 pm 1 10 20

Modulus of rupture 55.0 25.7 11.0

(kgf/cm?)*

Casting conc.(weight % 58.0 62.5 64.7

solids)

Deflocculent (5 poise ) 1.5 0.65 0.55

Casting rate (mm?/min) 0.35 0.80 1.5




% Brightness (1180 °C)* 95 86 82
% Shrinkage (1180 °C) 10 9 7.5

*a) ECC Super standard porcelain; high quality tableware, porcelain and bone china *b) ECC Grolleg;
Earthenware, tablewares,* ¢) ECC Reinblend; Sanitaryware
1) Dried at 110°C, 2) Amount of sodium silicate required for 5 poise slips 3) At 457 nm wavelength
(Source M/S “English china clays” technical literature)

1.6.3 Plastics, Adhesives and Fiberglasses

The use of kaolin in plastics, adhesives and fiberglass industries is as filler to
substitute a portion of the resins, which is one of the most expensive materials in the
manufacture of these products. The use of kaolin in these products can be seperated
into uses in which kaolin is important only in lowering raw material costs, and those
in which the use of kaolin gives secondary benefits based on the physical properties.
The perfect filler for these industries should have a number of characteristics
including low cost, good availability, low oil absorption, small and uniform particle
size, good dispersion, low density, good chemical resistance, light color and low free-
moisture levels. The use of kaolin in fiberglass is facilitated by the unusual

characteristic due to its chemically stable nature even at higher temperatures.

1.6.4 Rubber

The use of kaolin in rubber industry is very similar to the use in the fiberglass,
plastics and adhesives. The primary beneficial quality of kaolin for rubber is its low
cost, since it is much cheaper than either the natural rubber or man made elastomer.
Kaolin stiffens the compound and reinforces it when cured. Kaolin is normally used
in non-black rubber goods. Kaolin used in the rubber industry must have low amounts
of coarse materials, very fine grain size, low amount of impurities, a pH value of 4.4-
5.5 and a constant specific gravity so that it can be formulated with other ingredients

of the rubber compounds.

1.6.5 Paints

Kaolin is used in interior-exterior water-based and oil-based paints. It increases the

whiteness of paint. When used with other pigments, kaolin will increase their



covering power because of its flat shape in which particles arrange themselves in an
overlapping pattern. Kaolin is also valued for its hydrophilic characteristics, which
make it a premier extender in paint. Because of its high oil absorption characteristic,
however, kaolin reduces the gloss in gloss paints and thus its use is limited to ~ 10%

weight in this application. Specifications of kaolin for paints are as below.

Table 1.5: Typical property of kaolin used for paints

Grade
Property a b c
Seive residue 0.05 - 0.5
% > 45 pum
Particle size %
<20 pm 99.5 95 90
<10 um 99.0 80 70
<2um 70 35 15
Volatile matter at 105 °C = ----------------- 2% --
Loss onignition ~ —--memmemeeee- 10 — 14%-----------------
Matter soluble in water ~ ---------------- 0.5%----------=--=-=-m---
pH aqueous suspension  ------------ -- 45—-95 ---ememeemeeeee

Source: BS 1795: 1976 Extenders for paints

1.6.6 Other uses

The chemical industry consumes significant quantities of kaolin. Production of
aluminum compounds such as aluminum sulphate, phosphate and trichloride account
for major applications of kaolin. Another rather significant volume and high value
end-use of kaolin is in making synthetic zeolite, or “sieve materials”. Zeolites are
mainly used in the petroleum industry as cracking catalysts. They have very high
surface area, and thereby can increase the effectiveness of reactions.

A relatively small end-use of kaolin is in the agricultural sector. Kaolins are used
by the agricultural industry in the manufacture of fertilizers, pesticides and animal
feeds. Kaolin is used in feed and fertilizer mainly as filler to bring the product to the

correct consistency, in pesticides as dilutents to dilute the toxic portion of the



pesticide, and as dispersant to make the pesticide easy to apply. Kaolin is used for the
above purposes because of its flat particle shape, which improves adhesion of the
pesticides to the sprayed plants.

Pharmaceutical industry also uses minor quantities of kaolin. High purity kaolin is

used here mainly as inert filler. It can also be effectively used as cosmetic muds.

1.6.7 Special application through chemical modifications

Kaolin is hydrophilic and can be dispersed in water. Because of the nature of the
chemistry of its surface, kaolin can be chemically modified so that it will become
hydrophobic or organophilic. Generally, an ionic or a polar non- ionic surfactant is
used as the surface treating agent. Improvement in functionality of kaolin filler after

surface modifications has been noticed in the ink, paint, and plastic industries.

1.7 A brief description of the present work

The present work deals with the study on the geochemical, mineralogical,
morphological and the utilitarian aspects of kaolin from the two major deposits of
Kerala- Madayi (Kannur, North Kerala) and Kundara (Quilon, South Kerala). The
investigation brings out the variation in the environmental conditions, which led to the
various mineral assemblages in the above deposits. The laboratory and field data
provide an insight into the genetic factors, which contribute to the origin of clay and
associated minerals in these deposits. In addition, the study on the surface
modification of kaolin using organosilane (triethoxy vinyl silane) has been
undertaken. The utilization of this surface modified clay as polymer reinforcement

material has also been presented in detail.



Chapter 2

Methods and Techniques of Mineralogical, Morphological and

Physico- Chemical Characterisation

As explained in the previous chapter, clays are very diverse in composition and some

contain many mineral types. Many of the properties of clays are dependent on the nature

and amounts of major and accessory minerals and also the impurities in them, and hence

their identification and estimation are of very great significance. The geochemical,

mineralogical, morphological and physico- chemical studies of clays involve a variety of

techniques. The various methods adopted in the present study are briefly discussed

below.

¢ Mineralogical, Morphological and Geochemical Characterisation

e Bulk mineralogy
e Clay mineralogy

e Structural studies

e Thermal studies

e Morphological and
Textural studies

e Geochemistry

XRD (unoriented mounts of raw and heavy fraction)

XRD (oriented mounts of <2 um fraction)

Crystallinity Index Measurements- Hinckley Index and
Amigo Index- from XRD (< 2 pum)

Fourier Transform Infrared analysis (< 2 um fraction) and
Diffuse Reflectance FTIR analysis of modified clays (< 45
pm)

Differential Thermal and Thermogravimetric analysis(< 2
um fraction)

Scanning Electron Microscopic and Optical Microscopic
analysis

Major and minor elements- Classical methods of
chemical analysis (raw and < 2 um fraction)

Trace elements— Atomic absorption spectroscopy (raw and

< 2 um fraction)



o Physical Property Evaluation

Particle size distribution

Viscosity

pH

Brightness/ Yellowness

Contact angle

Linear shrinkage (dry and fired)

Volume shrinkage ( fired)

Water absorption

Apparent porosity

Bulk density

Green strength and fired strength

Density of polymer- kaolinite composite
Swelling of polymer- kaolinite composite
Mechanical strength of polymer- kaolinite composite

2.1 Separation of fines from kaolinite

The principle involved in the separation of fine fraction from the raw clay is based on

Stokes law.
V=209 9. (Gs- yu)

where V = veIociTt]y of the falling particle, Gs = Specific gravity of the particle,
vw = specific gravity of the liquid medium (water), g = force of gravity,
n = viscosity and r = radius of the particles
Procedure: The method of separation involves a relative motion between the clay
particle and the fluid (water). In order to carry out a particle size analysis based up on the
motion between the particles and the fluid, the clay has to be dispersed by a suitable
deflocculent. Among the dispersing agents generally used, sodium hexametaphosphate
has been found to be the most effective and the widely used one. Here the phosphate ions
promote dispersion by the adsorption on the clay edges where they reverse the normally
positive edge charge and thus prevent flocculation caused by the formation of the edge to
surface bonds among the crystallites. Adequate time was given for settling based on the

above principle and the slurry containing < 2 um clay fraction, which remains in



suspended form was siphoned off and concentrated by evaporation. The concentrated

suspension was centrifuged and washed free of the ions of the deflocculating agent.

2.2 Heavy Mineral Separation

Heavy mineral separation is based on mass separation in a liquid with specific gravity
between the specific gravities of the minerals to be separated. The separation was
accomplished by gravity settling in bromoform (specific gravity 2.89).

Procedure: The heavy mineral separation was carried out in batches in small glass
funnel fitted with a pinch clip (Fig. 2.1).

Liquid surface o — Float” (density less than the liquid)

Teetering particles (density same as the liquid)

Filter-paper for
"Sinks" and teetering
particles

Fig. 2.1. Separation of mineral particles in heavy liquid

"Sinks (density greater than the liquid)

Filtered heavy liquid - ready for re-use

The dried raw clay sample was mixed with the heavy liquid taken in a seperatory funnel.
The sample was stirred well in order to get the mineral grain properly wetted by the
liquid and sufficient time was allowed for separation to take place, i.e. time must be given
for the dense particles to reach the bottom of the funnel. As shown in fig. 2.1, there are
three types of particles depending on their movement in the heavy liquid 1) floats —
having density less than the liquid, 2) teetering particles- having density same as the
liquid and 3) sinks — having density greater than the liquid. After the separation, the

heavier “sink” fraction was run out into a filter paper held in a lower funnel. The heavy



liquid was allowed to drain through the filter and collected; it is then ready for immediate
re-use. The collected heavy minerals were washed several times with alcohol to make

them free from bromoform and are dried in air prior to analysis.

2.3 Mineralogical Analysis by X-ray Diffraction Technique

X- ray diffraction is the most widely used technique for the identification and
characterization of clay minerals (Brindley and Brown, 1980; Wilson, 1987).

Clay minerals consist of tiny crystals which are themselves made up of ordered array
of atoms arranged in a periodic or repetitive way. X- ray diffraction can be convinently
visualized as a reflection of the incident beam by parallel, closely spaced planes of atom
within a crystal. W.L. Bragg in 1912 gave a very simple geometrical interpretation of
diffraction by a crystal grating. According to him the condition for diffraction is given by
the relation:

nA=2dSin O

where n is an integer (order of the reflection), A is the wavelength of the X- rays, 0 is the
glancing angle of incidence and d is the interplanar spacing of the crystal. This equation
is Bragg’s law or the Bragg equation. The X- ray diffraction effects can be used to
determine the inter-planar distances in crystals and from this information it is possible to
determine the structure of a crystalline substance.

Procedure: Samples were analysed by Philips PW 1710 X-ray diffractometer with Ni-
filtered CuKo radiation (40 kV, 20 mA) at a scan speed of 1°26/min. Two types of
sample packing are often used for XRD. These include the preparation of randomly
oriented mounts and oriented mounts.

2.3.1 Randomly oriented mounts

The hkl reflection of the mineral is essential to estimate the clay and the non clay mineral
abundance in the sample. Such analysis is possible only when there is a perfect random
orientation of all the particles in the sample, which is very difficult to achieve. Most
crystals break or cleave more readily along some planes than others. When packed as a
powder, orientation of the individual grain tends to be governed by the juxtaposition of

the faces formed by these preferential breakages, and this process works against the



preparation of randomly oriented aggregates. Various methods for the random orientation
have been suggested by Brindley and Brown (1980) and Moore and Reynolds (1989).

In the present work random orientation of the clay sample was achieved by allowing
the free fall of the powdered samples into the glass slide pasted with vacuum grease. This
method avoids the orientation of clay particles.

2.3.2 Oriented mounts

Preferential orientation of the clay involves either sedimenting a suspension onto a flat
surface, usually glass, suction of the suspended material onto a flat unglazed ceramic tile,
membrane filters or porous metal surface, smearing a clay paste onto a glass slide; or
application of pressure and/or shear to a dry powder (Brindley and Brown, 1980) (Moore
and Reynolds, 1989). For oriented mounts any one of the above methods should provide
a specimen having maximum amount of preferred orientation of basal planes parallel to
the substrate and which is sufficiently thick and homogeneous.

In the present work oriented mounts were prepared by sedimenting the clay slurry on
a glass slide after the dispersion of clay sample in distilled water. The sample was dried
at room temperature prior to the analysis.

2.4 Crystallinity Index Measurements

Kaolinites from different sources and different locations have different degrees of
structural order or “crystallinity”. Mechanical treatments like grinding can also change
the order/disorder characteristics. Various methods of crystallinity index measurements
were adopted by different authors. Among these, the widely used method is the Hinckley
index measurements (HI). In addition, Amigo crystallinity index is also measured in
order to avoid the error due to presence of gibbsite, which will interfere with the kaolinite
peak during Hinckley crystallinity index measurements.

Hinckley crystallinity index (HI) (Hinckley, 1963) as illustrated in the figure 2.2A, is
the ratio of the height above the background of the 110 and 111 peaks occurring between
20- 23° 20 compared to the total height of the 110 above background. Normal values

range from < 0.5 (disordered) to >1.5 (ordered)
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Fig.2.2A.Hinckley Crystallinity Index Measurements
The crystallinity index measurements by Amigo et al. (1987) is based on the indices
FWHM (001) and FWHM (002). They are determined as the width at half height of the

001 and 002 reflections in degrees (Fig. 2.2B) Normal values range from > 0.4
(disordered) to < 0.3 (ordered).
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Fig.2.2B. Amigo Crystallinity Index Measurements (FWHM 001 and FWHM 002)

2.4.1 Pretreatment of samples

For crystallinity measurements the size separated < 2 um samples were chemically
treated to remove carbonates, organic matter and oxides of iron as per the methods
described below (Al-Khalissi and Worrall, 1982; Moore and Reynolds, 1989).



2.4.1.1 Removal of carbonate

For the removal of carbonates the samples were digested in acetic acid (buffered to pH 5)
for 30 minutes with intermittent stirring. The suspension is centrifuged until the
supernatant liquid was clear. The experiment is repeated for confirming the complete

removal of calcareous impurities.

2.4.1.2 Removal of organic matter

Organic matter can produce broad diffraction peaks, increase the background and inhibit
dispersion of other minerals if present in significant amounts. For the removal of organic
matter, the samples which were treated for carbonates by the above procedure were
treated with H,0,. Each 1-gram sample of the clay was treated with 10 ml of 30% H,0,
and the mixture was heated on a boiling water bath. The treatment should be repeated

once or twice to remove all the organic matter.

2.4.1.3 Removal of iron oxides

Since iron oxide cement particles together, it will inhibit the dispersion of the clay
mineral. In addition, when Cu radiations are used for X- ray analysis of the samples with
high amount of iron, it may pose problems since they produce high background that can
mask peaks. So the Fe- oxides should be removed chemically. The removal of iron oxides
assists the dispersion and separation of fine fraction and facilitates X-ray diffraction
analysis. The most commonly used treatment is the citrate — bicarbonate — dithionite
(CBD) method (Jackson, 1969). The buffered neutral citrate bicarbonate dithionite was
used. Sodium dithionite (Na,S,0,) acts as a reducing agent, sodium bicarbonate (pH 7.3)
as a buffer, and sodium citrate as a chelating or complexing agent for ferrous and ferric
iron.

Oriented mounts were prepared from the above treated clays for crystallinity index

measurements.



2.5 Infrared spectral methods

Infrared absorption spectroscopy is a rapid and non-destructive physical method
universally applicable to structural analysis. Fourier transform infrared (FTIR) and
Diffuse reflectance FTIR methods (DRIFT) were used in the present study.

The absorption of infrared radiation by clay minerals depends critically on atomic
mass and the lengths, strengths and force constants of the interatomic bonds in the
structure of these minerals (Russell, 1987). The absorption of infrared method is strongly
influenced by the degree of crystalline order (Lazarev, 1974; Brindley et al., 1986) and
the size and shape of the mineral particles (Farmer and Russel, 1966; Rendon and Serna,
1981; Serna et al; 1982). The infrared spectrum of a clay mineral is therefore sensitive to
chemical composition, isomorphous substitution and crystallinity and provides
fundamental information not only on the mineral identification, but also on the surface
properties and reactions of the minerals with the chemicals in their environment.
Procedure
Sample Preparation: The size separated < 2 um samples were dispersed in KBr in the
ratio (1:200) and are pressed into discs. The sample is scanned and the spectrum is
recorded over the range 4000 to 400 cm™ using a Perkin — Elmer spectrometer. The
Transmittance (T%) Vs Wavenumber (cm™) plots are presented.

Similar method of sample preparation was adopted for DRIFT analysis of the
modified hydrophobised clay samples. Here the spectra are scanned with an additional
DRIFT accessory. In order to study the extent of silylation, the reference spectrum of the
unmodified clay was subtracted from the spectra of treated clays. The changes in the

band intensities reflect the extent of modification.

2.6 Thermal Analysis

The thermoanalytical methods complement the X- ray diffraction analysis (XRD). In
thermal analysis, the physical property of a substance or its reaction products is measured
as a function of temperature, while the substance is subjected to a controlled temperature
programme (Paterson and Swaffiels, 1987). The primary use of the thermo analytical

methods lies in the qualitative and quantitative analysis of the mineral mixture. The



crystal structure, crystallinity and the order/disorder of the mineral species are important
factors affecting thermogravimetric analysis of minerals, the composition of a mineral
can exert considerable control on thermal reactions, including decarbonation and
dehydration reactions (Grimshaw and Searle, 1958). Thermal analysis were carried out
using a Seiko 320 TG/DTA analyzer at a heating rate of 10°C/min in the range ambient-
1100°C with alumina as standard. A schematic representation of the thermal analyser

having the multichannel system analysis is given in fig. 2.3.

Fig. 2.3. Schematic representation of TG/DTA analyser 1) sample, 2) reference, 3) furnace

and 4) thermocouple

2.6.1 Differential Thermal Analysis: Differential thermal analysis is a technique for
studying the thermal behavior of material as they undergo physical and chemical changes
during heating and cooling. The name is derived from the differential thermocouple
arrangement, consisting of two thermocouple wires. The first thermocouple is placed in a
sample of material to be analysed and the second one in an inert reference material (Fig.
2.3), which has been selected so that it will undergo no thermal transformations over the
temperature range being studied. When the temperature of the sample equals the
temperature of the reference material, the two thermocouples produce identical voltages
and the net output is zero. When sample and reference temperatures differ, the resultant

net voltage difference reflects the difference in temperature between sample and



reference at any point of time. The pV output from the differential thermocouple pair is
then amplified, and are recorded.

Differential thermal results are recorded as the DTA curves, in which, by convention,

AunV is plotted on the ordinate with endothermic peaks pointing downward, and
exothermic reactions as upward deflections from the horizontal base line, while on the
abscissa, temperature of the sample, is recorded increasing from left to right. The amount
of divergence of the curve from the baseline reflects the difference in the temperature
between the sample and the furnace at any given temperature and is therefore, a measure
of the intensity of thermal reactions.
2.6.2 Thermogravimetry (TG): The phenomena initiated by heating at a controlled rate or at
a fixed temperature above ambient involve a change (usually as loss) in weight (i.e.
dehydration, desorption, decomposition, oxidation). TG analysis is essentially a means of
observing the weight of the sample as a function of temperature (dynamic heating) or
time (isothermal heating).

The measured parameter in TG involves the measurement of the mass of a substance
as a function of the temperature while the substance is subjected to a controlled
temperature program. In reporting the curves, the mass of the sample should be recorded
on the ordinate decreasing downwards, while in the abscissa, the temperature or time-
should increase from left to right.

Size separated < 2 um samples were used for thermal analysis.

2.7 Optical Microscopic Analysis

Optical microscope is probably one of the most potent tools in the examination of the
mineral grains. Optical analysis of the minerals gives information about the different
mineral phases together with their size, shape and distribution pattern. In addition to the
morphological features such as twin and cleavage planes, the measurements of the optical
properties of the crystals- their refractive indices, birefringence and extinction angles give
additional evidences for the mineral identification.

Procedure

Preparation of grain mount: Grain mounts were prepared by impregnation with Canada

balsam. Canada balsam (one part Canada balsam in 3 parts of xylene) is poured into a



glass slide. The mineral grains are sprinkled into this, which is then heated to evaporate
the solvent and harden the balsam. The grain mount is then polished to smoothen the
plane surface. A cover glass is cemented over the thin section prior to the microscopic
study using Olympus Polarizing Microscope.

2.8 Scanning Electron Microscopic Analysis

A Scanning electron microscope is a versatile and efficient instrument for obtaining
magnified images of small objects with a resolution better than a light microscope. SEM
reveals the fine structure of even the smallest clay mineral particle and is an excellent
tool for the identification of the principal types.

Scanning electron microscope has an electron source, which creates a beam of
electron, an optical system, which focuses the electrons, a scanning system, which directs
the beams over the sample, one or more detector systems, which create signals dependent
on interactions of the beam electrons with the sample, and display systems which allow
the microscope operator to interpret visually the information produced by the microscope.
The scanning electron microscope uses a finely focused electron beam incident on the
specimen surface. In SEM, the secondary electrons which are generated in the specimen
surface are collected and are used to produce an image on a cathode ray tube.

Procedure

Sample preparation: Freshly broken natural surfaces of the clay samples were pasted on
the surface of the brass stud using adhesive paste for the morphological analysis of the
major and the associated minerals. In addition, in order to analyse the surface features,
powder samples were sprinkled on the double-sided adhesive tape. The samples were
then sputter coated with gold prior to the examination using JEOL JSM 5600 LV

microscope.

2.9 Methods for chemical characterisation: Major and Minor elements

Chemical analysis is an essential step in establishing the nature of minerals, next to the
X- ray diffraction analysis. A relatively small difference in the chemical composition of
clays can greatly influence the chemical and physical properties and thereby its industrial

utility. Classical methods of chemical analysis are widely used for the aluminosilicates



(Bennett and Reed, 1971). The results of chemical analysis are expressed in terms of
various oxides present such as SiO,, Al,Os, TiO,, Fe 03, FeO, Ca0O, Na,0, K,0, MgO
and LOI. Of the various constituents SiO, is determined by gravimetric, Al,O3 by
volumetric, TiO, and Fe,O3 by colourimetric and NayO, KO and CaO by flame

photometric techniques.

2.9.1 Loss on Ignition

1 gram of the finely ground, dried sample (110°C, 1 hour) was weighed in to a platinum
crucible and heated in a muffle furnace at a temperature of 1025 + 25°C for 60 minutes.
Then the loss in weight was determined as:

% LOI=A-Bx 100
A
where A = initial weight, B = weight obtained after ignition.

Loss on ignition reflects the loss of weight due to the oxidation of organic coatings
(humic acid), carbonaceous and graphitic impurities and the water loss due to

dehydroxylation.

2.9.2 Determination of Silica (Gravimetry technique)

Procedure: 0.5 g of the finely powdered dried sample (105° — 110°C, 1 h) was weighed
in a platinum crucible. 3 g 1:1 mixture of Na,CO3z and K,CO3; was added and the mixture
fused in a high temperature furnace. The melt after cooling was disintegrated with 30 ml
1:1 HCI and 1 ml of 1:1 H,SO,. The resultant solution was evaporated and baked in an
oven at 110 °C for 5-6 h. The residue was cooled and digested with 10 ml of conc. HCI
and 40 ml of hot water. The resultant mass was filtered through a whatman No. 40 filter
paper and washed free of chloride with hot water. The filtered residue along with the
filter paper was ignited at 1000°C for 30 minutes and weighed after cooling in a
desiccator. The precipitate was treated with 10 ml of HF (40%) and a few drops of 1:1
H,SO, and evaporated to dryness. The crucible was ignited cooled and weighed. During
the HF treatment silica completely volatalises as hydrofluosilicic acid. Any impurity
other than silica only is left in the crucible.

% of SiO, = A- B x 100
W



where A = weight of the sample and the crucible after ignition of the residue, B = weight

of the sample and crucible after HF treatment, W = initial weight of the clay sample

2.9.3 Preparation of solution for Al.0s, TiO2 and Fe20; determination

0.5 g of well agated dried sample (110°C) was weighed in a platinum basin and
moistened with water. 10 ml of H,SO, (1:1) and 10 ml HF (40%) was added and
evaporated on a sand bath to fume off sulphuric acid. The basin was cooled and 10 ml HF
was again added, evaporated to copious fumes and ultimately to near dryness. The
residue was fused with 5- 6 fold quantity of Na,CO; and about 4 fold quantity of
potassium bisulphate. Cooled the basin and dissolved the melt with 3% H,SO, in a steam

bath to a clear solution and made it up to 250 ml.

2.9.4 Determination of Al.O3 (Volumetric method)

The principle involved in this method is to complex aluminium with EDTA and estimate
the excess complexing agent by titrating with zinc acetate solution.

Procedure: 20 ml of the sample solution (2.9.3) was pipetted into a conical flask. 25 ml
of EDTA (0.02 N) and a drop of methyl orange indicator was added. Dropwise addition
of NH4OH changes the colour of the solution from red to yellow. 10 ml of buffer (pH
5.3) was added and titrated with zinc acetate using xylenol orange as indicator, till the
solution gets an orange colour. 1 g of NaF was added and boiled for five minutes. The
solution was cooled and buffered to pH 5.3 followed by titration with zinc acetate. Then
the concentration of Al,O3 was calculated as.

Percent alumina (Al,03) = A x xx 100 _ 0.6378T
wW
where A = the titre value in ml of zinc acetate solution, x = equivalent Al,O3 in g per ml

of zinc acetate, W = weight in gram of the sample present in 25 ml of the stock solution

and T = percent titania in the sample.

2.9.5 Determination of TiO2 (Colourimetric method)

Procedure: 20 ml of the aliquots of the solution (2.9.3) was transferred to 100 ml

standard flasks A and B. 10 ml of hydrogen peroxide was added to A and both were



diluted with water to the mark. Optical density at 410 nm was measured for A against
that in B without peroxide. The unknown titania concentration was calculated from the
calibration curve.

When the Fe,O3 content in the sample was above 1%, 5 ml of the acid mix (20
ml-H,SO4, 50 ml-H3PO,4, 30 ml-H,0) was added to each flask and the absorbance were

measured at 398 nm after the addition of H,O, as in the previous case.

2.9.6 Determination of Fe20; (Colourimetric method)

Procedure: 5 ml of the prepared solution (2.9.3) was transferred to a 100 ml standard
flask and 1 or 2 drops of paranitrophenol indicator and 10 ml of tartaric acid were added.
The solution was neutralized with conc. ammonia to the yellow colour of the indicator
and acidified with a few drops of 1:1 HCI. 2 ml hydroxylammonium chloride and 10 ml
1:10 phenanthroline were added and diluted to the mark. The optical density was
measured at 510 nm in a cell against reference test blank prepared in the same way
without the sample. Calibration graph was drawn with 0, 1, 2, 3, 4 and 5 ml of standard
Fe,O3 solution and the iron content in the unknown sample was determined from this

graph.

2.9.7 Determination of Na20, K20 and CaO

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
and a means of ejecting a solution of the sample into it at a predetermined rate. A filter
designed to transmit only the characteristic emission of a particular element is placed
between the source and a photocell, so that the intensity of radiation can be measured and
compared with standard samples tested under the same conditions.

Procedure: 0.1 g of well agated dried (110°C, 1 h) sample was weighed in a platinum
basin and moistened with water. 1 ml perchloric acid and 5 ml of HF were added and
evaporated in a sand bath to fume of perchloric acid. The basin was cooled, a few drops
of water was added and evaporated to dryness. To the dry mass in the basin, 5 drops of 1:
1 HCI and water were added and dissolved by keeping it over a steam bath for 5 minute.

The content was transferred to 100 ml flask and diluted to the mark. The concentrations



of K;O, Na,O and CaO in the unknown clay samples were determined using a flame
photometer with their corresponding filter. Calibration graphs are drawn with the varying

standard concentrations.

2.9.8 Determination of Ferrous oxide

Hey (1941) and Schafer (1966) have reviewed various methods available for determining
Fe? in silicates.

Procedure: 1 g of the oven-dried sample (110°C, 1 hr) was weighed into a platinum
crucible of about 30 ml capacity. 10 ml of 1:1 sulphuric acid was added and stirred with a
glass rod, 10 ml hydrofluoric acid (40% w/w) was also added and digested in a sand
bath. Boiled sample was plunged into a 600-ml beaker containing 300 ml of cold, freshly
boiled distilled water in which 15 g of boric acid has been dissolved. Swirl the beaker to
remove the lid from the crucible and the solution was mixed gently. 15 ml of sulphuric
acid-phosphoric acid mixture and 10 drops of barium diphenylamine sulphonate indicator
were added and titrated to a purple color with 0.1N potassium dichromate solution.

1 ml 0.1 N K,Cr,0; =0.00718 g FeO

2.10 Determination of Pyrite in Clays by Selective Extraction with Acid solution

The pyrite in the sample was quantitatively analysed as per the analytical procedure
adopted by Schneider and Schneider (1990).

The method involved two selective extractions: A) overnight dissolution of nonpyritic
iron, including hematite (Fe,O3) in concentrated hydrochloric acid and then diluting the
sample with distilled water to 2.5 N and boiling it for 1 h under atmospheric pressure;
and B) dissolution of total pyritic and non-pyritic iron, including hematite, from a
separate sample in a two-step extraction. This two step extraction involves a) initial
dissolution in concentrated HCI followed by dilution to 2.5 N and boiling for 30 minutes,
followed by b) the addition of 3 N nitric acid (to dissolve pyrite) and boiling for the next
30 minutes. The filtrates (or aliquots) from extractions A and B were then used for the
determination of iron. The pyritic iron was determined as a difference in iron content of

the two extractions (B-A).



Selective extraction of nonpyritic and total (pyritic and nonpyritic) iron:

1 g dried pulverised sample was weighed into a 250 ml conical flask. 11 ml of
concentrated HCI was added, mixed thoroughly, closed and kept overnight. The content
was diluted to 50 ml and an additional 50 ml of 2.5 N HCI was added. The flask was
covered and boiled for 60 minutes. Sample was cooled, rinsed with 20 ml HCI (1:10) and
filtered through a double slow filter paper (whatman no.5) with a small amount of paper
pulp in it and washing it 5 or 6 times with 2 ml of HCI solution (1:10). Transparent and
colourless or yellow-green 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 H,SO, and a few ml of HNO3; and was
evaporated to dense sulfur trioxide fumes. After cooling, the residue was diluted with
distilled water to 250 or 500 ml (depending on the content of Fe) in the measuring flask.
An aliquot of the solution was taken for the determination of Fe.

In the case of extraction of total pyritic and nonpyritic iron, the pulverised 1 g sample
was transferred to 250-ml conical flask. Overnight treatment of the sample with 11ml of
concentrated HCI was done as given above. Diluted it to 50 ml with distilled water
(acidity of 2.5 N) and is boiled for 30 minutes. Then, 50 ml of 3 N HNO3 was added, and
boiling was continued for the next 30 minutes. The sample was cooled and filtered
through whatman no.5 filter paper after rinsing the flask with 20 ml of 2 N HNOs.
Subsequently, flasks and the filters were washed 5 to 6 times with 2 N HNOj3. The filtrate
is treated with 5 ml of concentrated H,SO, and evaporated until the dense SO3; fumes
appeared. After cooling, the residue was diluted with distilled water and boiled for a few
minutes. If silica precipitates, it has to be removed by filtering. The filtered solution was
diluted to 250 or 500 ml in a standard flask and an aliquot of the solution is taken for the
determination of Fe.

Percentage of pyritic Fe = Percentage of Fe from extraction B — Percentage of Fe from
extraction A
From pyritic iron the percentage concentration of pyrite in the samples were calculated.

Spectrophotometric method was used for the determination of iron in the extract.



2.11 Determination of water soluble sulphate

Water soluble sulphate in the samples were determined as BaSO,4 by precipitation using
BaCl, (Jeffery et al., 1989).

Procedure: 5 g of the dried clay (110°C) was weighed into a 400-ml beaker containing
100 ml distilled water for SO, dissolution. The solution was filtered, 0.3 —0.6 ml of
concentrated HCI was added and diluted to 200 — 250 ml. Filtrate was boiled and barium
chloride solution was added drop wise from a burette by constant stirring. The precipitate
was allowed to settle and the supernatant liquid was tested for complete precipitation of
S04 by the addition of a few drops of barium chloride solution. Then the solution was
covered and kept hot without boiling for an hour for complete precipitation. The
precipitate was transferred through an ashless filter paper (whatman No. 40) using a
rubber tipped rod and washed free from chloride. The residue along with the filter paper
was transferred to a silica crucible and ignited in a muffle furnace to a clear white

precipitate. Then the percentage of SO, in the sample calculated.

2.12 Organic Carbon

Procedure: Organic carbon content in the clay samples were determined by wet
combustion method (Gross, 1971)

Principle: 0.5 g of ground and dried sample was transferred into a 500 ml flask and 10 ml
K,Cr,07, followed by 20 ml of H,SO, — Ag,SO, solutions were added. The flask was
gently heated to 150°C for 1 minute and allowed to cool. Excess K,Cr,O7 was estimated
by back- titration with FeSO, solution after dilution to 200 ml and addition of 10 ml 85%
H3PO,, 0.2 g NaF and 30 drops of diphenylamine indicator. The endpoint is a change of
colour 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.

(ml FeSOy) blank — (ml FeSQO,4) sample x 0.3
Percent of organic carbon =

Weight of the sample



2.13 Trace Element Analysis by Atomic Adsorption Spectroscopy

Atomic adsorption spectroscopy is one of the oldest and most well established of the
analytical methods particularly for trace element analysis. The principle involved here is
atomic adsorption and atomic emission. Every element has a specific number of electrons
associated with its nucleus. The normal and most stable orbital configuration of atom is
known as the ground state. If energy is applied to an atom, the energy will be absorbed
and an outer electron will be promoted to a less stable configuration known as the excited
state. As the number of atom in the light path increases, the amount of light absorbed also
increases. By measuring the amount light absorbed, a quantitative determination of the
amount of analyte can be made. The process involved in atomic absorption is illustrated
in fig.2.4A
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Fig. 2.4A Atomic Absorption Process

Since this excited atom state is unstable, the atom will immediately return to the ground
state, releasing light energy. Atomic emission involved the processes of excitation and
decay as shown in fig. 2.4B.
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Fig. 2.4B Atomic emission processes

Basically in atomic emission, the flame serves a dual purpose: it converts the sample
aerosol into an atomic vapour and then thermally elevates the atoms to an excited state.
When these atoms return to the ground state, they emit light, which is detected by the
instrument. In atomic absorption, the only function of the flame is to convert the sample
aerosol into atomic vapour, which can then absorb light from the primary light source
(hollow cathode lamp or electrodeless discharge lamp). The intensity of light emitted is
related to the concentration of element of interest in solution. The use of specific light
source and careful selection of wavelengths allow the specific determination of individual
elements. The trace elements analysed in the present study include Cu, Co, Cr, Ni, Pb,
Zn, Mn and Mg.

Procedure: The underlying requirement for all atomic methods of analysis is that a sample be
decomposed to the greatest extent possible into its constituent atoms. For the analysis a
known weight of the dried sample (110°C, 1 hour) was decomposed using HF followed by
dissolution in 1:1 HCI. The prepared solution was atomised through a nebulizer. The
nebulisation serves to increase the surface area of the sample solution, so that solvent
evaporation can proceed more rapidly and the resulting dried solute particles can be
volatilized better. Once formed, droplets in the nebulized spray are sent into a high —

temperature flame. The solute-particle vaporization takes place, and the resulting vapor is



converted more or less efficiently into free atoms. Once formed, the concentration of the
atoms can be measured by atomic adsorption spectroscopy. Varian Spectra AA- 10 Model

atomic adsorption spectroscopy has been used for the trace element analysis.

The essential components of an atomic absorption spectrometer (Fig. 2.4C) involve:

¢ alight source, usually a hollow cathode lamp, which provides a sharp line emission at
the resonance wavelength for the element to be measured (analyte).

¢ an atomiser which produces free atoms of the analyte

¢ a wavelength selection device (usually a monochromator) which allows the isolation
of this resonance line from other lines produced in the spectrum of the lamp.

¢ adetector (usually a photomultiplier tube) which measures the intensity of the signal
which is passed by the wavelength selection device.

¢ an amplifier —read-out device which processes the signal from the photomultiplier

and converts into a suitable form from which the result is obtained.

Light sensitive
Amplifier and detector

read-out ¥

Light source-commonly

a hollow cathode lamp 0.059 @ LN 1

Solution, standard
or sample

Fig. 2.4C Schematic representation of atomic absorption spectrometer

2.14 Physical properties of clay

2.14.1 Particle Size Analysis

Particle size measurements of the clay samples were carried out by Sedigraph 5100 based
on Stokes law as explained earlier. Schematic representation of the particle size analyser
(Sedigraph 5100) is given in fig. 2.5.
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Fig. 2.5 Schematic diagram of particle size analyser (Sedigraph 5100)

Procedure: Approximately 5 g of the sample was taken in a container and dispersed with
water using sodium hexametaphosphate as the deflocculating agent. The dispersed slurry
was transferred into a sample chamber. A magnetic stirrer located under the mixing
chamber keeps the particle suspended. A well-dispersed suspension in the sample
chamber is transferred to the analysis cell by means of a peristaltic pump. At the start
point of the analysis the pump stops and the particles are allowed to settle inside the
analysis cell under the influence of gravity. The Sedigraph 5100 then determines the
particle size distribution by means of X- ray beam. The percentages of total particle mass
at different point in the cell were analysed by X- ray absorption. After the analysis the
suspension is pumped to a waste reservoir and using a second peristaltic pump, fresh
rinse liquid flows through the system.

The results are plotted as graphs with the diameter of the particles on the abscissa and

cumulative weight percentage on the ordinate.

2.14.2 Viscosity

The viscosity of a liquid is the internal friction opposing its flow. The unit of viscosity is
poise. The equation for viscosity determination as expressed by Frenchman Poiseuille is

V= mprt
8In



where V = volume of the liquid flowing per sec
P = pressure of the liquid (g/cm?)
r = radius of the tube (cm)
| = length of the tube (cm)
n= viscosity of liquid
Procedure
Viscosity measurement of 63% wi/w slurry was undertaken with a Brookfield Viscometer

using minimum concentration of sodium polysalt as dispersing agent.

2.14.3 pH

The hydrogen ion concentration or pH is expressed as the logarithm to the base 10 of the
reciprocal of the hydrogen ion concentration.

Procedure: 20 g of the raw sample was mixed in 80 ml distilled water (in the ratio 1:4)
and stirred for 5 minutes. The slurry was filtered through whatman 40 filter paper.
Discarded the first 20 ml. The remaining filtrate was collected and pH measured using a

Systronic p pH system 361.

2.14.4 Brightness measurements

The optical properties of kaolin are of much importance in most commercial applications.
The brightness/yellowness of the clay samples are usually interpreted in terms of
absorption coefficient (K) and scattering coefficient (S) by using K- M theory (Starr and
Young, 1978). The absorption of kaolin can be modified by chemical treatment or by
beneficiation to remove coloured impurities.

Procedure: Minus 350 mesh oven dried samples (110°C, 1 h) were powdered for 10
seconds in a high-speed mixer. The powdered samples were pelletized at a pressure of 55
kg/cm? for 30 seconds and the discs were subjected to brightness/yellowness
measurement using Colour Touch Model ISO Brightness Meter. AR BaSO,4 was used as
standard. Brightness was measured at 457 nm and yellowness as the difference in

brightness between 570 and 457 nm.



2.14.5 Contact Angle Measurements

The contact angle measures the wetting tendency of a liquid on a solid and is thus of
particular importance in the fields where wetting is important (Hunter, 2001). The
measurement of contact angles is dependent on the nature of the substrate under
consideration.

The commonly used method for contact angle measurement is by Sessile drop method
(Neumann and Good, 1979). Here the wetting and non-wetting behaviour is obvious
when a drop of liquid (water) is placed on the solid surface. The possible shape that can
be attained for a liquid is shown as in fig. 2.6. The shapes of the liquid reflect the value of

the contact angle and in turn the behaviour of the solid surfaces.

®  ©

Fig. 2.6. Possible shapes of sessile drop a) small drop of completely non- wetting liquid with very
high surface energy, so that gravitational forces have little effect b) large drop of liquid showing
partial non wetting character (n/2 <6 <=) and sagging under gravity c) partially wetting drop(0 <6 <
7/2);V- vapour,L- liquid, S- solid substrate,0- contact angle.

Procedure: Kaolinite samples were pressed into disc at a pressure of 100-250 kg/cm? by
the method described by Janczuk and Bialopiotrowicz (1988). The discs were placed in
the measuring chamber filled with saturated vapour for 20 minutes. Using a
microsyringe, a drop of (2 ul) water was settled onto the disc surface, and the contact
angle was read immediately on the left and right sides of the drop, using a Reflective —
Microscope-goniometer, Kernco Model Il at 25 times magnification. At least 5 discs of a
particular sample were used for contact angle determinations. Six or more drops were
settled on the surface of each pellet and the average value taken. If the contact angle

measured on both sides of the drop differed by more than 2°, they were not included.



2.14.6 Determination of Water of Plasticity

Plasticity is the ability of a clay- water mass at its maximum consistency to be shaped and
to hold its shape after the forming forces are removed (Grim, 1962). The water content of
the clay at the point of maximum workability, when expressed as a percentage gives the
value of water of plasticity.

Procedure: 500 g of clay was dried thoroughly at a temperature of 70°C and crushed to
pass through 45 micron IS sieve. Seived clay was mixed with water from the burette,
thoroughly wedged and kneaded by hand to a soft plastic mass of appropriate
consistency. Allowed it to age for 24 h by keeping it covered by wet cloth during the
period. After 24 h this plastic mass was kneaded again and was pugged well by further
small additions of water until proper working consistency was attained in order to extrude
or mould into bars. Three equal proportions of the clay mass at this consistency from
different portions were taken, the edges and corners rounded to avoid any handling loss
and weighed immediately to the nearest 0.01 g.

Then the clay masses were dried in an air oven (70°C for 4 h) after room temperature
drying for 24 h. The temperature of the air oven was again raised (110 + 5°C) and the
samples were dried further for 12 h. Cool them in a desiccator and weigh to the nearest
0.1 g. The water of plasticity was calculated as
Water of Plasticity, percent = [(A-B)/ B] x 100

where A= weight in grams of the plastic clay mass and B= weight in grams of the dried
clay mass.

2.15 Drying Properties
2.15.1 Determination of Dry linear shrinkage

When a clay sample is mixed with water and made into a plastic mass, it can be shaped in
any form required. However on drying, the clay shrinks and the extent of shrinkage is
dependent on the nature of clay as well as the grit content in the mass.

Procedure: A portion of the 24 h aged and kneaded clay as prepared in the plasticity

determination was taken (2.14.6). The inner sides of the brass mould was coated with a



thin layer of petroleum jelly or kerosene oil and a lump of the plastic mass was pressed
into the mould without any entrapment of air. The excess clay was stripped off with a
straight edge spatula from the top of the mould and finally wiped of any adhering clay.
Two reference points approximately of 10 cm apart were made on the surface of the
smooth clay. The distance between the two points was accurately measured using the
micrometer. Prepare five such specimens. The test specimens were released carefully
from the mould and allowed to dry slowly under a wet cloth for 48 h. Air dry the
specimen for another 48 h at room temperature, occasionally turning sides of the
specimen to expose new surface for evaporation. The test specimens were placed in an air
oven, with automatic temperature control and was dried at 110 + 5°C for 24 h. Specimens
were then cooled in a desiccator and the distance between the points were again
measured.

Dry linear shrinkage was calculated as follows

Dry linear shrinkage, percent = [(Lp — Ld)/Ld ] x 100

where Lp = length of the plastic clay mass in cm, and Ld = length of dry clay mass in

cm.

2.15.2 Green Strength

The property of the dried clay to hold together, known as the ‘green strength’, is essential
for preparing ceramic materials (Singer and Singer, 1978). It depends on the electrostatic
attractions between clay colloid particles which increase as the separating water film is
removed. The green strength of the clay body increases as the water content decreases.
The strength of the dry clay is an important property with direct practical bearing on the
problems of moulding, handling and drying of wares, since a high strength enables the
clay to withstand the shocks and strain of handling. The green strength of the clay is
generally determined by finding its transverse strength and expressed as the modulus of

rupture.



Determination of Modulus of Rupture

Preparation of samples: < 45 um fraction, of the clay was mixed with sufficient quantity
of water, kneaded into a soft, plastic and homogeneous mass and aged for 48 h. After
ageing, the plastic mass was vacuum extruded (50 cm of mercury). Extruded bars of 25
mm diameter from the air dried plastic mass was cut into bars of 180 mm length. These
bars were placed on the glass plates very lightly oiled and marks at 100 mm apart were
put on each test bar. Test bars were covered with a piece of wet cloth and was allowed to
dry in air at room temperature. After five days of room temperature drying, samples were
oven dried at 110 + 2°C. Cooled the test bars in a desiccator. The test bar should be
straight free from warpage. Ten such test bars were prepared to find out the average value
of MOR.

Place a test bar on two of the bearing edges, in such a way that the bearing edges
coincide with the mark made on the test bar. Apply the load uniformly at the centre point
at a rate of 5 kg/s approximately. Note the load, which just breaks the test bars. The
average load was calculated.

Then the dry modulus of rupture was calculated as follows

Modulus of rupture, S, kg/cm?=  8PL
nd®
where P = total load in kg, L = span of the bar in cm and d = diameter of the test bar in

mm.

2.16 Fired Properties

The irreversible hardening reaction that occurs when clay is strongly heated is another
feature that has been of fundamental interest to the ceramic industry. Briefly, on further
heating of dried clay more, water is given off and in due course a hard but porous piece
forms. Thereafter vitrification occurs leading to a strong dense piece but is eventually
followed by softening and fusion. Release of gases may also give rise to a swollen
appearance known as ‘bloating’. During these reactions some expansion may occur, but
there is always an overall shrinkage. The whole series of reactions is governed by the
mineralogical, chemical and grain size distribution of the clay and is therefore different

for each clay sample.



The fired properties of the clay include fired linear shrinkage, fired volume shrinkage,

fired strength, water adsorption, bulk density and apparent porosity.

2.16.1 Determination of Fired linear shrinkage

Rectangular bars were prepared from the plastic clay mass as in the case of dry linear
shrinkage (2.15.1). These bars were fired at varying temperatures with a soaking period
of 3 h. Then the fired shrinkage was measured as

Fired linear shrinkage, percent = [(Lp — Lf)/ Lf ]x 100

where Lf = length of the fired mass, Lp = length of the dry clay mass (dried at 110°C).

2.16.2 Determination of Fired volume shrinkage

Procedure: Sufficient quantity of clay was mixed with water to form a soft mass and
allowed to stand covered with a wet cloth for 24 h. About 10 mm thick discs having a
diameter of 25 mm were prepared by hand pressing the soft clay mass in the steel
moulds. The discs were covered with wet cloth and were dried slowly at room
temperature to avoid warpage and cracking. These discs were again oven dried by
gradually raising the temperature and drying it at 105 to 110°C for 6 h. Fired the disc in
a furnace at the required temperatures (soaking period 3 hour). Measure the volume of
the disc. The fired volume shrinkage was measured as:
Fired volume shrinkage, percent = [(Vp — VT)/ Vf]x 100

where Vf = volume of the fired mass, Vp = volume of the dry clay mass (dried at 110°C)

2.16.3 Determination of water absorption

Pellets prepared from the plastic mass (2.16.2) were fired at various temperatures and the
water absorption was determined by soaking the fired buttons in water and measuring the
amount of water absorbed.

Procedure: Clay pellets were prepared and fired as described above. These fired samples
were immersed in a beaker containing distilled water and boiled for 5 h, taking care that
the specimens were covered with water at all times. After 5 h, allowed the pieces to soak

in water for 24 h. Wipe each piece lightly with tissue paper to remove water from the



surface. Avoid excessive blotting so that it will remove water from the pores. Then the

water absorption was calculated as follows.
Water absorption, percent, A= [(W-D)/ D]x 100

where W = weight of saturated test piece and D = weight of the fired test piece.

2.16.4 Determination of Apparent Porosity

The apparent porosity is defined as the ratio between the volume of water or liquid
capable of being absorbed into it and the total volume of the article.
Samples were prepared as in the case of volume shrinkage (2.16.2). Then the apparent
porosity in percentage is given as:

Pa= [(Wc-Wa)/ (Wc-Wh)] x 100

where Wa = weight of the dry test piece, Wb = weight of the dry piece soaked with and
suspended in the immersion liquid (water), Wc = weight of the test piece soaked with the

immersion liquid and suspended in air.

2.16.5 Determination of Bulk Density

It is defined as the ratio of the mass of the sample to its bulk volume i.e. the volume of
the material plus all its pores. It was determined by the boiling water method. Samples
for the analysis were prepared by the procedure adopted for volume shrinkage
determination (2.16.2). Then the bulk density was calculated as

Bulk Density, Db = [Wa/(Wc —Wb)] x D

where Wa = weight of the dry test piece, Wb = weight of the dry piece soaked with and
suspended in the immersion liquid (water), D = density of the immersion liquid at the
temperature that prevailed during the test (for water D = 1), Wc = weight of the test

piece soaked with the immersion liquid and suspended in air.



2.16.6 Determination of Fired Strength

Fired strength of the clay samples was measured as in the procedure for green strength
measurement (2.15.2). MOR of the samples fired at 1250°C has been calculated.

2.17 Physical Properties of Polymer- Kaolinite composite

The scope of the application of the polymeric materials has been widened by the
incorporation of kaolinite into the polymer. This additive, when incorporated into a
polymer, modifies the properties of the composites. The measured properties of the
polymer-kaolinite composite include density, degree of equilibrium swelling and

percentage of weight loss in toluene and mechanical strength properties.

2.17.1 Density Measurements

Cured natural rubber-kaolinite composites were analysed for the variation in density in
order to evaluate the effects of surface modification. Samples of dimensions 10 x 10 x 1
mm were used for the measurements. Density was measured at room temperature after
calculating the specific gravity of the samples by the ASTM D 792 test method as
follows.

Sp. Gravity, S=al(a+w - D)

Where a is the apparent weight of the specimen, without wire or sinker in air, b is the
apparent weight of the specimen and of the sinker completely immersed and of the wire
partially immersed in pure water and w is the apparent weight of the totally immersed
sinker and the partially immersed wire. Thus the density of the composite was calculated
as follows

D (g/cc) = Sp. Gravity, S x 0.9975

2.17.2 Degree of Equilibrium Swelling and Percentage of Weight Loss Measurements

The natural rubber can absorb liquids to a greater or lesser degree. The absorption of the
liquid causes the rubber to increase in volume, and this is the phenomenon of swelling- a

consequence of which is the deterioration in physical properties. Raw rubber is



completely soluble in certain liquids, but vulcanized rubbers are virtually insoluble.
Strong bonds, such as chemical crosslinks between the rubber chains, prevent rubber
molecules becoming completely surrounded by the liquid and restrict the deformation of
the rubber. The swelling of the rubber by a liquid is a diffusion process. At the start of the
process, the surface of a composite has a high liquid concentration while the liquid
concentration in the bulk of the component is zero. Subsequently, the liquid molecules
diffuse into the rubber just below the surface and eventually into the bulk of the rubber.
As the diffusion process proceeds the dimensions of the rubber component increases until
the concentration of the liquid is uniform throughout the component and equilibrium
swelling is achieved. The amount of a given solvent that will diffuse into the rubber until
it reaches equilibrium depends upon the number of crosslinks per unit volume of the
rubber. The degree of swelling (\Vr) is expressed as the volume fraction of the rubber in
the swollen gel. The high swollen ratio, i.e. low Vr would indicate a very low

crosslinking density of the bound rubber and vice versa.

Procedure: Cured test pieces of dimensions 10 x 10 x 1 mm were allowed to swell in
toluene until equilibrium swelling occurred (for a period of 120 h). After reaching the
equilibrium, the swollen test pieces were weighed, then dried under vacuum, and again
weighed. The swollen and deswollen weights were used to calculate the volume fraction
of the rubber in the network swollen to equilibrium Vr, according to the following

equation

Vr = Dxprt
D x prt+(S-D) x ps*

where D = deswollen weight, S = swollen weight, ps = density of the solvent and pr =
density of the rubber blend.

The cured test piece of above dimensions is used for weight loss measurements in toluene
after ageing for 5 days. The percentage weight loss of the rubber composite is measured
by the following equation

Weight loss % = Wo- W1 x 100
Wo



where Wo = original weight of the cured test piece, W1 = weight of the vacuum dried

test piece after ageing in toluene for 120 h.
2.17.3 Mechanical Strength Measurements

Mechanical strength measurements include the evaluation of the tensile properties such
as break stress, break strain, modulus at 100% and modulus at 300%.

The tensile properties were measured by ASTM D412 test method with a Universal
Testing Machine, Instron Model 1193, Instron Corporation UK with a crosshead speed of
500 mm/min. The dumb-bell shaped specimen of width 3.2 mm, gauge length — 15 mm
and grip distance 32 mm was used for the analysis. Six samples were analysed
consecutively from the same formulation. The tests were undertaken at 22.0 + 2°C with
an environmental humidity of 50 + 5%.

The tensile modulus, the break strain and modulus at 100% and 300% was calculated

by applying varying loads.



Chapter 3
Mineralogy, Geochemistry and Utilization Study of Madayi
Kaolin Deposit, North Kerala

3. 1. Introduction

Kaolin is an important industrial mineral and a potent geological indicator. The study
of kaolinite is of great importance at basic and applied levels because of its ability to
modify the structure in accordance with the surrounding environment and also its
industrial versatility. The mineralogy, structure and morphology of kaolinite depend
on different environmental factors (Keller, 1985). The clay mineral in a deposit
represents the response of its constituent elements to the environmental energies
impressed upon it. In other words a change in energy correspondingly reflects the
properties of the clay minerals.

In the present work, a systematic study was carried out to show the variations in
chemistry, structure and morphology of kaolinite collected from the deposit at Madayi
village, (75° 15" 00”- 75° 16’ 00" E; 12° 01’ 45" — 12°02’ 30" N) (Fig.3.1A), Kannur
district, Northern Kerala. The availability of the different types of clays in this
location was identified by the Department of Mining and Geology, Kerala (internal
report, 1995) (Fig.3.1B). The characterization of clays collected from different layers
gives a detailed picture of the mineralogical assemblages and the nature of the mineral
species, which has been formed under the varying environmental conditions within
the deposits. An attempt has been made to define the processes that lead to the
formation of genetically different varieties of kaolinite within the same deposit by
characterising different clay layers (Fig.3.1C). Laboratory tests were also conducted
to identify the uses of china clay seam L (Fig.3.1C). It is a reserve of ~ 17 million tons

within an area of 1.2 sq. kms, with proven industrial viability.

3.2. Geologic Setting

Geologically the area consists of Precambrian crystalline rocks overlain
unconformably by thick sequence of Warkallai Formation of Miocene age. Thick

deposits of residual and sedimentary clay sequences, having an overall thickness of



~45 meters are found associated with these. This clay deposit is confined within the
Tertiary sedimentary basin, of North Kerala. Since it was found to be a potential and
viable deposit, detailed investigation of the same was undertaken.
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Fig.3.1A Schematic representation of the area under study.
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Fig. 3.1B.Geological map of Madayi.



The sedimentary deposit of this region belonging to Warkallai Formation of
Miocene age is characterised by thin layer of sand, alternate layers of
carbonaceous clays and lignite seams followed by iron rich variegated clay,

laterite and bauxite with ferricretes at the top (Fig.3.1C).
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Fig.3.1C. Schematic cross section of Madayi deposit
Detailed field studies were undertaken and the field photographs of the three
different types clays: white residual, gray carbonaceous and hematitic clays are
shown in Fig 3.2 (A-F).



The bauxitic crust (L18), laterite (L17) and clay from L16 layer are grouped
under the “hematitic clays”. The topmost bauxitic layer L18, which is found as a
capping on the deposit, is too hard with numerous vesicles. The segregation of
iron during bauxitization is evident from the banding of iron with different hue in
these bauxitic samples (Fig.3.2A). The surface of bauxite shows encrustation of
iron forming ferricretes. Some of them are of needle shape (Fig.3.2B). The
lateritic bed having a thickness of around 11 meters underlie the bauxitic layer.
Below these layers, the clay layer L16 occurs which is highly reddish in colour
and has a thickness of around 0.6 meters. Figure 3.2C shows the association of
lateritic clay layer (L17) and the ferruginous layer, L16.

The gray carbonaceous clay layers, L15, L13, L11, L9, L7, L5 and L3
alternate with lignite seams L14, L12, L10, L8, L6, L4 and L2 forming an overall
thickness of about 17.5 meters. The upper two carbonaceous clay seams L15 and
L13 show mottled reddish yellow patches. Black coloured patches of FeS; can be
seen within the lower L9, L7 and L3 clay seams (Fig.3.2D). Fossilized plant
remains such as roots and stems are found both in the carbonaceous clay and
lignite seams. The entire sedimentary deposit is approximately 30 meters in
thickness and is underlain by residual white clay. A thin veneer of sand separates
the overlying sedimentary and the underlying residual clay.

The residual white clay L has a thickness of around 15 meters. Sampling from this
thick seam of clay was done at 5 meters interval (L1a, L1b and L1c), in order to
analyse the variation in the geochemical factors with depth (Fig. 3.1C). These clays
show relict structures like foliation and quartz vein (Fig.3.2E) that is inherent from the
parent rock, quartzo-feldspathic mica gneiss, which is of Precambrian age. Numerous
fossilized plant roots confining approximately to 0.1-0.35 meters of the topmost
portion of residual clay L, were identified during field studies (Fig.3.2F). This shows
evidence of plant growth and subsequent weathering prior to Tertiary sedimentation.
Field evidences and geological studies of the regions around North Kerala by
Rajendran et al. (1987) indicate the influence of two spells of lateritisation of pre-
Warkallai and post-Warkallai-pre-Quaternary age on the country rock. The pre-
Warkallai lateritisation resulted in the formation of the thick white residual clay. In
addition, weathering after the deposition of Warkallai Formation resulted in thick

deposits of laterites and bauxite which overlie the gray carbonaceous clay seams.



Fig.3.2A. Bauxitic clay sample chipped out from the L18: Layering of iron.
Cavities are seen indicating recrystallization/remobilization of the parent
material.

Fig.3.2B. Hematite needles from the bauxitic crust resulting from the
remobilization and leaching of Al,03 and SiO..



Fig.3.2C. Field photo of L16/L17 ferruginous layer lateritised clay layers (arrow).

Fig.3.2D. Pyrite patch within the gray carbonaceous clay L9.



Fig.3.2E. Residual white clay showing quartz vein.

Fig.3.2F. Fossilized plant remains from the topmost portion of residual white
clay.



3.3. Materials and Methods

Representative clay samples were collected from each of the recognisable layers (Fig.
3.1C). Sampled materials were crushed in an agate mortar and a fraction of the raw
clay was used for mineralogical and chemical analysis. Heavy mineral fractions in
raw clay were separated by bromoform for mineralogical analysis. The < 2 um clay
fraction separated by sedimentation and centrifugation was analyzed for clay minerals
and associated impurities by XRD and DTA. Structural characterization of the <2 um
fraction of kaolinite was carried out by FTIR spectroscopy and Crystallinity Index
measurements. Hinckley Index (Hinckley, 1963) and Amigo Index (Amigo et al.,
1987), were calculated for crystallinity index measurements.

XRD analysis was performed using Ni-filtered Cu-Ko radiation (40 kV, 20 mA)
at a scan speed of 1° 26/min. DTA was carried out using a Seiko 320 TG/DTA
analyser at a heating rate of 10°C/min in the range ambient-1100°C with alumina as
standard. The FTIR spectra of 1 mg pretreated fraction, mixed and pelletised with 200
mg of KBr, were recorded after overnight drying at 60°C. The samples were scanned
over the range of 4000 — 400 cm™ using a Perkin Elmer Spectrometer.

The pH of the raw clay samples was measured using 1:4 clay water ratios.
Organic carbon in these samples was determined by oxidative decomposition using
K2Cr,07 as the oxidizing agent (Gross, 1971). The concentration of pyritic and non-
pyritic iron was determined by acid dissolution technique (Schneider and Schneider,
1990). The raw clay and < 2 um fraction were analyzed for SiO,, Al,O3, Fe;03, TiO,,
K;0, CaO, Na,0O, MgO, and LOI (Bennett and Reed, 1971). The trace element
analysis of selected raw samples (L1a, L7, L16, L17 and L18) was carried out by
AAS.

Scanning electron microscopic analysis of raw clay and hand picked plant
remains was performed using a JEOL JSM 5600 LV Microscope as explained in
chapter 2.

Petrographic studies were undertaken using polarizing microscope for mineral

characterisation.

From the technological point of view extensive laboratory investigations were
conducted on the < 45 um fraction of residual china clay L, as it is an economically

viable seam within the Madayi deposit. The physical properties and firing behaviour



were tested for evaluating their utilization in the ceramic industry. Grain size analysis
was carried out by Micromeritics Sedigraph 5100 using calgon as the dispersant.
Viscosity measurement of 63% w/w slurry was undertaken with a Brookfield
viscometer using minimum concentration of sodium polysalt as dispersing agent.
Brightness improvement studies of crude and calcined samples (350°C, 1 h) (Kogel et
al., 1999) were undertaken by chemical leaching using sodium hydrosulphite and
oxalic acid as leaching agents. In the case of leaching with sodium hydrosulphite, the
clay slurry was treated for 30 minutes with stirring. For oxalic acid treatment, samples
were kept undisturbed for a reaction time of 12 h after thorough mixing. All the
experiments were conducted at room temperature in 1:2 clay: water ratio with various
concentrations of the leaching agents. The efficiency of the two reagents on the
brightness improvement for the clays were measured using Color Touch Model ISO
brightness meter. Brightness was measured on dried samples (110°C, 1h) at 457 nm
and the yellowness as a difference in brightness between 570 and 457 nm. The water
of plasticity, green MOR, fired MOR (1250°C) and linear shrinkage (dry and fired,
1250°C), were measured as specified in ASTM standards. Volume shrinkage, bulk
density, water absorption and apparent porosity (ASTM) of the samples were
analysed by firing the samples at temperatures 600, 800, 1000 and 1250°C (one hour
soaking). The fired color of the sintered samples was also noted.

Detailed procedure of all the experimental methods adopted are presented in
Chapter 2.

3.4. Results and Discussions

3.4.1 XRD studies

The mineralogical analysis of raw clay and the < 2 pum fraction are summarized in
Table 3.1. The constituent minerals are expressed as major, minor and trace
depending upon their concentration. In addition, heavy mineral fraction of the
samples from the selected clay layers was also analysed for mineral characterisation.
The mineralogical evaluation of the three different clays: residual white, gray

carbonaceous and hematitic clays are discussed below.



3.4.1.1 Residual white clay (L1a, L1b and L1c)

The residual clays Lla, L1b and Llc consist chiefly of kaolinite and quartz with
appreciable amount of muscovite (Fig.3.3A). Muscovite, which is present in the
parent rock, is relatively more in Lla. Considerable amount of gibbsite and
pyrophyllite are also present in L1b and L1c, along with muscovite. Their absence in
L1a is attributed to lower degree of alteration for these clays. The fine fractions (< 2
um) (Fig.3.3B), of L1b and L1c are devoid of pyrophyllite, showing its complete
conversion to kaolinite. The same conclusion was reported by Heckroodt et al. (1987)
suggesting the formation of pyrophyllite from muscovite during early stages of
weathering and its alteration to kaolinite at a later stage. The reaction involving the

formation of pyrophyllite and its subsequent alteration to kaolinite is as follows:

2KAI3Si3010(0OH); + 6H,Si04 — 3Al,Si4019(OH), + 2K* + 2(OH) + 10H,0

(Muscovite) (Pyrophyllite)
AIgSi4010(OH)2 +5H,0 — Alelz(OH)4 + 2H4Si0O,
(Pyrophyllite) (Kaolinite)

The presence of this 2M1 mica, pyrophyllite in the raw clay samples in uppermost
portions of the weathered profile (L1b and L1c) and their absence with depth (L1a),
where there is higher amount of muscovite supports the above view of alteration.
Microcrystalline quartz and fine-grained mica i.e. illite constitute minor ingredients.
The entire sequence of these residual clays L1a, L1b and L1c shows a similar value
for the mica (illite) crystallinity index (half — height peak breadth of the white mica 10
A peak); Kubler Index (0.3 A260), (Kubler, 1968). This is indicative of the absence of
any diagenetic transformation. The occurrence of illite in these clays solely results
from the disintegration of muscovite.

The concentration of heavy mineral fraction is very little in L1b and Llc.

Muscovite is the major mineral found in this fraction of L1a clay (Fig. 3.3C).



Table 3.1. Semiquantitative mineralogical analysis by XRD (raw clay and <2 um fraction)

Sample K Sm M Py | Gi Q P Ma He A

Raw clay:

Lla e flekal Fkk

L1b Fkk ** ** * * falaie

Lic Fkk ** ** * * falaie

L3 ey ok oy ey ey *

L5 folelad **

L7 sy sy ra— s s *

L9 sy sy ra— s s

L11 e o Hxk ey ey

L13 e o * *

L15 e ey ey

L16 e * s

L17 oy ra— s

L18 * ra— * s

<2pum

Lla falalal **

L1b falalal wx * *

Lic falalal wx * *

L3 sy s s s s

L5 sy * s

L7 sy s . s s

L9 s Hoxk s s

L11 Fxk *x

L13 falalal * *

L15 falalal wx * *

L16 ool **

L17 ool **
K-kaolinite, Sm- smectite, M- muscovite, Py- pyrophyllite, I- illite, Gi- gibbsite, Q- quartz, P- pyrite,

Ma- marcasite, He- hematite, A- anatase.
major ***, minor **, trace* minerals
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Fig.3.3A. X-ray diffractograms of raw clay samples: L1a, L1b and L1c- the lowermost
residual clay layer, L3, L5, L7, L9, L11, L13, L15- the carbonaceous gray clay with
decreasing order of depth from the top, L16- ferruginous clay, L17-lateritised clay and
L18- bauxite. K- Kaolinite, Py- Pyrophyllite, Gi- Gibbsite,Q- Quartz, P- Pyrite, Ma-
Marcasite, M- Muscovite, He- Hematite, A- Anatase.

3.4.1.2 Gray carbonaceous clay (L3, L5, L7, L9, L11, L13 and L15)

Most of the gray carbonaceous clays, except L5, exhibit an association of pyrite and
marcasite along with kaolinite, quartz and gibbsite. Sedimentary pyrite formation
occurs during the reaction of detrital iron mineral with H,S, which was formed by the
reduction of sulphate by bacteria in the presence of organic matter (Berner, 1984).The
XRD analysis of the sample from the black patched portion indicates the presence of
FeS, (Fig.3.3D - a). The small shoulder at 3.52 A in the XRD patterns (Fig.3.3A)

of L3 and L7 indicates anatase. Trace amounts of smectite (14 A) was identified in



L5 (Fig.3.3B). The formation of smectite is favoured by a microenvironment with
poor drainage and hence, minimum leaching condition with relatively high metal ion

concentrations (Keller, 1985).
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Fig.3.3B. XRD patterns of oriented < 2 um clay fraction: L1a, L1b, L1c- the lowermost
residual clay layer; L3, L5, L7, L9, L11, L13, L15- the carbonaceous gray clay with
decreasing order of depth from the top; L16- ferruginous clay and L17- lateritised clay.
K- Kaolinite, Gi- Gibbsite, Sm- Smectite Q- Quartz, P- Pyrite, Ma- Marcasite, I- illite,
He- Hematite, A- Anatase.

Gibbsite identified by the 4.84 A peak in L3, L5, L7, L9 and L11 give evidences of
intense leaching in strongly deionized environment under tropical climate (Vazquez,
1981) during desilication i.e. dissolution of Si from its aluminosilicate parent material.
From the available information it is not clear whether the gibbsite found in these

carbonaceous clay is the product of post or pre-depositional alteration. The



association of the above minerals, gibbsite and smectite in the same clay resulted from
the changes in the microenvironment during the clay deposition or formation. Fine
quartz grains (< 2 um) were noted in the carbonaceous clays having high amounts of
marcasite/pyrite (evident from peak intensity, Fig.3.3B). Chen et al. (1997) suggests
formation of microcrystalline quartz as a result of rearrangement of feldspar and
muscovite structure during kaolinization or kaolinite recrystallisation. Heavy mineral
fraction of the selected samples L3 and L11 are shown in Fig. 3.3C. For L3, the
mineralogical association includes pyrite, marcasite, anatase and rutile. Sillimanite is

the sole mineral identified in this fraction of L11 clay.
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Fig.3.3C. XRD patterns of heavy mineral fraction of the selected samples L1a, L3, L11
and L17: M- Muscovite, S- Sillimanite, P- Pyrite, A- Anatase, R- Rutile, K- Kaolinite and
He- Hematite.

3.4.1.3 Hematitic clay (L16, L17 and L18)

The ferruginous clays L16 and L17 show an assemblage of kaolinite, quartz and
hematite. Hematite is concentrated in the fine clay fraction. The uppermost hard
bauxitic crust consists entirely of gibbsite and hematite. Here kaolinite is found only
in traces. The intensity of leaching of silica and alumina from this rock, which is
present in the topmost portion of the profile, is evident from the presence of small iron
nail like material strewn through out the uppermost portion of the bauxitic crust



(Fig.3.2B). The XRD analysis shows that this material is entirely of hematite
(Fig.3.3D-b), which has a higher crystallinity than that of the hematite in laterite and
bauxite as evident from the sharp peaks (Fig.3.3A). The concentration of hematite in
the uppermost portion of this clay profile shows a congruent dissolution of kaolinite
by removal of SiO, and Al,O3 and simultaneous enrichment of Fe,O3, which occurs at
the final stage of intense tropical weathering. The XRD analysis indicates that, as the
intensity of weathering progresses, the crystallinity of the above iron mineral also
increases. The above mineralogical evidences confirm that the hematite needles are
the products of leached out remains of the bauxitic crust. Such hard iron oxide crusts
are extremely wide spread in tropical countries due to lateritic weathering (Bruckner,
1952). Low intensity peak of kaolinite in heavy fractions in these clays shows the
presence of this aluminosilicate as occlusion within hematite (Fig 3.3C).
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Fig.3.3D. XRD patterns of a) Pyrite patch from gray carbonaceous clay L9 and b) Iron
needles from the topmost bauxitic clay L18. K- Kaolinite, Q- Quartz, Ma- Marcasite, P-
Pyrite, He- Hematite.

The presence of hematite indicates an oxidizing environment and the presence of Fe-
sulphide a reducing environmental condition during the formation or deposition of

gray carbonaceous and ferruginous clay layers.



3.4.2 Crystallinity Index Measurements

Kaolinite crystallinity index measurements: HI- Hinckley Index (Hinckley, 1963),
FWHM 001 and FWHM 002- index of Amigo et al. (1987) are given in table 3.2. The
crystallinity indices of the kaolinite from different layers show variation.

The Hinckley crystallinity index of kaolinite varies from one clay layer to the
other (Table 3.2). This variability may be attributed to the differences in the
geological environment viz. the intensity of weathering and the extent of
transportation suffered by the clay during their formation/deposition (Brindley et al,
1986). Hinckley crystallinity index varies between 0.44(L5) to 1.10(Lla). The
Amigo index also shows a similar trend in order- disorder for clays from different

layers.

3.4.3 Chemical assay of clays from different layers
The chemical analysis data and pH values of the samples from residual white, gray

carbonaceous and hematitic clay layers are briefly discussed below (Table 3.2).

3.4.3.1 Residual white clays: L1a, L1b and L1c

The SiO; and Al,O; contents of Lla, L1b and Llc were consistent with the
mineralogical observations. Percentage of K,O was found to be in the order
Lla>L1b>L1c. The relatively lower K,O concentration in L1b and L1c compared to
L1a from the same seam at 5-10 meters of depth difference indicates its preferential
leaching from muscovite. Higher Fe,O3 (2.17%), Na,O (0.26%), CaO (0.22%) and
MgO (0.23%) for this clay (L1a) reflects a lower intensity of leaching of the parent

material with depth.

3.4.3.2 Gray carbonaceous clays: L3, L5, L7, L9, L11, L13 and L15

The major oxide, SiO, in gray carbonaceous clay is relatively lower than that in the
residual clays described above. This might possibly be due the winnowing action
during transportation and sedimentation. Lack of a particular trend in the TiO,
distribution with depth, indicates its immobile nature, during weathering. MgO
concentrated in fines is attributed to smectite. High Fe,O3 accounts for the presence

of FeS, minerals, marcasite and pyrite (Table 3. 2).



Table 3.2. Chemical analysis of clay samples from different layers (wt%)

[la [Lib |Lic |L3 |15 [L7 [L9 [LilL [L13 [L15 [Li6 |L17 |Li8

67.44 | 6503 | 639 | 3492 | 5107 | 4649 | 35.02 | 52.60 | 43.24 | 37.67 | 43.47 | 28.54 | 9.86
SI02 | 4666 | 45.26 | 46.02 | 36.82 | 38.98 | 38.06 | 37.59 | 40.31 | 41.38 | 30.76 | 28.21 | 34.42

18.77 | 21.61 | 2391 | 2623 | 2692 | 2545 | 28.72 | 27.08 | 33.60 | 37.30 | 20.77 | 31.72 | 41.57
Al2Os | 35 47 | 38.02 | 37.17 | 29.20 | 36.85 | 34.06 | 37.01 | 36.89 | 37.02 | 38.06 | 35.22 | 35.52

217 | 143 | 127 |1076 |1.97 |664 |981 |135 |236 |289 |1L.90 | 2266 | 27.57
F0s | 159 |038 |075 | 682 |126 |534 |2.87 |142 | 134 |2.68 | 2220 | 13.47

057 |002 |130 |100 |098 |144 |159 |135 |L184 |335 | 185 |440 | 113
Ti02 189 (006 |032 |010 |081 |227 |28 |362 |254 |105 |0.16 |215

026 | 016 |012 |026 |018 |029 |022 |021 |017 |018 |037 | 041 |034
N&O 1019 | 045 033 |045 |204 |o067 |053 |067 |058 |0.98 |036 |0.24

251 | 1.90 |1.08 |1.05 |0.60 |224 |224 |373 |150 |120 | 009 |004 |005
KO 1189 |065 [039 (037 |18 |055 |051 |049 |058 |054 |058 |0.05

033 | 023 |00L |004 |007 |00l |003 |00l |005 |027 |021 |019 |039
MO 1516 006 |011 |013 |052 |002 | 015 |0.06 |0.33 |040 |049 |0.21

022 | 010 |013 |013 |028 |039 |04l |018 |013 |014 |038 | 110 |138
€0 1933 | 011 013 |041 |055 |042 |028 |028 |0.13 |0.28 |0.70 |0.82

910 | 950 | 938 |2449 | 1820 |17.33 | 2162 | 13.04 | 17.13 | 17.13 | 12.81 | 11.64 | 18.20
LOI | 1334 | 14.41 | 1460 | 2556 |17.04 |18.36 | 17.93 | 16.02 | 15.43 | 16.75 | 12.08 | 13.00
7 bdl | 021 | 045 |7.23 | 108 |33L |584 |099 |064 |073 |042 |009 |016
FeS/ |bdl | 018 |03l |996 |L15 |847 |1537 | 134 |095 | 136 |bdl |bdl |bdl
o [ 501 |399 |349 |264 |314 |275 |267 |320 |277 |277 |548 |566 |588
H [ 110 |086 |069 |072 |044 |070 |070 | 051 |064 |050 |0.67 |057 |053
SAl
(001) | 0.45 | 050 | 045 |0.45 |050 |050 [0.40 |055 |045 |035 |0.40 |0.45 |0.40
(002) | 0.45 | 045 |040 |0.40 |050 |0.40 [0.38 |050 |040 |0.40 |0.30 |0.40 |035

Upper readings relate to raw clay, Lower readings relate to < 2 um fraction

raw clay, <2 um fraction, HI- Hinckley Index, °- Amigo Index,
bdl - Less than detection limit

3.4.3.3 Hematitic clays: L16, L17 and L18

Hematite contributes to the major source of iron in ferruginous clay (L16), laterite

(L17) and bauxites (L18) and the maximum iron content of this deposit is found in




raw fraction of bauxite (27.57%)(Table 3.2). An upward increase of this transition
element concentration in these layers might have resulted from the leaching out of
silica and alumina from the structure of kaolinite and quartz and simultaneous
enrichment of Fe,O3; mostly in the form of hematite. This is also reflected in the

depletion of concentration of the major element, SiO; (9.86%).

3.4.4 Variation of pH of the clay profile

The pH of the clays ranges from 2.64 to 5.88. The high acidity implies the effect of
ongoing weathering. The acidity correlates with FeS, and organic carbon content. The
pH is the lowest in L3 (2.64) where organic carbon (7.23%) and FeS, (9.96%) are
relatively high. FeS; is highly concentrated in L9 (15.37%), L7 (8.47%) and L3

(9.96%) where the carbon content and Fe,O3 are also high.

3.4.5 Trace Element Analysis

The behaviour of trace element during rock weathering has been discussed by several
investigators (Goldschmidts, 1958; Rankama and Sahama, 1952). The distribution of
trace elements: Cr, Cu, Ni, Pb, Zn, Co and Mn from clay layers: L1b, L7, L16, L17
and L18 show a definite pattern (Fig.3.4).
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Fig.3.4. Trace element patterns of selected clay samples L1b, L7, L16, L17 and L18
(Sample code with * represents the corresponding < 2 um fraction)



The concentration of Cr®* is maximum relative to other ions. Cr®* (0.64 A) has a
radius very similar to those of aluminum AI** (0.57 A) and ferric iron (Fe** 0.67).
Higher Cr content in bauxite could be explained because of the isomorphous
substitution of these ions in aluminous and ferric oxyhydroxy minerals. Elemental
analysis of major constituents also confirms this view, since maximum concentrations
of the above oxides are present in the bauxitic clays.

Cu content falls in the same range in all the clay samples. This element exhibits a
correlation with that of Zn i.e. for an increase in the concentration of Cu, the Zn
content also increases indicating the same trend. Co also shows a comparable
relationship with Zn. For a sample with very high concentration of Co, Zn shows a
high value. The Ni content is maximum for the sedimentary clays and is concentrated
more in the fine fractions, suggesting their concentration during the course of
weathering, transportation and deposition. Mn shows a relatively higher concentration
for the raw fraction of laterites. The concentration of trace elements has a strong
relation with the concentration of total iron. Total trace element concentration is
maximum in bauxite (2788 ppm), where there is a higher amount of iron. This
phenomenon is evident from the chemical analysis data as well. The above evidences
of variation in the trace constituents resulted from the varying petrogenetic conditions

that the rock was subjected to.

3.4.6 Thermal studies
The thermal studies of kaolinite are undertaken using differential thermal and
thermogravimetric analysis. The characteristic patterns of the fine fractions (< 2 um)

have been presented in Fig. 3.5A & B.

3.4.6.1 DTA studies

DTA patterns (Fig. 3.5A) show features related to the mineralogical assemblage and
the kaolinite structure.The endotherm due to dehydroxylation and exotherm resulting
in a new phase formation (mullite) are seen in the range 487 to 542°C and 955 to
1003°C respectively. Higher exothermic temperatures for kaolinite were noted in L1b
(1000.9°C) and Llc (1003.5°C) and lower peak temperatures were noted in the
uppermost bauxite, where the concentration of kaolinite is the least (954.8°C).
Compared to the residual clays L1b and Llc, the sample Lla has relatively lower



endothermic and exothermic peak temperatures. This results from the presence of

illite, i.e. finely divided mica which remains in the system as an impurity.
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Fig. 3.5A. Differential thermal analysis curves of <2 um fraction showing
varying endothermic-exothermic temperature

The exothermic peak typical of kaolinite is not prominent in L3, L7 and L9 where
there is higher concentration of pyrite, which can give a mild fluxing action affecting
the thermal property. An additional peak at 450°C was also noticed in the above clays,
which is characteristic of pyrite (Grimshaw and Searle, 1958). X- ray analysis and

chemical assay also support this evidence. The dehydroxylation temperature at 277 to



291°C is of gibbsite. The above mineral is concentrated more in the uppermost
bauxite, as evident from the intensity of the endothermic peak at 289°C.
3.4.6.2 TG studies

The thermogravimetric patterns (Fig.3.5B) of the fine fraction is consistent with

mineralogical and chemical analysis.
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Fig. 3.5B. Thermogravimetric curves of < 2 um fraction indicating varying percentage
weight loss depending on mineral assemblages.

The weight loss during thermal treatment is maximum for the carbonaceous clays.
The maximum value of weight loss is for L3 (34.13%) where there is higher FeS, and

organic matter and a lower value is noticed for the L16 (12.8%), the ferruginous clay



layer. In bauxite the abrupt weight loss at around 289°C results from the
dehydroxylation of gibbsite. Very low weight losses around this temperature were
also noticed for the samples L11, L7, L5 and L3 due to the presence of the above

mineral in traces. This is also confirmed from the mineralogical analysis.

3.4.7 FTIR studies

The structural analysis of kaolinite by XRD and DTA was further complemented by
its detailed FTIR studies as well. Fine < 2 um fractions of clay samples after the
removal of iron, organic carbon and carbonates (Al-Khalissi and Worrall, 1982) were
subjected to IR spectral studies. The spectra (Fig.3.6) gave valuable information about
the degree of crystallinity and regularity of the structure of the clay minerals (Russell,
1987). IR spectra show the prominent peak of kaolinite: 3620- 3700 cm™ (—OH
stretching), 1000-1120 cm™ (-Si-O stretching), 910-940 cm™ (—~OH bending) and 400-
550 cm™ (-Si-O bending) vibrations (Farmer, 1979). The difference in band intensities
as evident from the peak height differences, suggest the variation of defects in
kaolinite structure. The doublet between 3694 and 3619 cm™ for L1b, L3, L7, L11,
L13 and L15 is indicative of well ordered kaolinite structure (Farmer, 1979; Russell,
1987). Degree of order for the above clays is also clear from the band intensities at
791 and 751 cm™. The relative intensity of these bands is the same for ordered
kaolinite and the band at 791 cm™ becomes weak with increasing disorder. The
presence of the doublet in the above gray carbonaceous clays, which has lower
Hinckley index (Table 3.2), might be due to the mixture of ordered and disordered
kaolinite. The above features could be explained based on the order/disorder index
proposed by Placon et al. (1989), which measures the relative proportion of high-
defect components. The ordered kaolinites as evident from FTIR spectra are found to
be formed as a result of the recrystallization of low order detrital ones. The above
evidence of recrystallization is further clear from SEM studies. But in the case of
bauxite, L18 the IR peak shows a different pattern. The OH bands around 3653 cm™,
shows a slight shift towards the lower value of wavenumber i.e. around 3647 cm™. In
addition, the intensity of the 3694 cm™ peak is much less compared to the 3619 cm™
peak, indicating a lower order of crystallinity. In all other clay samples, 3694 cm™

peak is more intense compared to the other. In addition prominent peaks characteristic



of gibbsite occurs at 3529, 3449, 3392 and 3377 cm™ in the OH stretching region. The
-Si-0 stretching, —OH bending and -Si-O bands show slight shift in the peak values.
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Fig. 3.6. FTIR spectra of < 2 um clay sample (3800 -3350cm-") (1500-400cm-') with
weak doublet between 3694 and 3619 cm' and relative intensities of 791 cm-!
and 751 cm-' reflecting the crystalline order of kaolinite; note the variation in the
peak value of L18 reflecting high gibbsite concentration.

3.4.8 Morphological Studies

Scanning electron micrographs and Optical micrographs of clay from L1b, L3, L5,
L15, L16, L17, L18 and the fossilized plant remains clearly indicate the geochemical



processes and the environment in the genesis of the three distinct clays, residual white
clay, sedimentary gray carbonaceous and the hematite rich clays in this particular

deposit.

3.4.8.1 Residual white clay

Optical microscopic studies of mineral grain collected from the residual clay layer,
shows the variation in the intensity of alteration which reflects the leaching
conditions. This variation is very prominent from the textural features of muscovite
(Fig.3.7). The residual clay L1a, which is at greater depth compared to L1b and L1c
of the same seam shows ample well developed platy muscovite grains with a little
alteration (Fig.3.7a- d). The grains a, b and d show sharp grain outline. Some of the
grains show coating of iron oxide on their surfaces (Fig.3.7c). The extent of alteration
of muscovite increases upward in the clay profile. For L1b most of the muscovite
grains are corroded with numerous etch pits on their surfaces and edges (Fig.3.7 e-h).
The muscovite grain from the uppermost residual clay layer L1c is found to be altered
with features such as etched surfaces and embayed edges (Fig.3.7i). The crystal edges
are found to be rounded in contrast with the one from the lower most L1la sample

depicting the intensity of weathering under acid rich environment.

Quartz grains show rainbow like features on their surfaces due to difference in
the order of interference colours (Fig.3.8a- c), reflecting the non-uniformity in the
thickness of the grains. Some of these grains show inclusions of anatase/rutile and

zircon (Fig.3.8b and c).

The heavy minerals from Lla show some opaque grains, with alteration features
(Fig.3.8 d & e). These opaque grains are absent in the uppermost layers showing their
complete leaching or transformation during weathering. In addition to this, the
mineral anatase (TiOy) in traces is also present in all the layers, Lla-c (Fig.3.8.f&g).
Considerable amount of zircon grains of varying size and shapes are also noticed
(Fig.3.8 h—1).



Fig.3.7. Optical micrographs of muscovite from the residual clay profile showing features
indicative of varying intensity of leaching:
[a-d]: Muscovite from L1a: relatively less altered with sharp edges;
[e-h]: Muscovite from L1b: corroded with etch pits;
[i] : Muscovite from L1c: highly altered with embayed edges.
(X denotes magnification; o- under open nicols, c- under crossed nicols)



Fig.3.8. Optical micrographs of heavy and light fractions from the residual clay layer:
[a-c]: Quartz grains with rainbow features resulting from varying thickness of the
grain surface, inclusions of anatase/ zircon are numerous within these grains;
[d &e] : Opaque iron mineral from L1a with features of alteration;
[feg]: Anatase;
[h=1]: Zircon of different color and crystal features
(X denotes magnification; o- under open nicols, c- under crossed nicols)



SEM pictures show vermicular and book like morphology for the residual L1b clay
(Fig.3.9A). Almost all kaolinite grains exhibit a face-to-face pattern of arrangement of
platy crystals (Fig.3.9A). The residual kaolinite shows crystals with angular edges
(Fig.3.9A&B), suggesting their lack of wearing of edges due to in situ formation. The
irregular angular kaolinite edge is characteristic of actively growing crystals (Keller,
1985). Kaolinite grains were found at the edge of micaceous stacks or books
suggesting the alteration of muscovite to kaolinite (Fig.3.9B). This particular
morphology implies the initiation of kaolinization from the edge and weak cleavage
planes of the muscovite stacks. For the formation of kaolinite from muscovite, it is
necessary to remove potassium from the muscovite structure and to bring protons
from the surrounding water that gets transformed to OH group, which finally co-

ordinates with the aluminum according to the equation:

2KA|2(Si3A|Olo) +2H" + 3H,0 —» 15A|4(S|4010)(OH)8 +2K*

Rebuilding of a 2:1 mica layer into a 1:1 kaolinite layer requires displacement of
part of Si ** and AI** ions. The muscovite stacks show a typical fanning out texture,
formed by the release of K during hydration or hydrolysis (Stoch and Sikora et al.,
1976; Chen et al., 1997) forming numerous lenticular voids along the cleavage planes.
The formation of these lenticular voids during weathering is attributed to the volume
decrease during the collapse of the muscovite structure (Robertson and Eggleton,
1991). These lenticular voids indicate an incomplete stage for kaolinization, since
they disappear during the completion of weathering of the primary phyllosilicates
(Chen et al., 1997; Robertson and Eggleton, 1991). Compact tabular muscovite grains
(Fig.3.9C) without any indication of alteration could also be identified. The K
deficient muscovite crystals characteristically had a more irregular shape than the

typical prismatic laths of fresh muscovite.



Fig.3.9. Scanning electron micrographs illustrating residual clay A) Kaolinite books
(arrow), with irregular edges showing in situ crystallization and friated appearance,
indicative of mica alteration. B) Fanning out of muscovite (m), along with kaolinite (k) at
the edges, with numerous lenticular voids (v) between the flakes due to K leaching C)
Muscovite grain (m) without alteration, embedded within the kaolinite platelets.



Fig.3.9A

Fig.3.9B

Fig.3.9C



Fossilized plant roots from the uppermost residual clay shows mineralization. Figures
3.10 (A-D) show the features of mineralisation within handpicked plant remains from
uppermost portion L1c of the residual clay. These roots show solution pits formed as
a result of the percolation of ion enriched weathering solution (Fig.3.10A). Numerous
crystals were found within the plant roots exhibiting in situ crystallising morphology.
These crystals were found to grow from the side wall towards the centre of the pit
suggesting localised area of supersaturation of the precipitating solution (Fig.3.10B).
In situ pyrite crystals show morphology of octahedron, pyritohedron, dodecahedron
and octahedron-cube combination (Fig.3.10C). These particular crystal morphologies
are similar to that of pyrite forming from an undersaturated solution (White et al.,
1991). The euhedral texture of FeS, develops due to the crystallization of iron
sulphide by concentration of Fe and S after transportation over a distance of many
centimeters in the enclosing sediments (Raiswell, 1982). Numerous etch pits were
also found on the surface of the grain (Fig.3.10C), formed as a result of ongoing
weathering, during the percolation of ions enriched solutions. Partially developed
pyrite crystals with octahedral and dodecahedral crystal morphology were also
identified (Fig.3.10D). By applying the general law of crystallization imperfect
crystals develop as results of irregular rate of crystallization. These FeS,
mineralization in the residual white clay might have been resulted from the influence
of the leached out acid rich pore water from the overlying organic and FeS; enriched

gray carbonaceous clay layers during oxidation.

Fig.3.10A. Solution pits within fossilized plants remain.



Fig.3.10B. In situ mineralization in the pits of fossilised plant remains indicating local
area of supersaturation of crystallizing solution.

Fig.3.10C. In situ crystallization of Fe-sulphide crystals with o) octahedral, d)
dodecahedral, p) pyritohedral, c) cube-octahedral combination. The grains show etched
pits on their surface.



Fig.3.10D. Partially developed pyrite crystal showing octahedral-dodecahedral
morphology.

3.4.8.2 Gray carbonaceous clay

SEM analysis of these clays shows two types of kaolinite formation in addition to its
detrital character. Clay fraction (L5) shows a swirl texture (Fig.3.11A) with face-to-
face arrangement of grains suggesting their detrital origin (Keller., 1978). In the
sedimentary clay L15, finer clay grains are agglomerated during their deposition by
the cementing effect of organic matter (Fig.3.11B), thereby giving a flower like
appearance.

The lowermost gray carbonaceous clay (L3) has two types of grains (Fig.3.11C),
suggesting the diversity of the environment for their formation. The smaller kaolinite
grains are angular with a typical face-to-face arrangement, surrounding larger
hexagonal grains having smooth edges. These bimodal features indicate that the finer
grains are a recrystallized product and the coarser grains are of detrital origin. Such a
texture in kaolinite occurs due to in situ formation of this particular mineral in a
waterlaiden condition from silicate parent material (Keller, 1978).

The fossilized plant remains collected from the gray carbonaceous clay L15 show
percolation pits (Fig.3.11D). Within these pits a second type of in situ kaolinite

mineralization are found. Here stacks of kaolinite platelets are found grown into the



cubic etched pits formed by the dissolution of the cubic pyrite (Fig.3.11E), suggesting
the kaolinite crystallization, after the removal of FeS; during oxidation. Oxidation of
organic matter along with FeS; leads to the formation of acid rich pore fluid which
will disintegrate and dissolve the kaolinite and reprecipitating this Al-Si rich ionic
solution within the microenvironment of plant fossils, thereby developing authigenic
kaolinite. Simultaneously dissolution of FeS, under oxidizing condition allows the
percolation of acid rich water through the available pores and cavities within the clay.
The iron released during dissolution precipitates as Fe-oxyhydroxides. The overall
reaction for complete pyrite oxidation and hydrolysis of iron to Fe** is:
FeS, + (15/4)0, + (7/2)H,0 — Fe(OH)3; + 2H,SO,4 (Nordstrom, 1982)

Microscopic examination of reddish yellow clay encircling the plant fossils in
mottled L15 clay shows some minerals, which are amorphous and with corn flake like
texture. This may be smectite, probably formed as a result of low leaching
environment due to the precipitation of amorphous Fe-oxyhydroxides (Fig.3.12A)
during FeS; dissolution. The typical morphology of Fe-oxyhydroxide grain indicating
in situ crystallization is shown in Fig.3.12B.

Fig.3.11A. Swirl texture with face-to-face arrangement of platy grains indicating the
detrital origin of gray carbonaceous clay.



Fig.3.11B. Agglomeration of kaolinite by organic matter giving a flower like
appearance.

Fig.3.11C. Kaolinite of bimodal origin, face-to-face arrangement of fine platelets of
kaolinite (arrow) surrounding larger ones, product of in situ crystallization from water
laiden environment.



Fig.3.11D. Percolation pits within the fossilized plant remains from the gray
carbonaceous clay layer L15.

Fig.3.11E. Plant remains from uppermost gray carbonaceous clay L15: kaolinite
crystals, product of crystallization from Si & Al rich solution which is found to be
intergrown into the etched pits of cubic Fe-sulphide.



Fig.3.12. Scanning electron micrographs showing smectite and secondary iron
oxides A) smectite precipitation (s) with corn flake like texture and amorphous
Fe-hydroxides (a); B) Crystal of Fe-oxyhydroxide showing in situ crystallization.

Optical microscopic analysis showed that most of the heavy minerals in these layers
are opaque. The heavy fraction separated from the L11 clay shows the assemblages
of sillimanite of varying crystal features (irregular and long slender prismatic
crystals). The presence of this mineral in major amount is confirmed from the XRD
analysis of the heavy fraction (Fig.3.3C). In these clays traces of rutile and anatase are
also present (Fig.3.13 b & d).



Fig. 3.13. Optical micrographs of heavy minerals from sedimentary clay layers:

[a-d] : Association of sillimanite, anatase & rutile from L11-gray carbonaceous
clay;

[e - h] : Non magnetic fraction of heavy minerals L17 (lateritic clay); e- anatase,
f- zircon with inclusion, g- iron oxide coated grain, h- hematite with
earthy appearance;

[i & j] : Magnetic fractions from L7 & L17 respectively.

(X denotes magpnification; under open nicols)



3.4.8.3 Hematitic clays

Morphological features of hematitic clays are different from that of the residual and
gray carbonaceous clays. Figures 3.14 (A-D) show scanning electron micrographs of
clays from hematite rich layers, L16, L17 and L18.

The SEM examination of L16 clay shows the agglomeration of finer particles, by
the cementing effect of hematite or amorphous Fe-oxyhydroxides (Fig.3.14A). In this
genetic environment the in situ kaolinization or the features of kaolinite
recrystallization are absent. This is also evident from the FTIR patterns, where
kaolinite shows a lower crystallinity.

The hematite rich lateritic clay layers show an entirely different morphological
feature (Fig. 3.14B). Here crystal features of the kaolinite grain could not be identified
due to the coating of iron. Numerous studies exist on the petrographic and
morphological character of laterites (Alexander and Cady 1962; Hamilton, 1964;
Kubiena, 1954, 1970; Eswaran et al., 1981). During the intense lateritisation,
recrystallization and mobilization of iron occurs at the early stages, which gets
accumulated in the kaolinite matrix. Later the intensity of deposition of iron on
kaolinite matrix increases due to the leaching of SiO, and these Fe- oxyhydroxides
form a coalescing mass (Hamilton, 1964). Eswaran, et al. (1977; 1978) indicated the
crystallization of gibbsite at this stage of transformation. The SEM (Fig.3.14B) shows
such an in situ formation of fine gibbsite crystals in voids along with the coalescence
mass of iron (arrow) indicating the intensity of lateritisation for this layer.

The uppermost iron rich bauxitic layer megascopically shows alternate dark
(cherry red) and bright layering (yellowish) in some portions giving a banded
appearance (Fig.3.2A) This again emphasises the segregation of iron in this
weathering environment. The hard, highly compact bauxite shows vesicles in some
portions exhibiting vesicular texture, which occurs due to leaching of SiO, and
consequent remobilization of the oxides, Fe,O3 and Al,Os.

Scanning electron micrograph (Fig.3.14C) indicates that the coalescence mass of
iron gets aggregated in the form of tubes due to the advanced stage of remobilization.
The bauxite surface is found to be more or less massive except these aggregates. This
hard, compacted bauxitic crust might have resulted by the cementing action of the
cryptocrystalline iron mineral. Figure 3.14D shows the magnified portion of the



cryptocrystalline phase of these iron minerals. This cement gives the material its
rigidity and toughness.

The above process of hardening has received considerable attention. According to
Alexander and Cady (1962) these hardening effects resulted from an increase in the
crystallinity of the iron oxide during the hardening phase of lateritization. Eswaran
and Raghumohan (1973) established the interlocking network nature of the goethite in
SEM analysis in their studies of lateritic crust. Apart from the crystallinity, a change
from one kind of mineral to another is postulated by several workers to explain the
hardening. The XRD analysis confirms the presence of higher hematite concentration

having good crystallinity in these bauxitic clays (Fig.3.3A).

Fig.3.14A. Agglomerated kaolinite platelets with amorphous iron oxide coating
in hematite-rich clay, L16.



Fig.3.14B. Collomorphous precipitation of amorphous Fe-oxides on kaolinite
surface with in situ cryptocrystalline gibbsite in voids (arrow) indicative of
recrystallisation of lateritised clay, L17.

Fig.3.14C. Remobilization of iron into tubes as a result of incongruent
dissolution of Al,0; and SiO; during bauxitisation



Fig. 3.14D. Magnification of the cryptocrystalline iron mineral from
bauxite

The optical microscopic features show ferric coating on the surface of most of the
grains. Good amount of anatase and zircon are also present (Fig.3.13 e & f). Zircon
shows inclusions along the axis of the grain (Fig.3.13f). Brownish-red grain with
earthy appearance is characteristic of hematite (Fig.3.13h).  Photomicrograph

(Fig.3.13j) shows the opaque magnetic heavy fraction of L17 (laterites).

Above evidences indicate that both oxidizing and reducing conditions have influenced
the entire clay deposit. The oxidized weathering condition which led to the formation
of hard bauxitic crust, laterite and hematite rich clay enhanced the dissolution of the
FeS, present in the gray carbonaceous clay layers, creating a high acid environment in
which dissolution and reprecipitation of microcrystalline quartz and authigenic
kaolinite occurred. In addition, the percolation of these SO, ions rendered the deposit
more acidic resulting in the subsequent crystallization of FeS, in the
microenvironment within the plant fossils in the residual white clay. The presence of
overlying sedimentary deposits of Warakallai Formation preserves the underlying

residual white clay deposit from intense post-Warkallai—pre-Quaternary lateritisation.



3.4.9 Industrial applications of white clay from seam L.

Chemical characterisation of the < 45 um samples are given in table 3.3.

Table 3.3 Chemical characterisation of < 45 um fraction (wt %)

SIOZ A|203 Fe,O3 FeO TIOZ CaOo Na,O K,O LOI

4541 |38.88 |0.72 0.06 [0.03 |0.14 0.17 0.48 14.19

Commercial evaluation of the representative sample of white clay from L is given in
table 3.4. The recovery of < 45 um fraction was 46% (Table 3.4). In this fraction, the
< 2 um fraction is 48%. Calcination of kaolinite prior to bleaching using sodium
hydrosulphite causes an enhancement in brightness of about 7.91 units compared to
the crude clay. Correspondingly the yellowness value also decreases by 1.57 units.
Such an improvement indicates that the clay contains goethitic iron impurity (Kogel et
al., 1999) which converts into hematite during calcining and is leached more
efficiently. But bleaching using oxalic acid as sequestering agent could not improve
the property as that of sodium hydrosulphite. The pinkish white fired colour of the
clay even after bleaching shows the presence of colour imparting impurities. Table 3.4
presents the fired properties of the samples viz. fired shrinkage, water absorption,
apparent porosity and bulk density at 600, 800, 900 and 1250°C. Samples sintered at
1250°C exhibit increase in fired shrinkage (24.26%) and bulk density (0.82), with a
corresponding reduction of apparent porosity (17.3%) and water absorption (33.26%).

This also results in a drastic increase in MOR of about 235 kgf/cm?.



Table 3.4. Physical properties of china clay (< 45 um sample)

Clay recovery 46%

Raw colour Buff

Particle size distribution:

<2 pm 48%
<5pum 2%
<10 um 89%
<20 pm 99.5%
> 20 um 0.5%
Brightness/Yellowness of raw clay 58.48/10.9%
Brightness/Yellowness of calcined clay 62.32/11.02%
Brightness/Yellowness after bleaching using 0.4%:
Sodium hydrosulphite 58.48/10.5%
Oxalic acid 58.90/10.5%
Brightness/Yellowness after calcination and bleaching using 0.4%
Sodium hydrosulphite 66.26/9.35%
Oxalic acid 64.56/10.1%
Viscosity 621 cps
Water of plasticity 40.2%
Dry linear shrinkage 3.9%
Green MOR 5.59 kgf/cm?
Fired properties:
Fired colour Pinkish white
Fired linear shrinkage (1250°C) 16.08%
Fired MOR (1250°C) 235 kgf/cm?
600°C 800°C 1000°C 1250°C
Fired volume shrinkage % 1.17 2.30 10.00 24.46
Water absorption % 44.35 42.69 38.27 33.26
Apparent porosity % 22.40 21.35 19.13 17.3
Bulk density g/cm® 0.66 0.68 0.69 0.819




3.5 Conclusion

The present investigation indicates that the mineralogy, chemistry and morphology of

the associated minerals in this deposit have a close bearing on the formation

environment. The nature of the agents, which were active during the formation or

deposition of clays are evident from the above evaluations. The variation in kaolinite

character in each layer as evident from XRD, DTA, FTIR, chemical analysis and

SEM is related to the petrogenetic, stratigraphic and post depositional conditions. It is

found that kaolinite within the same deposit itself has been formed under three genetic

environmental conditions:

1. Oxidizing conditions for the detrital hematite rich layers L16, L17 and L18.

2. Reducing environment for the deposition of FeS, enriched gray carbonaceous
kaolinite seams and

3. Intense lateritised weathering conditions for the formation of the economically

viable residual white clay L.

The structural and morphological studies indicate that the remobilization of Al,O3
and SiO; and consequent crystallization of AI(OH); (gibbsite) in this hematite
enriched environment results from bauxitization under an intense tropical climate. In
addition, the above study shows the recrystallisation of kaolinite in the gray
carbonaceous clays, which is enriched in FeS,. Clay in L3, showed textures
characteristic of detrital and also in situ crystallization under water laiden condition.
In situ kaolinization into etched FeS, pits from Al-Si enriched ionic solution occurs
within the plant remains of (L15) carbonaceous clay in an organic enriched
environment.  Mineralization in plant remains in Llc indicates that this
microenvironment does not favour the in situ kaolinite crystallization in the absence
of ample amount of organic chelators as in gray carbonaceous clay. The mineralogical
assemblages such as pyrophyllite and muscovite with its typical morphology of
fanning out texture with lenticular voids and leached pits in pyrite crystals found
within the plant remains from L1c indicate that the kaolinization of this deposit is not
yet complete. This is further proven by the trace element analysis where their
concentration is the least for the residual clay L1b, which has undergone relatively
less weathering. The sedimentary clay deposits of the Warkallai formation has a
major role in preserving the underlying residual white clay form the ongoing

lateritisation.



Technological evaluation of this clay, which has a recovery of 46%, points out
that this spatially wide deposit could be commercially exploited in ceramic industry.
A comparison of the specifications of this clay with ASTM indicates that this clay is
suitable for white ware and sanitary ware applications.



Chapter 4
Part - |
Geochemical, Mineralogical and Morphological

Investigation on Kundara Kaolin Deposit, South Kerala

4.1.1 Introduction

Kaolinite deposits of Kerala are closely associated with lateritization. Lateritic
weathering of Fe bearing rock in tropical areas produces various mineral sequences.
Almost all kaolin deposits formed under the above weathering mechanism are invariably
associated with both amorphous and discrete forms of Fe and Ti minerals. These include
goethite (a- FeOOH), hematite (a-Fe;0Os3), lepidocrocite (y-FeOOH), feroxyhyte (o-
FeOOH), maghemite (y-Fe,03), ferrihydrite (5Fe,03.9H,0), ilmenite (FeTiO3) and rutile/
anatase (TiO;). Each of the above forms of iron minerals is a natural indicator for the
evaluation of geochemical environment of kaolinite formation (Schwertmann and Taylor,
1977). These mineral impurities within a deposit impart an undesirable property of
impairing whiteness and increasing yellowness thereby degrading the quality of kaolin.
The kaolin deposit of Kundara, Southern Kerala (8° 54’ N; 76° 40.5' E) (Fig. 4.1.1A)
is associated with a vast reserve of ~ 6 lakh tons of kaolinite. The peculiarity of this
deposit is that, the residual white clay on exposure develops yellow pigmentous coating
much faster than kaolinite deposits occurring elsewhere in the state, probably resulting
from the rapidity in the geochemical phenomenon of Fe?* to Fe** transformation. The aim
of the present study is to understand the geochemistry of this particular deposit, giving
emphasis to the distribution of iron, in order to reveal the unique geochemical feature of

quick colouration of the white clay.



4.1.2 Geologic Setting

Kundara kaolinite deposit of southern peninsular India is located in the eastern periphery

of the Cenozoic sedimentary basin of South Kerala (Fig.4.1.1A).
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Fig. 4.1.1B. Geological map indicating the association of different types of rock in and
around Kundara (after Nair and Chandran, 1989).



The Geological Survey of India has demarcated an area around 250 Sq km in Kundara

region of Quilon district as a potential reserve of kaolinite deposit (Fig.4.1.1B).
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Fig. 4.1.1C. Schematic cross-section of Kundara clay deposit.

Geologically the area is dominated by a thick sequence of white residual clay, formed
from Precambrian crystalline rock. The sedimentary Warkallai bed of Upper Tertiary age
is found above this primary deposit (Fig.4.1.1C, 4.1.2A). These Tertiary sedimentary

sequences are extensively lateritised in the uppermost portions and are found to overlie



the entire region. The entire sequences of the clay in this deposit have an overall
thickness of 55 meters. The clay sequences in the mine profile are divided into three
groups: white residual clay, gray carbonaceous clay and hematitic clay for convenience.
The field photographs of the same are given in Fig.4.1.2 and 4.1.3.

The residual white clay is approximately 15 meters thick and sampling from this
seam is done at 5 m interval (K1a, K1b and Kic). These clays show the presence of
garnet patches (Fig.4.1.2B), relict foliation and quartz vein of parent rock, the
garnetiferous biotite gneiss. In addition, prominent black patches (coded as K1b* in the
text of the chapter) of FeS, almost circular in shape of ~ 5-10 cm in diameters are seen in
certain portions of the residual clays, K1b (Fig.4.1.2C). These patches are frequent up to a
depth of 2-8 meters from the top of the residual clay layer and the frequency of the same
decreases with depth. In addition, size of the patches also reduces with depth. Yellow
coloured precipitation is found to encrust these occluded patches at some portions as a
result of oxidation in areas of intense surface weathering. Numerous fossilised plant roots
are preserved at the top 0 - 0.5 meters of the residual clay, indicating an intense growth of
vegetation and consequent weathering of the Precambrian rock prior to Tertiary
sedimentation (Fig.4.1.2D).

The Warkallai beds, which overlie the residual clay are horizontally bedded and
consist of layers of gray carbonaceous clay (K2, K4, K6, K7) and lignite seams (K3, K5)
together making an approximate thickness of 20 meters followed by layers of ferruginous
and variegated clay- K8, sandy clay-K9 and lateritised sandy clay- K10 having maximum
thickness of 1.8, 10.8 and 12.3 meters respectively (Fig.4.1.1C and 4.1.3A-C). The entire
Tertiary deposit has a maximum thickness of around 44 meters and the individual bed has
varying thickness. The intensity of ongoing weathering under tropical climate of this area
is evident from the extent of lateritisation of uppermost Tertiary sandy clay bed.

The entire region is fringed by younger fluvial sediments of Quaternary age towards
the northwestern side and the lateritised Precambrian hard rock borders the east
(Fig.4.1.1B). Tertiary sedimentary sequences of Lower Miocene age with hard
fossiliferous limestone and marl of Quilon Formation are exposed in the cliff section of

Padappakara (towards north west of Kundara mine).



Fig. 4.1.2A. Association of thick sequences of Warkallai sediments and residual white clay.

Fig.4.1.2B. Garnet patches within the residual white clay.



Fig. 4.1.2C. Black FeS; patches within the residual clay (K1b*).

Fig. 4.1.2D. Fossilised roots at the topmost portion of residual clay, indicative of intense
plant growth prior to Tertiary sedimentation.



Fig. 4.1.3A. Hematite rich ferruginous clay layer overlain by the sandy lateritised clay layer -
note the sharp boundary (arrow) which demarcates the two layers.

Fig. 4.1.3B. A thick sequence of sandy lateritised clay layer showing prominent laminations.



Fig. 4.1.3C. Vermicular lateritised clay overlying the sandy clay layer showing the intensity
of lateritisation.



4.1.3 Materials and Methods

Systematic geological observation, documentation and sampling were carried out during
the field visit. Samples were collected from each horizon of the vertical mine profile and
from portions which show the concentration of a particular mineral. Schematic cross
section of Kundara clay deposit (Fig.4.1.1C) shows the sequence and the code of the
samples collected.

Samples were crushed and fine (< 2 um) clay fractions were separated by sedimentation
technique. The < 2 um fraction separated from all the seams are designated as ‘fines’ in
the text of the paper. Heavy mineral content was determined by separation using
bromoform (2.2).

Mineral identification was undertaken using powder diffraction analysis using Philips
PW 1710 X-ray diffractometer with Ni- filtered CuKo radiation (40 kV, 20 mA) at a scan
speed of 1°26/min. Hinckley Index (Hinckley, 1963) and Amigo Index (Amigo et al.,
1987), were calculated for crystallinity index measurements.

Chemical analysis was carried out by classical analytical techniques (Bennett and
Reed, 1971). Concentration of ferrous iron in selected samples was determined by
titration against K,Cr,O- after digestion in HF + H,SO,4. Water soluble SO4* and Fe in
the raw clay of residual layer were also analysed by precipitation using BaCl, and
colourimetric techniques respectively (Jeffery et al., 1989). Organic carbon content in the
raw fractions was determined by oxidative decomposition using K,Cr,O; (Gross, 1971).
The pH of the bulk fractions was determined using 1:4 clay: water ratio. Trace element
analysis of the selected samples, K1b, K6, K7 and K10 was done by AAS (Varian
Spectra AA- 10 Model).

DTA/TGA of the fines was carried out using a Seiko 320 TG/DTA analyser at a
heating rate of 10°C/min in the range ambient-1100°C with alumina as standard.

FTIR absorption spectra of the pretreated fines (Al-Khalissi and Worrall, 1982), were
recorded using Perkin-Elmer spectrophotometer by scanning at a wavelength of 4000 —
400 cm™ using KBr pellets



SEM analysis of fractured clay surfaces and mineral grains was carried out using
JEOL JSM 5600 LV Microscope. Petrographic studies were undertaken using polarizing
microscope for mineral characterization.

Detailed experimental procedures are given in Chapter 2.

4.1.4 Results and Discussions
4.1.4.1 XRD studies

X-ray diffractograms indicate that the clays in different layers show variation in mineral
concentration (Fig.4.1.(4-7)). The mineralogical analysis of raw clay, fines and heavy
fractions of residual white clay, gray carbonaceous clay and hematitic clays are
summarised in Table 4.1.1. The constituent minerals are expressed as major, minor and

trace based on their concentration.

Table 4.1.1. Semiquantitative mineralogical analysis by XRD (raw clay, fines and heavy
fraction)

Sample Raw Fines Heavy

Kla K* Q* B, I° K* QF B*, I, AP pPrP

K1b K* Q" K* QP A" R PSP GoP
K1b* Me*, Q% K¥ P* 3P AP | - -

Klc K* Q* AP K* QP R A% PrP

K2 Gi*, QF K*, AP Gi*, K, Q°F, AP RP | Ma", R*, A% P <P
K4 Q% K® GiP, AP Gi*, K* RP QP AP | A" R* P GoP, &P
K6 Gi*, K* RP, QF Gi*, K*, Q° RP A" RY S

K7 Q% Gi* R K®, AP K* Gi*, QF, RP Ma*, A* R¥ S°

K8 K* Q* HeP K* QP A* R* He®, sP, GoP, KP
K9 Q¥ K® K* QP s* RY AP

K10 Q% K®, HeP K* QP RP R $° He® KP

K1b* represents black patched portion from K1b
K- kaolinite, Q- quartz, B- biotite, Gi- gibbsite, I- ilmenite, Pr- pseudorutile, A- anatase, R- rutile, S- sillimanite, Me-

melanterite, P- pyrite, Ma- marcasite, J- jarosite, He- hematite, Go- goethite

w8 B
-major, = minor and " trace
The sequence of minerals from left to right is in the decreasing order of concentration




Kic

Kilb*

K
B
Kila

T T T T ~T T T T T T A
65 60 55 50 45 40 35 139 25 20 15 10 5

°20 CuKa

Fig. 4.1.4A: X-ray powder diffraction patterns of raw clays from K1a, K1b, K1b* and Kic of the
residual clay at varying depths (K1b* represents black patched portion from K1b layer): K-Kaolinite,
Gi- Gibbsite, Q- Quartz, A- Anatase, R-Rutile, I- limenite, B- Biotite, Me- Melanterite, P- Pyrite and

J- Jarosite.
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Fig. 4.1.4B: X-ray powder diffraction patterns of raw clay from carbonaceous clays K2, K4,
K6 and K7: K-Kaolinite, Gi- Gibbsite, Q- Quartz, A- Anatase, R-Rutile.
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Fig. 4.1.4C: X-ray powder diffraction patterns of raw clays from ferruginous clays- K8, K9 and K10:
K- Kaolinite, Gi- Gibbsite, Q- Quartz, A- Anatase, R- Rutile and He- Hematite.

Fo

Am
AmAln Am
A h l h I H Gi
B B
Go

65 60 55 50 45 40 35 30 25 20 15 10 5

°20 CuKa

Fig. 4.1.5. X- ray powder diffraction patterns of a) hand picked biotite grains from the residual clay-
K1a; b) hand picked garnet grains from the residual clay -K1b; c) yellow precipitation from the
seeped out water of the residual clay: B- Biotite, Go- Goethite, Am- Almandine, K- Kaolinite, Gi-
Gibbsite, V- Vermiculite, Fo- Feroxyhyte.
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Fig. 4.1.6. X-ray powder diffraction patterns of < 2 um fraction from different clay layers: residual

clay — K1b; carbonaceous clays- K2, K4 and K6; and ferruginous clays - K7, K8 and K9: K-

Kaolinite, Gi- Gibbsite, Q- Quartz, A- Anatase and R- Rutile.
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Fig. 4.1.7. X-ray powder diffraction patterns of the heavy fraction of Kundara kaolinite from different
layers residual clay - K1a, K1b and K1c; carbonaceous clays - K2, K4, K6 and K7; ferruginous clay
- K8, K9 and K10: I- limenite, Pr- Pseudorutile, A- Anatase, R- Rutile, S- Sillimanite, J- Jarosite,
Ma- Marcasite, Go- Goethite, He- Hematite and K- Kaolinite.

4.1.4.1.1 Residual white clay- (K1a, K1b and K1c)

The bulk mineralogy of the residual clay Kla, K1b, and Klc (Fig.4.1.4A) includes
kaolinite along with ample amount of quartz. Sample K1a, which is in the lowermost
portion of the residual clay layer, has good amount of biotite and ilmenite. The biotite

peak is absent in K1b and K1c indicating their alteration during the course of weathering.



Biotite which is common in granitic and high grade metamorphic rocks, is reported to be
altered to hydrobiotite, a regularly interstratified biotite-vermiculite phase, vermiculite
and kaolinite (Sawhney, 1977; Brindley et al., 1983). The sample K1a does not show any
evidence of the presence of the interstratified mineral indicating a direct conversion of
biotite to kaolinite as described by Harris et al. (1985). For further confirmation,
concentrated handpicked biotite flakes were examined for its alteration products (Figure
4.1.5 a). The X-ray diffractogram shows only a small hump at lower angle region (around
14 A) indicating a very low amount of vermiculite in this clay. This might be due to the
influence of intense acidic weathering environment, where enhanced destruction and loss
of Fe from mineral surface would occur rapidly. In such geochemical environment
structural transformation to vermiculite is relatively low (Acker and Bricker, 1992). In
addition, prominent 4.13 A peak shows the precipitation of goethite, as evident from the
XRD pattern (Figure 4.1.5 a).

The presence of major concentration of ilmenite in raw fraction of Kla was evident
from the peaks at 2.75, 1.86 and 1.72 A. Heavy fractions of the residual clay show major
concentrations of ilmenite- pseudorutile- anatase/rutile (Fig.4.1.7). Temple (1966)
indicated that ilmenite will be converted to TiO, on oxidation and leaching of the
structural iron. The peaks at 3.04, 2.47 and 2.30 A for Kla indicate the presence of
pseudorutile, the intermediate product of ilmenite weathering. The above mineral is
concentrated more in K1b and found only in traces in Klc. But in these clays, ample
amount of anatase and rutile are present. Anatase concentration was maximum in K1b.
The formation of more amount of anatase than its polymorph rutile in this environment
might be due to the presence of various ions in solution in the weathering environment
(Anand and Gilke, 1984). Rutile is the predominant form of TiO, mineral in K1c. The
presence of the entire paragenesis of the mineral, ilmenite- pseudorutile-anatase/rutile in
the weathering profile confirms the above sequence of formation. The XRD results
indicate that most of the ilmenite was converted to pseudorutile and then to anatase/rutile.
The presence of more amount of pseudorutile in K1b indicates that weathering of this
profile reached a stage in which most of the Fe*? and Fe*® from ilmenite structure are
removed by solid state oxidation and diffusion (Teufer and Temple, 1966). Later these

altered ilmenite is congruently dissolved under acidic reducing condition producing Fe?*



and authigenic TiO, (Temple, 1966; Grey and Reid, 1975). The intensity of the peak also
indicates the extent of alteration.

Fines of residual clays (Table 4.1.1)(Fig.4.1.6) are devoid of titanoferrous mineral.
Along with kaolinite, quartz was also present in traces in this fraction.

The black patched portions of the clay from Kl1b were also analysed for the

mineralogical assemblages.
4.1.4.1.2 Black patched residual clay (K1b*)

Mineralogical assemblages in the raw clay from black pockets in the K1b layer (K1b¥)
include kaolinite, quartz, pyrite, melanterite and jarosite (Table 4.1.1)(Fig.4.1.4A). Pyrite
is the widespread sedimentary authigenic mineral, which forms under reducing
environmental condition in the presence of adequate organic carbon, reactive iron mineral
and dissolved sulphate (Berner,1984). Melanterite and jarosite are the secondary iron
minerals formed as a result of FeS, oxidation. Jarosite (KFe3(SO,4)2(OH)g) is the most
commonly identified basic iron sulphate formed as a result of FeS, leaching
(Bigham,1994). The reaction for the formation of jarosite, as given by Baron and Palmer
(1996), is
K* + 3Fe® + 250, + 6H,0 — KFe3(SO4)2(OH)s + 6H*

Potassium ions needed for the precipitation of the above mineral might have been
taken from the leached out K of feldspars or biotite. The environmental condition
prevailed during the deposition of gray carbonaceous clay influenced the in situ FeS;
formation in the residual clay as a result of elution of the sulphate enriched organic
solution into the residual clay. This probably has resulted in the in situ FeS,
mineralisation in regions of enriched iron, which results from the parent rock alteration.

Later on exposure of the clays during weathering under oxidising environment,
results in the leaching of FeS,, forming jarosite and melanterite. The oxidation of FeS, on
exposure is also clear from the field evidences where the seepage near pyrite patches in
the mine shows reddish-yellow colour, indicating the formation of Fe — aquo complex.
The water from the seepage was collected and the clay is filtered off using whatman No.

42 filter paper. The resultant solution is kept at room temperature and the precipitate



formed as result of ageing has a reddish colour. XRD analysis of the reddish iron formed
from the above leached out water shows prominent diffractions at 1.72, 1.69 and a hump
at 2.54 A, indicative of mineral feroxyhyte and also iron- oxyhydroxides of poor
crystallinity (Fig.4.1.5¢c). Feroxyhyte is reported to be present in the natural environment
where oxidation of Fe?* is rapid. Chukrov et al. (1977) postulated the formation of
feroxyhyte in nature as a result of rapid abiotic oxidation of Fe at neutral to slightly acid
pH.

4.1.4.1.3 Gray carbonaceous clay- (K2, K4, K6 and K7)

Carbonaceous clays contain gibbsite, kaolinite and quartz as the major components and
anatase and rutile as minor constituents (Table 4.1.1)(Fig 4.1.4B). The fine fraction
contains more gibbsite, which is indicative of a strongly deionised environment with
intense and rapid water circulation. The coarser fabric of this clay layers dominated by
sand- sized quartz allowed water to drain more freely, making the silica level in the soil
solution sufficiently low for the formation of gibbsite. This is confirmed from the
presence of maximum concentration of gibbsite in fines of K4, where the coarser raw
fraction contains gibbsite in traces and with abundant quartz. Gibbsite, the widespread
aluminum hydroxide mineral has a tendency to form in acidic solutions (Hsu, 1977).
Schoen and Roberson (1970) stated that, in addition to warm conditions and high rainfall,
good drainage was also required for gibbsite formation. In these conditions equilibrium
between the liquid and solid phases is not reached, which helped to eliminate the mobile
components of the weathering system (bases and silica) allowing alumina to concentrate
in the residual phase.

Titanium mineral anatase/rutile is present in the fines of K2, K4 and K&, indicating
their wearing down or precipitation during the course of transportation or deposition (Fig.
4.1.6). In all these carbonaceous clays the iron bearing titanium mineral
ilmenite/pseudorutile is absent which is attributed to the conversion of these minerals to
more stable rutile or anatase.

The above TiO, polymorphs are almost in equal concentrations in the carbonaceous
clays as evident from the intensity of their peaks (3.2 and 3.4 A) in heavy fraction (Fig.

4.1.7). The FeS, mineral, marcasite was present in K2 and K7, the uppermost and



lowermost carbonaceous layers. Traces of jarosite were also noticed in K2, K4 and K7
indicating the oxidation of the above authigenic mineral. Traces of goethite were
identified from the hump at 4.18 A showing the effect of oxidation. Goethite is the stable
Fe** oxide formed at low temperature in saturated sediment (Trady and Nahon, 1985).
The peaks at 3.36 and 3.41 A indicate the presence of sillimanite (Al,03Si0;). The
presence of the above mineralogical assemblages of iron makes clear the influence of

dual environment, reducing and oxidizing on the carbonaceous layers.

4.1.4.1.4 Hematitic clay (K8, K9 and K10)

The reddish hue in clay beds K8, K9 and K10 indicates the presence of hematite. This is
confirmed by its characteristic broad peak at 2.68 A (Fig. 4.1.4C). The formation or
precipitation of hematite is considered to be an indicator of arid and tropical environment
(Walker, 1974) with long dry season. Quartz and kaolinite are the major phases in
ferruginous, sandy and lateritised sandy clays. But kaolinite is relatively less in the sandy
laterite and lateritised clay region, indicating higher permeability for these layers. Even
though the presence of iron and the typical lateritic texture is indicative of intense
weathering, gibbsite is almost absent in these layers.

‘Fines’ of this clay contains only traces of hematite (Fig. 4.1.6). The concentration of
the above mineral is more in the uppermost layer K10. The < 2 um fraction of K9 (sandy
clay layer) is devoid of hematite indicating an initial stage in lateritisation.

The presence of kaolinite with broad diffraction peaks of the heavy fraction (Fig.
4.1.7) shows the formation of this primary clay mineral as an occluded phase within
hematite. This indicates the precipitation of the above iron mineral after kaolinite
deposition or crystallization. The TiO, mineral, rutile, is concentrated more in the
uppermost layers, K9 and K10 than its polymorph anatase. Sillimanite is a prominent
phase in these lateritised layers.

The presence of sillimanite, anatase and rutile in the residual, carbonaceous and
ferruginous clays indicate same suite of precursor parent material- khondalite for all the
layers. Variations in the assemblages result due to varying intensity of weathering and

environmental conditions of deposition.



4.1.4.2 Crystallinity Index Measurements

Kaolinite crystallinity index measurements by Hinckley, (1963) and Amigo et al. (1987)
methods showed that almost all clays have a lower index. Among these, hematitic clays
K8 and K9 have relatively higher order (Table 4.1.2). The HI ranges from 0.67 (K10) to
1.24 (K9). Amigo index, which measures the width of the 001 and 002 peaks of kaolinite
at half height also, shows similar inference as HI. The variation in the crystallinity index
for different layers reflects the diversity of geochemical environment of kaolinite

formation / deposition.

4.1.4.3 Chemical Analysis

The chemical assays of fine and raw samples from the residual white clay, gray

carbonaceous clays and hematitic clays are shown in Table 4.1.2.

4.1.4.3.1 Residual Clay (K1a, K1b, K1b* and K1c)

Among the residual clays, SiO; is maximum for the uppermost K1c layer (75.67%). The
Fe,O3 content of K1b and Klc are comparable to TiO, concentration indicating their
presence in titanoferrous minerals pseudorutile and rutile/anatase. An interesting feature
noticed in this study was the sharp increase in the concentration of ferrous ion with depth
(except for the pyrite concentrated fraction). Ferrous iron was concentrated more in the
lowest region of the residual clay, Kla (2.29%) rationalising the presence of biotite and
ilmenite. The black occluded patches (K1b*), shows higher iron content (19.05%), which
further substantiates the presence of Fe-sulphide minerals and their oxidation products as
evident from XRD. Here the water-soluble iron and sulphate are 1.98 and 8.22%
respectively. For K1lc water soluble iron (0.95%), and SO,* (2.18%) were more when
compared to K1a and K1b, showing higher ferrous sulphate concentration. K,O increases
with depth and was maximum in Kla (1.14%) showing their presence in unaltered
biotite. The easy leachable MgO (1.04%), CaO (0.71%) and Na,O (0.25%) are also
concentrated more in the lowermost clay and their leachability is evident from the lower

concentrations of the above oxides in K1b and K1c respectively.



Higher weight loss, 20.38 % for K1b* in the absence organic carbon is attributed to
the decomposition of FeS,. The 0.08% of organic carbon of Kla shows the evidence of
downward percolation of organic enriched solution. The upper most portion of the
residual clay (K1c) has an organic carbon concentration of 0.72%. This higher
concentration is attributed to the presence of plant remains as evident from field
observations. For K1b the pH is 7.5, but on exposure due to oxidation in the mine
environment the pH of the same clay reduces to 3.2 indicating a rapid acid leaching
condition. The black patched clay has a pH of 2.58 showing the oxidation of FeS,
mineral as identified in the XRD by the presence of melanterite and jarosite. For fines,

the oxides have similar range of distribution.

4.1.4.3.2 Gray Carbonaceous clay (K2, K4, K6 and K7)

The raw clay has appreciable amount of SiO,. But their fine fractions have lower SiO,
content, almost half the amount that of residual clays (< 2 um), due to higher gibbsite.
Enriched gibbsite concentration in sedimentary carbonaceous clay layers indicates that
the above layers might have formed either by the transportation and consequent
deposition of gibbsite enriched parent lateritised clay or by an intense in situ leaching of
the deposited parent materials. On the contrary, the typical feature of laterite, i.e. the Fe
encrustation is less, as evident from the chemical assay, which shows the remobilization
of this particular oxide in the highly reducing environment. TiO, and Fe,O3 are
concentrated more in the coarser fractions. Maximum concentration of iron was for K7
(2.74%) where the iron sulphide mineral, marcasite is present. The concentration of
ferrous iron could not be estimated in these clays due to the masking of the colour by

organic carbon during titration.



Table 4.1.2. Chemical characterisation of clay samples (wt%)

Kla |Klb |Kib* |Kic |K2 K4 K6 K7 K8 K9 K10
Sio, 6302 | 6555 |46.63 | 7567 |3L14 | 713 |2988 |39.73 |51.73 |81.03 |57.02
45.72 | 46.36 47.42 | 2387 | 2203 |33.99 |3445 |4504 |[4592 |44.16
ALO, | 1073 | 2282 |11.95 |1324 |3592 |1212 |37.37 |2696 |3433 |1057 |21.12
37.46 | 36.97 36.49 | 4375 |4462 |4294 | 4267 |3802 |[37.29 |37.71
%Fe,0, |253 |Ll27 |1905 |L120 |096 |187 |059 2.74 158 | 1.60 7.88
090 |0.88 087 |057 |007 |072 0.69 093 | 043 2.81
FeO 229 | 102 |318 |091 |- - - - Bdl | bdl bl
"reo | 005 | 075 | 198 [095 | bdl bl bl bdl Bdl | bdl bl
SOz | 002 |138 |822 |218 | obdl bl bl bdl Bdl | bdl bl
TiO, 397 | 135 |201 |303 |441 |331 |283 4.09 028 | 142 357
001 |003 |- 011 |01l |012 |0.06 0.02 047 | 0.0 0.37
Ca0 071 |016 |033 |01z |01l |014 |o015 0.28 027 | 050 0.59
078 009 |- 014 |014 |014 |014 0.14 033 |0.28 0.72
K;0 114 |017 |035 |006 |004 |019 |007 0.12 0.06 | 0.06 0.14
018 |014 |- 005 |062 |026 |005 0.05 029 | 0.02 0.32
Na,0 |025 |015 |016 |04l |004 |020 |0.03 0.13 010 |o017 0.20
048 | 0.14 004 |012 |011 |o0.18 0.22 023 |017 0.40
MgO | 104 |011 |009 |002 [003 |bdi 0.02 0.02 Bdl | bdl bl
026 |006 |- 001 |015 | bdl 0.03 0.02 Bdl | bdl bl
LOI 798 | 859 | 2038 |553 |27.01 |10.85 |29.08 |2649 |1164 | 527 |9.30
14.46 | 14.63 1459 | 3042 |3211 |2179 |21.33 |1457 |1508 | 1351
"oC 008 |003 |- 072 | 820 |556 |867 9.09 012 | 289 0.02
"oH 559 |75 258 | 280 |332 |337 |300 3.05 462 | 443 4.81
(3.2)
Sl 1 11 - 107 | 101 |097 |o071 0.01 123 | 1.24 0.67
Pa
©o1) |035 [035 |- 035 |04 035 | 045 0.35 0.4 0.3 0.5
(002) |035 |03 - 035 |03 035 |04 0.3 035 |03 0.45

Upper reading corresponds to the raw fraction, Lower reading corresponds to < 2 um fraction (fines),
Fe- Water soluble iron.,

bdl — below detectable limit, OC- organic carbon, LOI- Loss on ignition ,

*
raw fraction.

$ Hinckley crystallinity index of <2 um fraction, BAmigo crystallinity index of < 2 um fraction (width at
half height of 001 and 002 kaolinite peaks).




Water-soluble SO4* and iron were below detection limits. FeS, in these layers is
much lower even though these layers are formed in the presence of highly organic rich
environment. This might be due to its removal of either the SO,* or Fe*" or both by
leaching under the tropical climatic condition through the highly permeable sandy clay
layers. Studies on the similar sedimentary sequence, i.e. the Warkallai Formation of
Northern Kerala showed the crystallization of ample FeS, minerals in the carbonaceous
clay seams (Manju et al., 2001). Here in this deposit geochemical evidences indicate that
the lower concentration of FeS, could be attributed to the lack of reactive iron needed for
crystallization of FeS, The XRD results also confirm the above evidences, where the
marcasite is found only in minor amounts even in the heavy fractions. Presence of FeS;
and ample amount of water leachable SO, in the residual white clay, is a clear indication
of the elution of these from the carbonaceous seams. The loss on ignition of the samples
are in accordance with the concentration of organic carbon and the associated minerals-
gibbsite and kaolinite. The organic carbon content is maximum for K7 (9.09%) and
minimum for K4 (5.56%). pH values of the raw clays vary somewhat randomly between
310 3.37.
4.1.4.3.3 Hematitic clay (K8, K9 and K10)

The uppermost hematite rich layers are enriched in quartz as evident from high SiO,
content. Fe,O3 (7.88%) and TiO; (3.57%) are maximum for the uppermost lateritised
clay, K10. Water-soluble iron and SO,* are absent in these highly oxidized clays. K,O
content is more in the fine fractions showing the presence of disintegrated fine feldspar.
The clays are slightly acidic with pH around 4.5. In these layers, organic carbon is
maximum (2.89%) for the coarser and friable sandy clay layer.

The changes in chemical composition are fully consistent with the mineralogical data as
described above.

4.1.4.4 Trace Element Analysis

The type and amount of trace elements in the clay profile reflect the environmental

condition encountered by the rock during the course of geological time. Trace element



analysis of the raw and fine clay fractions of selected clay samples from three types of
clay layers (residual, carbonaceous and ferruginous) show wide variations in
concentration (Fig. 4.1.8).

Lead having an ionic radius (Pb?* 1.32 A) replaces potassium (1.33 A) (Goldschmidt,
1958), which is a major constituent of most common rock forming mineral. Appreciable
concentration of Pb is noticed in almost all the samples and it is maximum in clay
fraction of K8 (409ppm), indicating lesser leaching compared to other samples and least
was noticed for the fine fraction of the residual clay (29.80 ppm).

Chromium Cr®* (0.64 A) having ionic radius similar to that of ferric iron (0.67 A) is
found to show isomorphous substitution. The above element was found to be highly
concentrated in bulk fraction of K10 (469 ppm), where Fe,O3 is maximum. Conversely
the least concentration is noticed for the residual K1b clay (5.40 ppm). These wide

differences reflect the variation in the character of the parent rock material.
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Fig. 4.1.8. Trace element analysis of raw and fines of selected clay samples: K1b, K6, K8, and K10
(sample code with * represents the corresponding < 2 um fraction).



Cobalt and nickel probably expected to be incorporated in the parent ferromagnesian
minerals (Rankama and Sahama, 1952; Goldschmidt, 1958) might get concentrated in
ferric oxide/ferric hydroxide, the alteration products of the above parent minerals. The
above geochemical behavior is clear from the higher concentrations of Co and Ni in the
uppermost laterite layer (K10), which has a higher concentration of Fe.

Copper expected to be soluble due to its lower ionic potential, is found in lower
concentrations in all the samples. Comparatively higher value of this element in fines
could be explained based on its surface adsorption property.

The divalent Mn®" ion, which occurs as a substitute for Fe** in the ferromagnesian
mineral of the parent rock gets depleted since it is more liable to leaching than any other
elements. The above element is absent in both the fractions of the residual clay K1b,
owing to the basic nature of the element which gets leached away even in slightly acidic
condition in an anaerobic environment. On the other hand their concentration in the
oxidized hematite rich environment K8 and K10 is due to its precipitation under aerobic
conditions.

Trace element distribution patterns also shows the influence of reducing and
oxidizing climatic conditions. The total trace elemental concentration is maximum in the
raw fractions of uppermost lateritised clay (1124 ppm), which substantiates its high

residual nature.

4.1.4.5. Thermal Studies

Thermal studies on fine fraction of the clays: residual white clay, gray carbonaceous clay
and hematitic clay were undertaken by DTA/TG analysis. The DTA/TG analysis (Fig.
4.1.9A&B) complements the evidences obtained from XRD analysis. The intensity of
leaching as evident from relative concentration of the mineralogical assemblages,
kaolinite and gibbsite could be confirmed from DTA/TG curves.

4.1.4.5.1. DTA analysis

The DTA patterns (Fig. 4.1.9A) show endothermic peaks of gibbsite, ranging from 288.2

to 298.5°C for the gray carbonaceous clay and it is maximum for K4. The range of the



endotherm reflects the variation in crystallinity of the mineral. The endothermic peaks for

the above minerals were absent in the residual and hematite rich clay layers.
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Fig. 4.1.9A. DTA curves for < 2 pum fraction, indicative of variation in the environmental condition of
deposition / formation for the different types of clays as evident from the peaks of gibbsite.

The endothermic peak characteristic of kaolinite also ranges between 507.8 and 540.8°C.
The intensity of this peak is not sharp for the samples with relatively high gibbsite
content. Corresponding changes were noticed in the exothermic peak also, where

formation of the new phase mullite occurs. The exotherm of kaolinite falls between



981.1 to 1003.5°C. The lowest temperature of exotherm was for K10, the topmost
lateritised clay where the Fe,O3 concentration is high. The kaolinite, which has the higher

endothermic peak, has a relatively higher range for the exotherm also.

4.1.4.5.2. TG analysis

The thermogravimetric curves (Fig. 4.1.9B) show weight losses corresponding to the type
of minerals present.
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Fig. 4.1.9B TG curves for < 2 um fraction, indicative of variation in the environmental condition of
deposition / formation for the different types of clays as evident from the weight loss characteristic
of gibbsite; weight loss due to gibbsite (left) and cumulative weight loss (right).



Higher cumulative weight loss is noticed for samples K4 (34.1%), K2 (31.72%), K7
(24.47%) and K6 (21.52%), where there is appreciable amount of gibbsite and organic
carbon. Weight loss corresponding to gibbsite around 288°C is maximum for K4
(12.70%) where maximum concentration of above mineral occurs, as evident from the
XRD peak intensity. For the hematite rich clay layers- K8 and K9, TG weight loss is
15.76 and 15.61% respectively. But for the lateritised clay it is much less i.e. about
14.89%. For the residual clay (K1b) weight loss is around 15.76%. The range of the
percentage weight loss is similar to the weight loss noticed during chemical

characterisation.

4.1.4.6 FTIR studies

The infrared spectra of pretreated clay (< 2 um) fraction (complement the above
analytical evidences (Fig. 4.1.10). Well-developed band characterising gibbsite at 3522,
3456 and 3390 cm ™ are found in all the carbonaceous clays. The clay, which has higher
gibbsite as evident from the XRD, has higher intensity for the corresponding IR peaks.
The effect of the intense leaching environment for gray carbonaceous clay is evident
from the gibbsite peaks. Kaolinite is the sole clay mineral, which could be detected in the
residual clays- Kla, K1b, K1c and sedimentary ferruginous clays- K8, K9 and K10. The
bands of kaolinite are around 3622 - 3695(-OH stretching), 1000-1096 cm™ (-Si-O
stretching), 910-940 cm™ (-OH bending), and 400-550.cm™ (-Si-O bending) vibrations
(Farmer, 1979). Here the peaks indicating the presence of gibbsite is absent in the
residual clay- Kla, K1b and Klc and sedimentary ferruginous clays- K8, K9 and K10.
The doublet between 3695 and 3622 cm™, which reflect the crystalline perfection is,
absent in all the clays. This lower degree of crystallinity is confirmed from the Hinckley
and Amigo index where the crystallinity index values are below 1.5 and > 0.3

respectively.
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Fig. 4.1.10. Fourier-transform infrared absorption spectra of < 2 um clay indicating the association of
gibbsite along with kaolinite for the carbonaceous clays (K1a and K1c not shown since their IR
patterns are similar to that of K1b)

4.1.4.7 Morphological Analysis.

Petrographic data obtained by scanning electron microscopic and optical microscopic
examination of the raw clay and handpicked minerals from the residual white, gray
carbonaceous and hematitic clays give some interesting geochemical features
characteristic of this particular deposit.

4.1.4.7.1 Residual white clay

The mineralogical association in residual white clay as revealed from XRD and field

studies include kaolinite, almandine, ilmenite, psuedorutile, rutile, anatase, pyrite,



melanterite and jarosite along with quartz, which is the common impurity in the clay
deposit. The scanning and optical micrographs of minerals from the residual clay layer
K1la, K1b, K1b* and K1c are shown in Fig.4.1.(11-17).

Kaolinite from this clay layer occurs as microporous tightly arranged booklets
characteristic of in situ crystallisation. These grains (Fig. 4.1.11) occur as closely spaced
stacks having a size of 3 to 6 um with the individual plates showing face-to-face
arrangement. Here kaolinite replaces the feldspar grains through layer-by-layer growth
along parallel planes, which are believed to be the cleavage planes. This particular
morphology implies kaolinite to be pseudomorphs after feldspar. Loughnan (1969)
indicates that the clay minerals will retain their parent mineral structure during
weathering. The presence of this typical morphology of kaolinite implies that the major

silicate responsible for the clay formation is feldspar.

Fig. 4.1.11 Scanning electron micrograph illustrating stacks of microaggregates of kaolinite,
resembling feldspar morphology.

Scanning electron microscopic analysis of biotite indicated that it is in the process
of alteration (Fig.4.1.12). The dissolution /alteration of biotite is found to be favoured at
edges. Micron sized crystals of kaolinite are found to grow from the edge of biotite grain.
The remaining part of this particular grain is partially altered with irregular, curved
edges. Step like or terrace like retrograding layers are found for this grain (arrow). This
typical alteration feature for kaolinite was also reported by Tarzi and Protzi, (1978). The



dissolution of these primary silicates resulted in the release of ferrous iron and the
remaining iron in the lattice is oxidised (White and Yee, 1985; Gilkes and Suddhiprakarn,
1979; Cleaves et al., 1970; Velbel, 19853, b).

Fig. 4.1.12. Scanning electron micrograph of biotite from the lowermost residual clay K1a, with
kaolinite formation at the edges of the grain, the terrace like retrograding layers (arrow) are typical
for biotite alteration.

The optical microscopic examination of biotite shows features indicative of alteration.
Gradation in the alteration features was noticed for the grain (Fig.4.1.13 a-d).
Megascopically most of the grains show a rusty brown colour indicating the removal of
some amount of iron from their structure. Exfoliation features were noticed on most of
the grain surfaces. The biotite grains show jagged edges exhibiting its residual character.
Here, most of the grains have relatively lower interference colour and its typical
pleochroic feature is absent indicating advanced stage of alteration. Several irregular,
curved lines were found on the surface of the entire grain. Similar manifestation of
weathered biotite was noticed by Acker and Bricker (1992). Some black materials were
found to fill these curved features. In addition the grain shows pitted appearance
indicative of alteration. Inclusions of some minerals similar to that of zircon were also
found in some grains (Fig. 4.1.13d) A few grains shows the typical platy habit with a
greenish tinge under open nicols, indicative of the presence of more amount of ferrous
iron (Fig.4.1.13 e).



Fig. 4.1.13. Optical micrographs of hand picked minerals from residual white clay layer.

[ a- e ]: Biotite grains from K1a: showing alteration features such as irregular cracks - (b),
pitting on the surface & filling of the cracks with alteration products - (c)
inclusion of zircon — (d), biotite grain with coating of ferrous iron - (e).

] : Quartz grain from K1a with coating of ferrous iron.

: Quartz from K1c with ferric coating.

: Garnet grains from K1b with concoidal fracture surfaces and pitted appearance.

(under open nicols ; X denotes magnification) .
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Field observations revealed the presence of Fe rich garnet, almandine FeAl,(Si3O17)
patches strewn throughout the residual white clay.

Optical analysis of garnet grains reveals their isotropic nature with typical concoidal
fracture (Fig. 4.1.13 h). Some of the grains show a pitted appearance.

SEM studies reveal the irregular massive nature of this particular mineral (Fig.
4.1.14A). A few grains exhibit partially developed isometric crystal faces with typical
rhobododecahedral (r) and trapezohedral (t) crystal face combinations (Fig. 4.1.14B).
Further magnification of the same grain shows some interesting morphological and
textural features on the grain surface (Fig. 4.1.14C). Numerous etch pits are found on the
grain surface indicating the selectivity of surface leaching. Two types of etch pits (0) and
(1) show two different genetic microenvironments indicating differential rates of leaching
of the almandine grain. Fine etch pits (i) were found to be oriented in particular direction
parallel to the crystal face. These etch surfaces are found to be coated with some
amorphous substance. Large etch pit (0), show in situ crystallisation and these minerals
are formed by the alteration of the above parent mineral. This secondary product occurs
as vermiform pseudohexagonal stacks where the grains are arranged in a face- to —face
manner (Fig. 4.1.14D). The morphology exhibited by this particular grain indicates in
situ crystallisation. In these etch pits, amorphous coating is absent. Velbel (1984)
explains the formation of gibbsite and goethite as the by-products of weathering during
his study of alteration of almandine. The XRD analysis of the garnet grains (Fig. 4.1.5 b)
shows the presence of gibbsite. Most probably the above in situ crystallising mineral
would be a vermiform gibbsite. The characteristic feature of the two types of etch pits
indicates two sets of weathering conditions, inorganic and biochemical (involving
organic chelating agent). Weathering of almandine under inorganic conditions results in
the formation of amorphous coated material in this weathered product (Velbel, 1984). In
addition the effect of organic chelators, resulting from the leached out material from the
above organic/sandy clay layers also contribute to the weathering of almandine with in
situ gibbsite mineralization there by, leaching out the Fe from the proximity of the
mineral. The almandine grains were found affected by both organic and inorganic

weathering processes.



Fig. 4.1.14A. Almandine grains in low magpnification.

Fig.4.1.14B. Partially developed isometric garnet grain with its rhombododecahedral (r)
and trapezohedral (t) faces.



Fig 4.1.14C. On magnification of the above almandine grain, two sets (arrow) of etched pits were
found on the surface of the above grain, indicating two types of environmental conditions inorganic
(i) and biochemical (o) suffered by this mineral during the course of weathering.

Fig. 4.1.14D Almandine grain showing in situ mineralization within the etch pits (arrow).



An interesting geochemical feature noticed in the residual clay is the presence of FeS,
and Fe-oxyhydroxide minerals as pockets strewn throughout the white clay. FeS, crystals
(Fig. 4.1.15A) occur in various morphologies, cube-octahedral combination (c), and
pyritoheron (p). Numerous etch pits on their surfaces (arrow) indicate the influence of
ongoing weathering. The crystal morphology of FeS, alteration product, melanterite and
jarosite is also evident from scanning electron microscopic analysis. Melanterite show a
bushy tubular appearance (Fig. 4.1.15B). On magnification these microtubules show the
typical monoclinic habit (Fig 4.1.15C). The arrow points to the 001 face of the
melanterite crystals. Figure 4.1.15D shows the association of fine kaolinite grains at the
edges of tubular melantarite grains. The reddish yellow precipitation identified as
feroxyhyte, from the leached out water from the clay shows rounded aggregates of 1-2
micron sized particle with grassy surfaces (Fig. 4.1.15E). This typical poorly crystalline
iron oxide is reported to be formed in an environment enriched in SO,* (Brady et al.,
1986). These particles have similar feature to the natural stream precipitate as described
by Chukhrov, et al.(1970).

Fig. 4.1.15A. FeS; crystals showing the typical crystals of cube-octahedral combination (c) and
pyritoheron (p) with numerous leach pits (arrow).



Fig 4.1.15B. Melanterite with its bushy appearance

Fig 4.1.15C. Magnification of the above bushy feature showing well developed
monoclinic crystals of melanterite (arrow points to 001 face).



Fig.4.1.15D. Melanterite in association with fine kaolinite grains at its edges.

Fig 4.1.15E. Feroxyhyte, the poorly crystalline iron- oxide aggregations with grass like
projections on their surface, precipitated from leached out solution in Fe and SO42 enriched
environment.



Alterites. Another typical characteristic feature of this residual clay layer (K1a) is
the presence of ample amount of altered minerals commonly named as alterites. Here the
features of the parent mineral could not be identified due to the obliterated nature (Fig.
4.1.16 a-d). Ferrous iron with characteristic greenish tinge is found to coat the grains.
Some of them show a pitted appearance. The bleaching effect, i.e. the removal of Fe from
the proximity of the grain is noticed for some of the grains (Fig. 4.1.16 b, c, d). For grain
d, most of the ferrous iron coating was removed under the influence of a reduced leaching
condition. Later the remaining ferrous iron is found to be transformed to ferric form as
evident from the change of the colour of the pigment from green to reddish brown. Some
of the grains show in situ crystallisation of some minerals at edges (Fig. 4.1.16 e and f).
The newly formed crystals with pyramidal terminations and yellowish appearance at the
edges of the grain indicates that the mineral is zircon, which results from the alteration of

the ferromagnesian minerals.

IImenite, pseudorutile, anatase and rutile are the Fe-titanium minerals present in the
residual clay as identified by optical microscopic and XRD analysis. Petrologic analysis
of heavy fractions (Fig. 4.1.16 g), show ilmenite grain with corroded appearance.
Different stages of ilmenite alteration are revealed by optical microscopy. The grains
show gray patches of unaltered ilmenite (Fig. 4.1.16 h, i, j). At the periphery the colour of
the grain becomes more reddish brown accompanied by an increase in reflectivity. The
term leucoxene is used for this type of alteration product. Fig. 4.1.16k, shows a grain
which is completely altered to leucoxene. Some of the ilmenite grains show another type
of alteration feature. These partially altered ilmenite grains consisting of a core of dark
gray phase, rimmed by a light gray alteration product which might probably be
psuedorutile with granular appearance (Fig.4.1.17 a). Anand and Gilkes (1984) explain
the association of this particular mineral in lateritic pallid zone as a result of Fe leaching
from the ilmenite grain. This mineral is found as the intermediate phase in the alteration
of ilmenite to rutile or anatase (Teufer and Temple,1966; Anand and Gilkes, 1984). Lynd
(1960) and Temple (1966) explain such a granular character for the ilmenite alteration
product due to decrease in the Fe and subsequent increase in porosity.



Photomicrographs also show the typical stage of alteration of ilmenite to anatase (Fig.
4.1.17 b & c¢). These grains show features of partial conversion of ilmenite to rutile. Here
the portion having higher reflectivity is that of anatase and the darker portion is unaltered
ilmenite. Temple (1966) explains such an optical stage for the ilmenite-anatase during its
course of alteration. Even though the XRD analysis of the heavy mineral fractions do not
show any evidence of the precipitation of ferric oxides on the grain surface, the features
on the photomicrographs indicate their formation on anatase surfaces, pointing towards
the influence of oxidising environment (Fig. 4.1.17 d-h). Few grains show the
precipitation of the exsolved iron as yellowish brown coloured ferruginous granules at the
boundary of the crystal (Fig. 4.1.17 i). The anatase grains are found in different forms.
Well-developed crystals are rare. Even though the XRD analysis indicates good amount
of rutile from K1c, the features of this mineral could not be discriminated from that of

anatase by optical analysis.

The mechanism of transformation of ilmenite — pseudorutile — rutile is evident
from the above analysis. Grey and Reid (1975) explained a feasible mechanism for the
alteration of ilmenite on the basis of an electrochemical corrosion model. Here the
oxidation and leaching proceeds via electrochemical corrosion process in zone of
saturation. The material leached via a dissolution and reprecipitation process in zone of
oxidation.

The ilmenite containing some ferric iron (e.g. as Fe,O3- FeTiO3 solid solutions) are
quite good conductors, and in suitable groundwater situations this might also be expected
to oxidise by the following processes. Possible half- cell reactions may be written

anodic: Fe” > Fe®" +e
cathodic: Y5 O, + ¥ H,0 + & — ¥ (OH)s*

In situ anodic oxidation of ferrous ions produces electrons, which can move through
the conducting surface to the surface (or to a crack in the grains) and take part in the
cathodic reduction of oxygen in the pore water. The above half- cell reaction show that
the complete oxidation of ferrous iron in ilmenite to ferric iron releases one electron; this

will produce just enough hydroxyl ion (or some anion) at the cathode to remove one —



third of the ferric ions produced. The product of electrochemical alteration of ilmenite is
Fe** 2/3TiO; = FesTisOs, the pseudorutile. The changes of the ilmenite to pseudorutile
results in a volume reduction of about 6 percent which would produce considerable
elastic stress in the oxygen lattice at the coherent interface between segments of ilmenite
and its alteration product, pseudorutile. This would result in the development of
considerable microcracking and poring. Consistent with this the microscopic study of the
surface of pseudorutile shows evidences of its very fine granularity.

On the contrary, the mineralogical and microscopic analysis revealed the formation of
the TiO, with a coarser microstructure from ilmenite. This suggests that alteration beyond
the pseudorutile composition occur via a leaching and reprecipitation process whereby
both iron oxide and titanium reprecipitates on the seed materials. Such a mechanism
could change the microscopic features such as granularity or crystallite size, while
maintaining the overall macroscopic morphology. Epitactic reprecipitation of titanium
oxide on the original material occurs in this case. This type of alteration occurs in a
reducing condition at the top few feet of the deposit where there is ample amount of
organic matter.

In short the reactions involved in the alteration of ilmenite to rutile/anatase can be

written as:

3Fe?*TiO; — Fe**,Tis0y + Fe** (solid state oxidation)
(ilmenite) (pseudorutile)

Fe**,Tis0y — 3TiO, + Fe**,0; (dissolution, precipitation)
(rutile) (hematite)

The iron thus formed may either be precipitated on the surface of the grain or can be
removed under reducing conditions. The above sequence of formation of the TiO,
mineral anatase/ rutile from pseudorutile emphasises the influence of reducing

environment in residual clays.



Fig. 4.1.16. Optical micrographs of heavy minerals from the residual clay layers K1a, K1b, K1c.
[a-d] : Stages of leaching of ferrous iron from alterites in K1a; d) conversion of
Fe? to Fe** and consequent precipitation of Fe* on the grain surface;
[e & f] : In situ crystallization of zircon during alteration of ferruginous minerals;
[g - k] : Stages of ilmenite weathering; (g) corroded ilmenite grain; (h-j) remnants of
ilmenite (black) in reddish brown altered leucoxene ; (k) completely altered
ilmenite. (X- denotes magnification, under open nicols).



Fig. 4.1.17. Photomicrographs of ilmenite- anatase showing different morphological features.
[a] :limenite from residual clay K1b rimmed with granular pseudorutile;
[b &c] :limenite to rutile transformation, portion with high reflectivity indicates rutile;
[d - h] :Ferric iron coated anatase;
[i] : Association of granular amorphous iron with anatase;
(X denotes magnification, under open nicols).



4.1.4.7.2 Gray carbonaceous clay

The mineralogical analysis indicates the presence of major amount of gibbsite, kaolinite,
anatase and rutile along with the ubiquitous quartz.

The clays of K7 layer is found as vermicular stacks with face to face packets in
loosely expanded books of 10 pm, in thickness (Fig. 4.1.18A). The above texture
indicates an open crystallising environment depicting the unconsolidated nature of the
parent material. The typical morphological feature indicates the parent rock to be
enriched in feldspar. Most probably this type of kaolinite might have resulted from the
alteration of arkosic sand. Kaolinite rich carbonaceous layer (K6) shows agglomeration
of the fine grain (Fig. 4.1.18B) suggestive of its sedimentary nature. The morphological
feature of the gibbsite in these clays was indistinguishable from that of kaolinite due to
their pseudohexagonal habit and ability to form in situ vermicular grains.

Optical microscopic analysis of the heavy fractions from these layers shows the
presence of anatase, zircon, and sillimanite along with some opaques (Fig. 4.1.19 a- h).
Sillimanite shows high refractive index. The grains have the typical irregular termination
of its edges (step like appearance) (Fig. 4.1.19 f & g). Some of the grains show vertical
striations and exhibit a greenish tinge on the surface. Opaque grains show a varying size
range (~4 —40 um) (Fig. 4.1.19 h).

Fig. 4.1.18A. Kaolinite in K7, gray carbonaceous clay with vermicular appearance indicating an
open crystallizing environments with ample space, most of the grains are coated with
amorphous carbonaceous matter.



Fig.4.1.18B. Feature indicative of sedimentation: K6 clay showing agglomerated kaolinite/
gibbsite.

4.1.4.7.3 Hematitic clay

The mineralogical analysis indicates the presence of appreciable hematite with major
quartz and kaolinite.

Kaolinite occurs as vermiform stacks (Fig. 4.1.20A). Here the individual grains are
much larger and have a vermicular morphology typical of in situ kaolinization. Some
portion of the layer K8 shows morphology indicative of sedimentation (Fig. 4.1.20B).
Here the particles are much finer and the grains are arranged in an edge to face manner.

Feldspar grains from the lower ferruginous clay layer shows prismatic etch pits
(arrow) (Fig. 4.1.20C). They are characteristically developed on the principal (001)
cleavage surfacewith their long axis approximately parallel to the c- axis. Their elongated
prismatic shape is prominent from SEM.

Iron minerals are found as coating on the Kkaolinite surfaces giving the
aluminosilicates an amorphous appearance. In addition some of the grain shows a
mushroom shaped feature indicative of in situ crystallisation (Fig. 4.1.20D). The lower

most portions of these grains entirely cover clay surfaces like a coating.



Fig. 4.1.19. Optical micrographs of heavy minerals from the carbonaceous and ferruginous clay

layers.
[a] :Anatase;
[b-e] :Zircon;

[f&g] :Sillimanite with irregular edges (saw tooth) and parallel striations;
[h] :Magnetic heavy mineral fraction from K7 layers - note the variation in the grain size;
[i-Kk] :Ferriciron coated rutile;
[ & m] : Zircon with inclusions;
[n & o] : Tabular and rounded monazite grain with its typical straw yellow color and
smooth concoidal surface;
[p] :Magnetic fraction of K8; (X denotes magnification; under open nicols).



Fig. 4.1.20A. Ferruginous clay (K8) showing features of in situ kaolinization.

Fig 4.1.20B. The ferruginous clay layer (K8) showing character typical of sedimentary nature.



Fig. 4.1.20C. Etched feldspar grain of the ferruginous clay K8 indicating the intensity of chemical
leaching under a tropical climatic condition, most of the pits exhibit prismatic habit (arrow).

Fig. 4.1.20D. Hematite showing mushroom shaped feature, coating the entire clay surface
camouflaging its morphological features.

Optical microscopic analysis also revealed the presence of feldspar in this clay enriched
environment (Fig.4.1.21a). These grains are enclosed with ferric iron, most probably the

hematites, as identified from their cherry red colour. The presence of these unaltered



detrital primary minerals might be due to the iron coating, which perhaps prevented the
diffusion of water and consequent alteration of the above primary aluminosilicates.
Highly altered hypersthene without any cleavage traces and pleochroic habits were
noticed in this clay (Fig. 4.1.21 b, c). The grain shows irregular outline due to corrosion.
Some of the grains show pitted appearance. Sillimanite grains with ferric iron patches are
also found (Fig. 4.1.21 d - f). Fig. 4.1.21 (g & h) are hematite grains with brownish red
earthy appearance. Rutile in these layers is identified by their reddish brown color and its
typical slender prismatic/acicular nature (Fig. 4.1.19 i — k). Zircons of different habits are
abundant in these layers (Fig. 4.1.19 | & m). Most of them show inclusions. Another
typical mineral noticed in the heavy fraction is monazite, (Ce,La,Di),03P,05 with some
ThO,.Si0,. They show a typical straw yellow colour with smooth edges. The surface of
the grains shows small conchoidal habit. Both rounded and tabular grains are present
(Fig. 4.1.19 n & 0). The magnetic fractions of the heavies of lateritic clays are shown in
Fig. 4.1.19p.

The above mineralogical, geochemical and morphological evidences make clear the
influence of the dual environmental conditions on the entire clay deposit.

The typical feature of quick yellow pigmentation of the kaolinite deposit by Fe
precipitation could be explained from all the above geochemical and mineralogical
evidences. Both oxidation and reducing condition were found to influence the yellow
pigmentation character of kaolin.



Fig. 4.1.21. Optical micrographs of heavy- light minerals separated from the hematite-rich layers K8,
K9 and K10:
[a] : Feldspar grain from K8 with coating of ferric iron on the surface;
[bac] : Hypersthene from K8 layer;
[d- f] : Sillimanite grain coated with ferric iron under intense lateritisation.
[g&h] : Hematite from K8 & K9 layers respectively with earthy appearance
(X- denotes magnification, under open nicols)



4.1.4.8 Yellow Pigmentation on residual kaolinite.

The iron mineral in any of the transition states i.e. Fe"® or Fe*? can precipitate Fe-
hydroxides as shown below. The sudden change in the colour of the white kaolinite
emphasises the dominance of the following geochemical processes.
Fe*® + 3H,0 — Fe (OH) 3+ 3H"
Fe* + 1/40, + 5/2 H,0 — Fe (OH); + 2H *

Higher Fe®* concentration in this particular deposit which is under relatively
neutral pH, prior to oxidation indicates the existence of a coupled half-cell reaction. Here
in this type of reaction the iron bearing silicates on weathering releases Fe**. These ions
get reduced to Fe** by surface oxidation —reduction reaction which happens for the Fe-

bearing silicate minerals as given below (White and Yee., 1985).
[Fe+2, 1/z M+Z] silicate —> [Fe+3]silicate +1zZM7 +e "

Fe* +e ” — Fe

(where M represents the cation of charge +z)

These Fe*? which were released from the primary iron bearing mineral will be
mobilised by thin film of water surrounding each grain and subsequently get deposited on
the mineral surface as amorphous ferrous iron layer which on exposure rapidly get
oxidised to ferric iron.

In addition, oxidation of Fe- sulphide either in the presence of oxygen or Fe*" ions
also provides good amount of Fe*? to the surrounding environment.

FeS, + 14Fe* + 8H,0 — 15Fe”* + 2S0,” + 16H"

FeS,+ 7/2 Oy (aq + H,0— Fe** + 250,% + 2H*

The Fe™ source for the Fe-hydroxide precipitation in presence of high
concentration of SO, is again evident from the formation of feroxyhyte. The release of
S0,> and consequent precipitation of ferrous iron produces high level of acidity in mine.
This is also evident from the acidic nature attained by the clay after its exposure.

In addition to the iron hydroxides formed at the clay surface during oxidation,
optical microscopic analysis indicates a reddish iron coating for most of the altered

mineral, which shows the precipitation of Fe*® ions on the mineral surface during the



course of transformation. The presence of Fe** on silicate surface was previously
documented by Berner and Schott (1982) and Schott and Berner (1983).

The oxidation of FeS, and Fe** and the simultaneous leaching of their oxidation
products, Fe®*, Fe** and SO,* along with the percolating water resulted in the
precipitation of this iron on the surface of the clays.

The study clearly indicates that the oxidative and reductive processes play a major role in

controlling the quality of kaolinite.

4.1.5 Conclusion

The geochemical studies on the kaolinite deposit of Kundara provided valuable
information about the influence of the dual environmental conditions on the clay deposit.
The mineralogical assemblages and the features of almost all minerals within the residual
clay give fingerprints on the influence of oxidising/reducing environment on the deposit.

Pre-Tertiary lateritization of Precambrian crystalline rock — garnetiferous biotite
gneiss resulted in the formation of in situ residual white clay. This clay has been affected
by leaching and weathering processes. The acid reducing condition that developed during
the deposition of carbonaceous clay results in the leaching of SO,* forming in situ FeS,
in the white residual clay. The decrease in concentration of biotite, ilmenite and
pseudorutile in the upper portions of the residual clay profile and consequent increase in
anatase and rutile and etch pits of almandine indicate the influence of organic chelating
agents on mineral alteration. Later oxidation of FeS, during the exposure of the white
residual clay resulted in the formation of melanterite, jarosite and feroxyhyte.

The influence of dual environment in carbonaceous clay layers (K2, K4, K6 and K7)
is evident from the mineralogical assemblages — gibbsite, marcasite, jarosite and goethite.
Intense post- Tertiary lateritisation and oxidising environment at the time of
formation/deposition of clay layers K8, K9 and K10 resulted in the hematite enrichment
in these clays. In addition to the sedimentary nature, in situ kaolinizations of these
sedimentary clays are evident from its vermicular morphology.

The entire cycle of reduction and oxidation of iron have an influence on the quality of
the industrially viable residual white clay. The rapid yellow pigmentation of this clay

resulted from the oxidation of ferrous iron, which is formed by the leaching of Fe-



bearing silicates and non-silicates. The presence of more amounts of iron in ferrous form
emphasises the existence of coupled half-cell reaction. In addition accelerated FeS,
oxidation by Fe** is evident from the formation of the iron mineral feroxyhyte.
Mineralogical, thermal, spectroscopic and morphological analysis give evidences to
substantiate the climatic and environmental conditions during the formation/deposition of
kaolinite. Thus, the sequence and pattern of lithologies, mineral content and chemical
composition clearly bring out the complete record on geochemistry of the deposit. The
texture and morphology of the minerals help to substantiate the conditions of

microenvironments under which the formation of this valuable deposit has taken place.



Chapter 4
Part- 11

Deferration and Property Evaluation of Kundara Kaolinite

4.11.1. Introduction

Iron staining has been widely researched in kaolin industry because of the yellow shade
imparted by it to the commercial products like bone china, tableware, sanitary wares etc.
Kaolin containing substantial quantities of free Fe- oxides and oxyhydroxides cannot be
used commercially. These clays have red or yellow tint and would therefore be unwanted
in paper applications. If used in ceramic bodies they would give poor fired colour
possibly accompanied by ‘specking’.

The untoward feature of Kundara deposit is the degradation of the kaolinite quality
due to yellow pigmentous coating on short periods of exposure. This occurs due to the
ubiquitous phenomenon of Fe?* > Fe®" transformation, as explained in Part | of this
chapter. It is noticed that the kinetics of the above transformation is so fast in this case
that the brightess reduces by 7 - 8 units and yellowness increases by 3 — 4 units within a
fortnight of atmospheric exposure. Because of the above ionic transformation, the
beneficiation of kaolinite becomes more energy intensive as Fe** leaching is a difficult
process.

Iron in any kaolin deposit can be present in different forms: a) as coating on the clay
surfaces b) as discrete mineral species like hematite, goethite, ilmenite, iron stained rutile
and anatase and c) in isomorphic substitution i.e. replacing Al and Si by Fe in the crystal
lattice (Jepson, 1988).

The physical separation techniques adopted for the removal of discrete impurities
include magnetic separation, flotation and selective flocculation (Fuerstenau, 1976;
Shoumkov et al., 1987). But when the impurity is in pigmentous form chemical leaching
techniques could only be successfully employed. Various mineral acids viz. HCI, HCIO,

and H,SO,4 as well as organic acids such as citric, formic, acetic, tartaric, ascorbic and



oxalic acids were found to be effective in deferration by leaching (Cornell et al., 1987;
Waite and Morel, 1984; Stumm et al., 1991; Chiarazia and Horwitz, 1991). Ammonium
oxalate- oxalic acid mixtures were extensively tried for extracting amorphous inorganic
and organic Fe from soils (Stucki et al., 1988). Later the use of oxalic acid for dissolution
of Fe from bauxite, goethite, hematite, kaolinite and silica sands have been elucidated by
several authors (Ubaldini et al., 1996; Cornell et al., 1987; Bonney, 1994; Ambikadevi et
al., 2000). The above investigations have proved that oxalic acid works as an excellent
reagent for deferrating mineral surfaces or dissolving oxides of Fe. The investigation of
Ambikadevi et al. (2000) has indicated that a brightness improvement of 4-9 units could
be achieved for Fe-stained kaolinites, which have a yellow to brown pigmentous coating.

The mechanism of reductive dissolution was suggested by Panias et al. (1996) which
involved adsorption of the ligand on the mineral surface followed by autocatalytic
dissolution. Ferrous ions can accelerate the reaction and increase the kinetics of the
dissolution.

Since the clay under investigation has a fairly high brightness value (77% 1SO) at the
time of mining which decreases on exposure very fast, indicates that it contains
significant amount of ferrous ions at its surface at the time of mining. Hence it was felt
worthwhile to investigate the brightness improvement studies of this clay using oxalic
acid as chelating agents.

The objectives of the present investigation are a) the identification of the type of iron
mineral impurities in this deposit 2) to extract Fe before it develops yellow colour, that is
arresting the oxidation of ferrous Fe by complexing with oxalic acid 3) to compare the
leaching efficiency of oxalic acid with H,SO,4 and sodium hydrosulphite and finally 4) to
carry out the utilization studies by incorporating the processed clay in bone china

formulations.

4.11.2 Materials and Methods

Raw clay samples were collected from the white residual clay seam. The coarse fraction
was size separated by wet sieving using 350 mesh BS sieve. Less than 350 mesh fraction
has been denoted as ‘fines’ in the text of this chapter. In order to minimize atmospheric

oxidation the size separation was done immediately after the sample collection.



Chemical characterisation of the ‘fines’ was carried out by classical chemical analysis
(Bennett and Reed, 1971). The major oxides SiO, and Al,O; were determined by
gravimetric and titrimetic techniques respectively. The total iron content was determined
as Fe,O3 by spectrophotometry. The percentage of ferrous iron, as FeO was analyzed by
volumetric techniques by the wet combustion method. SO, in the “fines’ was estimated
after extraction with 1% hot HCI followed by precipitation as BaSO, (Jeffery et al.,
1989).

Mineral assemblages in fines were analyzed by X-ray diffraction. The samples were
scanned from 5 to 65° 26 at 40 kV and 20 mA in Philips PW 1710 X-ray diffractometer.

Deferration studies were undertaken at room temperature in 33% slurry (solid to
liquid ratio 1: 2). The required amount of oxalic acid /H,SO4/both in combination
(E.Merck, AR grade) was added to the clay slurry, stirred for 5 minutes for uniform
mixing and kept undisturbed for iron extraction for a fixed period of time where iron is
brought into solution by complexation.

For sodium hydrosulphite treatment, a 50 g clay dispersed in 350 ml water at pH-3
(using dil. H,SQ,) is treated with 0.15 g of the reagent at room temperature by stirring for
30 minutes.

The leached liquor was analyzed for Fe by spectrophotometric technique using 1: 10
phenanthroline as colour developing agent.

The treated clay was filtered, washed free of iron and the brightness/yellowness
measured as per the procedure 2.14.4 (chapter 2). The effect of chemical leaching on
kaolinite structure was analysed by Hinckley crystallinity index calculation (Hinckley.
1963) and Scanning electron microscopic studies. The dried samples were sprinkled on
double sided carbon coated tape pasted on brass stud and sputter coated with gold prior to
the analysis.

Particle size distribution of < 45 pum fraction (fines) was carried out using
Micromeritics Sedigraph 5100 with sodium hexametaphosphate as deflocculent.
Viscosity of the sample was measured in 63% slurry.

The physical properties viz. water of plasticity, viscosity, green MOR, fired MOR,
linear shrinkage, volume shrinkage, bulk density, water absorption and apparent porosity



were measured as per ASTM standards. Detailed experimental procedures adopted are

given in Chapter 2.

Deferrated clay was incorporated in bone china body and the results compared with
those of the standard formulation. The experiments were carried out at Tata ceramics,

Cochin Export Processing Zone, Kakkanad, Cochin, India.

4.11.3 Results and Discussion

4.11.3.1 Mineralogical and Chemical characterisation

X-ray diffraction patterns (Fig.4.11.1) indicate that the major mineral present in the above

clay is kaolinite. Quartz was identified as minor constituent.
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Fig. 4.11.1 X-ray diffractograms of (a) <45 um fraction of kaolinite (b) <45 um fraction
treated with 0.5 g (for 50 g clay) oxalic acid, K- Kaolinite, Q- Quartz.



The chemical characterisation of the clay presented in Table 4.11.1 indicates that the
composition is more or less in the same range as that of standard kaolinite (SiO,- 46.33%
and A|203— 3784%)

Table 4.11.1. Chemical assay of <45 um fraction (wt%)

*

SiOz A|203 $F€203 FeO 8042- TiOz CaO Na,O| K,O | LOI

46.33|37.84 |0.70 |0.31 |0.10 |0.14 |0.02 |0.07 |0.28|14.08

$_total iron, LOI — Loss on ignition (1025 °C), ~ SO,> as BaSO,

The total iron present is 0.70 % of which 0.31% is in the ferrous form (~ 44.4%).
S0, leached out from the clay was around 0.10 %.

The above chemical and mineralogical evidences and geochemical characteristics of
the clay as explained in Chapter 4.1 showed that the Fe contamination in this kaolinite are
of the following types: ferrous/ ferric hydroxides or sulfates and surface coating on

ilmenite, anatase, rutile, and pseudorutile.

4.11.3.2 Leaching studies

Table 4.11.2 shows the results of iron removal from the fines (< 45 um fraction) for three
sets of leaching conditions 1) with oxalic acid 2) with oxalic acid in presence of H* ions
(0.1 N H;SO4) and 3) with just mineral acid alone (H,SO4). All experiments were
conducted at different acid concentrations and reaction periods. All experiments were
carried out in 50 g batch of clay with solid to liquid (clay to water) ratio of 1:2 at room
temperature.

As evident from table 4.11.2, A 1-5, it was found that the iron leaching increased with
increasing acid concentration. Correspondingly, the improvement in brightness and
reduction in yellowness also could be observed. 0.1gm oxalic acid in 50-g clay (2 kg/ton)
improved the brightness by 7.29 and reduced the yellowness by 4.09 units. The leached
out iron was around 37.11% of the total iron present in the clay (0.71%).



Table 4.11.2. Brightness measurement and chemical assay of the treated sample

Experiments Brightness/ % Fe,04 % Al,O4 % SiO, Hinckley
Yellowness% removed removed removed Index
Raw sample (RS) 77.48/3.66 - - - 0.85
RS after 2 weeks of exposure 69.99/12.30 - - - -
Deferrating agents:
#*Sodium hydrosuphite 84.11/4.9 33.01 0.14 0.27 -
(commercial deferrating agent; 0.15g)
*A.Oxalic acid (g):
1) 0.10 84.77/4.57 37.11 0.13 0.30 -
2) 0.15 84.84/4.44 44.06 0.26 0.42 -
3)0.20 84.91/4.27 53.34 0.38 0.57 -
4) 0.25 85.40/4.15 54.45 0.51 0.60 -
5) 0.50 85.65/3.82 67.25 0.55 0.63 0.91
*B. Oxalic acid (g) + 0.1 N H,SO,:
1) 0.10 84.96/3.68 47.74 0.45 0.91 -
2)0.15 85.38/3.43 50.56 0.52 0.93 -
3)0.20 85.51/3.36 58.91 0.56 0.96 -
4) 0.25 85.63/3.26 60.90 0.59 0.96 -
5) 0.5 85.80/3.18 79.27 0.63 0.99 0.59
*C. H,SO, (N) :
H1x10™* 77.50/8.66 1.11 0.01 0.05 -
2)1x10°® 77.69/8.55 1.15 0.04 0.09 -
3)1x10? 77.40/6.8 2.32 0.14 0.42 -
4)1x 10 B 82.86/4.77 20.87 0.42 0.91 0.65
5)1x10° 83.32/4.44 47.54 0.70 2.32 -

*

L . . # .
Reaction time - 15 hours, Temperature of reaction - room temperature, Feed ratio - clay: water 50: 100; = Reaction

time- 30 minutes, Temperature of reaction —room temperature, with 30 minutes stirring, Feed ratio —clay: water

50:350 at pH -3 (dil. H,SO,).




A further increase in the complexing agent (0.5 g per 50 g of clay i.e 10 kg/ton)
could extract nearly 67.25% of the total iron. The brightness/ yellowness achieved was
85.65/ 3.82%.
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Figure 4.11.2A. Extent of iron removal with reaction time
Oxalic acid concentration 10 kg/ton; solid: liquid ratio (clay: water) 1:2.

Figure 4.11.2.A shows the kinetics of Fe leaching with oxalic acid (10 kg/ton).
Even a 3-h reaction could leach out 46.97% of Fe,O3; improving the brightness to
84.57%. The results indicated in figure 4.11.2.B imply that increase in reaction period
increases the brightness. After a reaction period of 18 h brightness of clay remained
almost steady. The Kinetics of reaction clearly indicates the leachability of the ferrous and
ferric iron in oxalic acid solution. After 720 h (30 days) of treatment
brightness/yellowness achieved for the clay was 85.65/4.57%. Almost 80% of iron was

found to be leached out.
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Fig. 4.11.2.B. Variation of Brightness/yellowness with reaction time.
Oxalic acid concentration 10 Kg/ton solid: liquid (clay : water) ratio 1:2.

Chemical assay of the leached clay indicates that increase in acid concentration
resulted in increased leaching of SiO, and Al,O3;. When 2 kg/ton of oxalic acid was used
0.13% of Al,O3 and 0.30% SiO, were removed. An increase of the sequestering agent to
10 kg/ton dissolved out 0.55% Al,O3 and 0.63% SiO..

However the structural analysis of the above clay by X-ray diffraction analysis
and Hinckley index studies indicated that the structure remains intact by this treatment.
The major basal kaolinite peaks (001) and (002) remained unaffected. But the (110) and
(111) peaks of treated clay showed a slight increase in intensity indicating very slight
improvement in the crystallinity after treatment. This was also confirmed by the Hinckley
crystallinity index measurements.

The promotion of dissolution of cations by H* is a widely accepted phenomenon.
The tests (A 1-5), carried out with just oxalic acid were conducted in presence of oxalic

acid- H,SO4 (0.1 N) to understand the Fe dissolution behaviour in organic acid- mineral



acid combination (B 1-5). Although the Fe removal was improved the results indicated
that the structure was seriously affected in the latter case evidenced by the increased
dissolution of Si and Al and also the lower value of crystallinity index.

Experiments C 1-5 indicate that Fe,O3 leaching was fairly low in mineral acid alone.
A comparison of C 1-4 to its counter parts B 1-1 and A 1-1 amply illustrates this
experimental finding. When 0.1 N H,SO, leaches out 20.87% of the surface iron (as
Fe,O3) B 1-1 and A 1-1 can leach out 47.74 and 37.11% of Fe,O3 respectively. Only a
very high dosage of 1 N can leach out Fe;O3 equivalent to B 1-1 i.e. oxalic acid- mineral
acid mixture.

The kaolinite treated by usual method using sodium hydrosulphite as the bleaching
agent shows only a lesser improvement in the properties (brightness of 84.11% and
yellowness 4.9%), compared to that of oxalic acid treated samples.

Since the crystallinity index was affected in mineral acid and organic-mineral acid
combinations, oxalic acid treatment itself was found to be the most suitable for Fe
removal from kaolinite of this particular deposit. The oxalic acid treatment does not
affect the crystallinity index and morphology (Fig. 4.11.3.A & B). The figures indicated
that although the stacks of kaolin aggregates were found delaminated to a certain extent,

the individual platelet morphology was preserved during treatment.



Fig. 4.11.3. Morphology and textural feature of kaolinite A) Before treatment B) after
treatment with 0.5 g oxalic acid- delamination of kaolinite stacks occurs.



4.11.3.3 Mechanism of iron leaching

Chemical assay indicated that 44.4% of the total Fe is present in the ferrous form in a
freshly mined and size separated sample. Hence an iron dissolution mechanism operative
in presence of ferrous iron could be envisaged in this case.

The ferrous and ferric irons on the clay surface form complexes with oxalic acid.

Fell —OH Fell—OX
+
Felll—OH OX ") Felll— OX

These Fe"' — OX and Fe""' — OX are water-soluble and are brought into the solution.
Meanwhile a simultaneous mechanism of a combined process of complexation by Fe' —

" operates, promoting fast dissolution of the

OX followed by reduction of the surface Fe
Fe'' from the clay surface. The reduction mechanism of Fe'' by Fe' resulted by the
electron transfer, which occurs via the bridging ligand, the oxalate. Subsequently both
the ferrous and ferric ions get detached from the surface of kaolinite into the solution.

The resultant situation is as follows:

Fell_OH + Fel—OX(aq) — . {Felll —OX~ Fell— OX

Fell—OX - Fell —OxX — Fell|— OX - - Felll— OX

(electron transfer)

_ - Il — OX + [Felll + OX
Fell — OX + Felll ox(aq) + [Fe (aq)] (aq)
Where is the surface of the substrate

OX - oxalic acid

]



Here the autocatalytic reductive dissolution promoted the accelerated leaching of iron
in oxalic acid.

The experiments indicated that 5 kg/tons of oxalic acid could leach out 54.45% Fe,03
and when the amount is raised to 10 kg/tons the leached out Fe,O3 increased to 67.25%.
Brightness of the deferrated clay was 85.65% (1SO).

Obviously the presence of ferrous ions have played a catalytic role in the reaction
mechanism. An increase in the kinetics of iron dissolution by Fe?* addition as ferrous
sulphate was found to be effective for iron leaching in goethite (Cornell et al., 1974,
1976) and kaolinite (Ambikadevi et al., 2000) using oxalic acid. Since a good amount of
Fe is in the ferrous form during clay mining, the possibility of arresting the oxidation of
ferrous ions to ferric by oxalic acid has been advantageously employed in this deferration

process.

4.11.3.4 Industrial Utility

Physical and fired behaviour of the clay sample were analyzed and the results presented
in table 4.11.3. For industrial evaluation, the treated clay (A1.5) was tested for bone china
formulation (Table 4.11.4). Testing of this clay for bone china was carried out to confirm
the laboratory results for its utilization. The plastic mass of bone china formulation: 46%
bone ash, 23% K-feldspar and 31% china clay (Grimshaw and Searle, 1958) was

extruded and moulded into various artifacts and fired properties were measured.



Table 4.11.3: The physical and fired properties of the < 45 um clay fraction.

Physical properties:

Particle size distribution analysis:

<2pm 43%
<5 pm 68%

<10 um 83.5%

<20 um 92.5%

> 20 um 7:5%

Water of plasticity 40.6%
Viscosity 639 cps

Dry linear shrinkage 3.09%
Green MOR 2.20 kgf/cm?

Fired properties:

Fired colour white

Linear shrinkage (1250 °C) 15.97%

Fired MOR (1250 °C) 234 kgf/cm?
a b C d

Volume shrinkage % 1.76 2.98 12.4 19.34

Apparent porosity % 23.22 23.56 | 21.49 | 18.17

Water absorption % 35.16 3490 | 32.06 | 22.08

Bulk density g/cc 0.65 0.66 0.72 0.87
a- 600°C, b- 800°C, ¢-1000°C and d- 1250°C




Table 4.11.4: Comparison of bone china body (prepared with Kundara clay) with the

standard.

Properties Standard bone | Bone china

china body body using
Kundara clay

Green shrinkage | 2-3.5% 3.10%

Green MOR > 25 kg/ cm? | 22.94 kgf/ cm®

Fired shrinkage | 7-8.5% 9.54%

Fired MOR > 1100 kg/ cm? | 1007 kgf/ cm?

Loss on ignition | 4.7-55% 5.25 %

Water absorption | < 0.2% <0.2%

Bulk density 2.5-2.65g/lcc | 2.56 g/cc

Closed pores 7.14% 6.25%

Bone china formulation: bone ash - 46%, K- feldspar - 23% and china clay - 31%

The above results indicate that this clay certainly qualifies for applications in bone china

bodies.

4.11.4 Conclusion

The rapid Fe®*-> Fe** transformation of the transition metal in the Kundara clay resulted
in the degradation of kaolinite quality by reducing brightness and increasing yellowness
by 7.49 and 3.68 units respectively, within a fortnight of atmospheric oxidation.
Chemical assay indicated that 44.4% of the total iron (0.70%), is in ferrous state.
Mineralogical examination showed that the colour imparting iron impurities present in
the clay are hydroxides/oxyhydroxides/sulphates of iron, psuedorutile, ilmenite, iron-

coated anatase and rutile. Deferration studies indicate fast room temperature dissolution



of Fe with oxalic acid by autocatalytic reductive mechanism. The fast and efficient
removal of Fe from clay resulted from the presence of Fe' ion which complexes with

oxalate dissolving the Fe'"

rapidly by electron transfer mechanism. Since the clay surface
contains chemically leachable Fe®* ions, low dosage of the sequestering agent is
sufficient for quality enhancement of kaolinite if Fe** to Fe** conversion is arrested.
Presence of the mineral acid affected the composition and structure of kaolinite. The
experiments indicate that ~ 4 kg/ ton of oxalic acid can improve the brightness of
Kundara clay by 7.43 and reduce the yellowness by 4.39 units. The oxalic acid is found
to be an efficient sequestering agent for iron removal from Kundara kaolinite. The clay

treated by above method qualifies for bone china formulations.



Chapter 5

Surface Modified Kaolinite as Filler in Natural Rubber

5.1 Introduction

Fillers are important ingredients of rubber and their use in compounding is as old as the
industry itself (Barrot, 1968). A filler may be regarded as finely divided solid which, on
adding and bonding to the polymer matrix, modify the properties of the system in
certain direction. Fillers are incorporated in polymers for a variety of functional reasons
including reinforcement, abrasion resistance, dielectric strength, electrical conductivity,
fire resistance, UV radiation resistance, colour and other physical properties (Blow and
Hepburn, 1982).

Kaolin has been traditionally employed as an inert diluent for compounding of
polymers (Nugay and Erman, 2001). The success of mineral platelets reinforcement is
due to their desirable combination of cost and properties such as i) price per unit mass,
which is typically less than one- fifth of the common rubber composites ii) ability to
improve stiffness and strength of polymer and iii) the anisotropic alignment providing
reinforcement in all directions. The mineral kaolinite satisfies all the above conditions
due to its favourable properties. However, the surface of kaolinite mineral filler is
hydrophilic and this impedes their dispersion in and rapid wetting by the organic phase.
In order to overcome this problem the surface of the fillers are made hydrophobic for
blending or compounding the filler with the polymer. The simplest way to achieve
hydrophobicity is to attach a suitable organic compound to the mineral surface (Murray,
1963). Plueddemann (1982) showed that coupling agents could improve the rubber
filler interaction in the case of mineral filler. A rank order of most commonly used
fillers, according to their effectiveness when combined with silanes for promoting

substrate adhesion is summarised in Table 5.1.



Table 5.1 Efficiency of the filler to react with the silane

Silane filler reactivity Fillers

excellent Precipitated and fumed silicas,
cristobalite, quartz, wollastonite,
hydrous and calcined clays,

glass, aluminum trihydrate

good mica, talc, magnesium dihydrate,
inorganic oxides (Fe,Osz, TiO,,
Cr,03 etc), other silicate fillers
(nepheline syenite, feldspar etc)

slight Calcium  carbonate,  barium
sulfate, graphite, gypsum
bad Carbon black

Earlier studies have shown that kaolinite as such or in modified forms are widely used in
rubber, paper and in paint industries for the enhancement of the desired properties. Surface
modified kaolinite using chemical coupling agents such as organotitanate, organosilanes
and other chemical products were reported to enhance several properties of the polymer
composites (Theng, 1979; Blow and Hepburn, 1982). Modification of the surface of this
inorganic solid is important in controlling the adhesion of the matrix to polymer (Fowkes,
1987). A brief overview of surface modification of kaolinites and their use in various
industries are given below.

Rehner et al. (1960) and Libby et al. (1967) successfully modified clay surfaces to
enhance the polymer filler interaction with a variety of organosilanes. Kukharskaya and
Skorik (1966) evaluated the effect of kaolinite modification using organo-silicon
compounds. They added diethylpolysiloxane to kaolinite and mixed it by ultrasonic
vibrators. The product obtained by mixing the grafting polymer, when blended and

vulcanised with rubber, showed substantial improvement in tensile strength over the



polymer material filled with unmodified clay. Hawthorne et al. (1974) prepared a series of
kaolinite filler, by making the clay surface initially acidic so as to initiate the cationic
polymerization with various vinyl monomers, and neutralized the remaining acidity with
ammonia or an organic base. Polyethylene filled with such surface modified clay showed
significant improvement in processability, tensile and impact strengths as compared with
unfilled polymer or the material containing untreated filler. Helmer et al. (1976) reported
the filling of polyamides with organo- titanium kaolinites. These treated fillers were found
to be more compatible with the polymer matrix. Using an amino silane, Libby et al. (1967)
were able to attach the hydrolysed silanol group of the reagent to the kaolinite surface
leaving the pendant amino group free to react with the rubber during vulcanization. The
work on surface modification of kaolinite using tetramethoxy silane and tetraethoxy silane
was patented (Brown et al., 1990). These products were effectively incorporated in paper
and were found to enhance the gloss, light scattering, opacifying and printability properties.
Bei and Huang (1990) and Dai et al. (1995b, 1999) modified kaolinite by surface activation
of clays by treating with sulfuric acid. The resultant products were found to show excellent
adhesion behaviour with the silane coupling agent and were found to be highly compatible
in rubber. Kaolin was found to be an excellent modifier for the improvement of the
toughness of diglyceryl ether of bisphenol, an epoxy resin with polyamino-imidazoline as
curing agent (Fellahi, et al., 2001). These organo mineral derivatives are of interest because
they show combined structural, physical and chemical properties of both the inorganic host
material and the organic guest species at a nanometer scale (Rausell- Colom et al., 1987).
In the case of polymer composites, strong adhesion of the matrix polymer to the surface of
the reinforcing filler is required in order to obtain tough and flexible composites (Fowkes,
1987).

As described earlier, although silane-coupling agents have been widely used for surface
modification of minerals and in the composite field and their performance was studied
widely, the information on the surface modification of kaolinite and its modified forms is
quite inadequate. During surface modification of kaolinite with organosilane the silanol
groups react with the hydroxyl group on the mineral surface (Braggs et al., 1994;
Johansson et al., 1999). The type and presence of the hydroxyl groups has a major role in

controlling the silylation reaction. In kaolinite the exposed Al and Si centers at kaolinite



edges are terminated by hydroxyls. In addition the other hydroxyl groups of kaolinite are
those on the octahedral planes, which are coordinated to two underlying aluminium atoms
and are thought to be appreciably less reactive than the edge aluminols and silanols
(Sposito, 1984). A schematic representation of the structure of kaolinite is given in fig.5.1.
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Fig. 5.1 Tri-dimensional sketch of the structure of kaolinite

Arkles (1977) had put forward the reaction mechanism involved during silylation of the
mineral surfaces. The properties of organofunctional silanes are due to their special
molecular structure and reactions. The chemical structure of organofunctional silanes is:
Y-— (CH,), — SiX3 where n = 0-3,

Y = organofunctional group , HoN-, CH,=CH-, CH,=C-COO-, HS", CI

|
CH3j
X =siliconfunctional group, -OCHg, -OC,Hs, (-OR, -Cl, -O-C-CH,)

The silicon, which is the central unit of a silane, is combined with two different
functional groups. Organofunctional group Y, is strongly bound to the silicon via a stable
unreactive carbon chain. The adhesion to the polymer occurs via this organofunctional

group. The siliconfunctional groups, mostly alkoxy groups, which are directly attached to



the silicon, can react after their hydrolysis with active centers of an inorganic substrate by
condensation with other silicon compounds and thus form stable bonds. The mode of action

of organofunctional silanes involves the following sequence of reactions (Fig. 5.2).
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Fig.5.2 Reaction of the siliconfunctional group to the inorganic substrate

The first step comprises of the initial hydrolysis of the three labile X group attached to
the silicon. The second step is the formation of hydrogen bond with the OH group of the



substrate and finally during curing, a covalent linkage is formed with the substrate with the
elimination of a water molecule. At the interface, usually only one bond is formed with
silicon of the organosilane and the substrate molecule. The two remaining silanol groups
present are either bonded to the other coupling agent silicon atom by condensation or exist
in free form.

The silylation of the interlayer silanol groups of layered silicates may lead to novel
functional inorganic- organic supramolecular systems (Ogawa et al., 1998). This technique
of surface modification of kaolinite results in surface tailored products, with excellent
coupling properties and is found to be able to fulfill predetermined specific applications.

The present work details the efforts to study 1) the effects of silylation on the properties
of raw and thermally modified kaolinites and 2) the use of these surface modified organo-
inorgano hybrids as filler in rubber composites. The interaction of kaolinite and natural
rubber is analyzed by evaluating the mechanical, physical and thermal properties of the

natural rubber — filler composites.

5.2 Materials and Methods

5.2.1 Sample Preparation

The < 45 um fraction collected by wet sieving of the specimen sample of kaolinite deposits
of Kundara region (Quilon district, South Kerala), was dried and fractions of the same were
calcined in a muffle furnace at 600 and 900°C for a soaking period of 3 h. In order to
reduce the size of the clay agglomerates, the thermally treated and untreated clays were
subjected to micronization by dry grinding using an oscillatory disc mill (Siebtechnik,
Germany). About 50 g of the clay was subjected to milling for a period of 10 minutes and
the powdered samples were dried to remove the excess moisture by oven drying at 110°C
for 1 h. The uncalcined and the calcined kaolinites (600 and 900°C) are designated as CO,
C6 and C9 respectively.

5.2.2 Surface modification of kaolinites

In order to improve the surface property, both calcined and uncalcined samples were

treated with organosilanes. Surface modification was effected by mixing and blending the



powdered dry kaolinites with 1.5 and 3% concentration of triethoxyvinyl silane (TEVS)
(H2C = CHSIi (OC;3Hs)s, b.p 160-161°C, d = 0.903 (Aldrich, AR grade, 97%), in a high
speed mixer for approximately 30 minutes, by externally heating the sample at a
temperature around 80°C during mixing. The treated filler was oven dried at 110°C for 1 h.
The modified samples were dried in a desiccator and are stored in airtight plastic bag for

further experimental analysis.

5.2.3 Characterisation of raw and modified kaolinites

Studies on variation of properties of the treated and untreated fillers were accomplished by
chemical characterisation, X- ray diffraction analysis (XRD), Fourier transform infrared
analysis (FTIR), Diffuse reflectance Infrared analysis (DRIFT), Thermogravimetric
analysis (TG) and Contact angle and Viscosity measurements.

Chemical characterisations of the thermally treated and untreated samples were carried
out by adopting classical methods of silicate analysis (Bennett and Reed, 1971).

Mineralogical and structural variations of calcined kaolinites were evaluated by X- ray
diffraction analysis, using a Philips X- ray diffractometer.

Fourier transform analysis of the kaolinite was obtained using Perkin Elmer IR
spectrometer. The raw and modified samples were mixed with KBr in the ratio of 1: 200
and pressed into pellets and are scanned over the range of 4000 — 400 cm™.

Diffuse reflectance spectral analysis was carried out to determine the extent of
silylation for the thermally treated and untreated clays, using Schimadzu 8300 IR
spectrophotometer, equipped with DRIFT accessory and a reference mirror.

A Dupont Thermal Analyser model was used for thermogravimetric studies. The
heating rate was maintained at 20° C/ min.

Contact angle measurements of kaolinite were carried out as per the procedure adopted
by Janczuk and Bialopiotrowicz (1988a), using a goniometer — telescope at 25 times
magnification.

Viscosity measurements of the clays were carried out using a Brookfield viscometer.
Since the modified clays do not disperse in water due to its hydrophobic nature, paraffin oil

was used as the liquid medium.



The particle size measurements of the untreated kaolinite are made using Micromeritics

Sedigraph 5100. Calgon was used as the dispersant.

5.2.4 Mixing of the filler with polymer

Formulation of the mix is given in Table 5.2. Mixing of natural rubber, filler, curing agents
and antioxidants was carried out at 50°C in a Brabender Plasti-Corder Mixer using a rotor
speed of 30 rpm. The mix was discharged and sheets were moulded / crosslinked at 150 +
1°C using an electrically heated press at a pressure of 50 kg/ cm? using a spacer of 1 mm.
The time needed for curing of each set of mixing was determined in the same Plasti-Corder
Mixer at 150°C. This curing time is used for crosslinking of the rubber — filler composites.
In both mixing and the curing studies, the variation of torque with time is plotted and the

torque needed for mixing of each formulation is calculated.

Table 5.2 Mix Formulation

Ingredients | Weight
in gram
1 | Natural rubber | 30
2 | ZnO 15
3 | Stearic acid 0.6
4 | Filler 9
5 | MBT* 0.6
6 | Sulphur 0.6
7 | Napthenic oil | 3
* 2- Mercaptobenzothiazole

5.2.5 Composite characterisation

The experimental methods adopted for the evaluation of the properties of the composites
include the measurements of density, equilibrium swelling, percentage weight loss, thermal
and mechanical properties of the cured samples. Density for the cured test specimen was
measured at room temperature after calculating the specific gravity of the samples by the
ASTM D 792 method. Degree of equilibrium swelling measurements (\Vr) were undertaken



using cured test pieces of dimension 10 x 10 x 1 mm in toluene (Oliveira and Soares,
2000). Thermal properties of the cured samples were measured using a DuPont thermal
analyser at a heating rate of 20°C/min to measure temperatures at 5, 10 and 50 % weight
loss. In addition the temperature at final weight loss (i.e. while it reaches a steady state) and
weight of the residue at 600°C were also calculated. Mechanical properties were analysed
by tensile strength measurements by ASTM D412 method. (Detailed experimental

procedures in chapter 2).

5.3 Results and Discussions
5.3.1 Characterisation of the filler
5.3.1.1 XRD studies

Figure 5.3 shows the XRD patterns of calcined and uncalcined clays.
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Fig. 5.3. X-ray diffraction patterns of (a) Kaolinite, (b) Kaolinite calcined at

600°C and c) Kaolinite calcined at 900°C: K- kaolinite, Q- quartz.
Untreated sample shows characteristic peaks of kaolinite at 7.15 and 3.56 A and these
peaks disappeared in the case of calcined kaolinite, leaving only the peaks of quartz and an

amorphous material between 26: 15 and 30 degrees.



5.3.1.2 Chemical characterisation

The raw and calcined samples have been subjected to chemical assay and the results are
reported as the oxides of the respective elements (Table 5.3). The dehydroxylation during
calcination is responsible for the increase in percentages of the constituents. The SiO;
content reaches around 53.02% for C6 and 53.54% for C9. The Al,O3; content was 42.30
and 43.26% for C6 and C9 respectively. The LOI is in accordance with the temperature of
dehydroxylation.

Table 5.3. Chemical composition of the kaolinites used as the filler (wt %)

Sample SiOz A|203 Fe,O3 TiOz Ca0 | K;O | Na,O | LOI
code
Co 47.87 | 36.05| 0.47 | 0.06 |0.21 |0.07 |0.11 | 14.98

C6 53.02|42.30| 054 | 0.07 |0.22 |0.08 |0.13 |3.41

C9 53.54|43.26| 055 | 0.07 {032 |0.12 |0.20 |1.71

5.3.1.3 Particle size distribution analysis

The size of the particles has a great influence on the property enhancement of the polymer.
Smaller particle size results in higher tensile strength, higher abrasion resistance, higher
electrical conductivity and higher Mooney viscosity, with minor effect on extrusion
shrinkage and modulus (Blow and Hepburn, 1982).

Figure 5.4 shows the variation in the range of particle size of the fillers. Particle size
distribution analysis indicates that the < 2 um fractions are more for C9 (52%) and C6
(48%). For CO less than 2 um fractions is only 24%, half of that for the calcined one (Fig.
5.4). The results show that the calcined samples are more amenable to size reduction by dry

grinding.
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Fig. 5.4 Particle size distribution pattern of kaolinite and metakaolinites: C0- raw kaolinite,
C6- kaolinite calcined at 600°C, C9- kaolinite calcined at 900°C.

5.3.1.4 FTIR studies

Figure 5.5 shows the FTIR spectra of raw and calcined kaolinite. The bands at 3695, 3648,
3615, 1102, 1029, 1009, 917, 797, 758, 698, 539, 472 and 426 cm™ are characteristic of
kaolinite. The higher frequency bands at 3695 and 3621 cm™ arise from the stretching of
the inter and intrasheet hydroxyl groups respectively. The absorption frequency observed
around 1100 — 1000 cm™ region corresponds to the Si— O —Si asymmetric stretching
vibrations and the bands observed at 917 and 539 cm™ are characteristic of Al- O- H
deformation of intrasheet hydroxyls present in kaolinite. The kaolinite—metakaolinite
transformation taking place during heat treatment is confirmed by the absence of the major
peaks of hydroxyl bands at 3695 and 3621 cm™ and Al-O-H bands at 917 cm™ (Figure 5.5).
The disappearance of band at 539 and 917 cm™ and the appearance of a new band at 817
cm™ are connected with the change from the octahedral coordination of AI** in kaolinite to
tetrahedral coordination in metakaolinite. The band at 1102 cm™ is assigned to the Si-O-Si

asymmetric vibrations of amorphous SiO,. From the FTIR pattern, it is evident that the



sample calcined at 900°C has more intense Al-O-H band compared to the one calcined at
600°C, resulting from the segregation of octahedral ions. On the contrary adsorbed water
molecules as evident from the OH peak at 3429 cm™ of C9 (calcined at 900°C, Fig.5.5c)

metakaolinite is less intense than that of the CB6.
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Fig. 5.5. FTIR patterns showing the structural variation during thermal treatment of kaolinite
(a) kaolinite (b) kaolinite calcined at 600°C and (c) kaolinite calcined at 900°C.



A schematic representation of the reaction sequence of well- ordered kaolinite to
metakaolinite and the collapsed reaction product (bottom) as suggested by Freunds
(1966) is shown in Fig. 5.6.

Kaolinite

N\ Tetrahedral layer
E  Octahedral layer

OH group

Metakaolinife
below 950 °C

Reaction product
above 950 °C

Fig. 5.6. Schematic representation of structural transformation
of kaolinite during calcination.

According to Freund’s model, the dehydroxylated metakaolinite contains residual
hydroxyls even at higher temperatures of calcination. MacKenzie et al. (1985) showed
metakaolinisation reaction as:

Si;05Al(OH)4 — Siz0sA1,0,4(0OH)« + (2-x/2) H,0

According to this reaction, at least 10 % of residual hydroxyl groups are present within
the metakaolinite structure even at the dehydroxylation temperature of 500-600°C. Further
increase of calcination temperature removes the remaining hydroxyl ions but the rate of
removal is very low. So the residual OH groups were found within the structure even for

the metakaolinite prepared at higher temperatures. At temperature in the range 720 to 850



°C, the collapse of the metakaolinite pseudo- lattice gives way to extensive segregations of
amorphous silica. These observations are well in agreement with the FTIR patterns
recorded for the metakaolin studied. However the FTIR patterns of the silylated kaolinites
and metakaolinites do not show any change in the intensity or any shift of the wave length.
Hence Diffuse Reflectant Infrared Spectral studies were undertaken to understand the

surface charcteristics.

5.3.1.5 Diffuse Reflectance Spectral studies

Diffuse reflectance IR spectral characteristics of silylated kaolinites were extensively
studied by Porrio and Pattacini (1990).
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Fig.5.7. DRIFT spectra (3100-2800 cm*) of surface modified kaolinite using triethoxyvinyl
silane (TEVS): the unmodified clay is used as the reference material (dotted line represents
1.5% TEVS treated and bold line represents 3% TEVS treated samples) - note the variation in
the band intensities of raw and calcined samples; C0- raw clay, C6- sample calcined at 600°C,
C9- sample calcined at 900°C.



The DRIFT spectra (Fig. 5.7) show distinct bands of silanes adsorbed on the kaolinite-
metalkaolinite surfaces.The variation of the intensity of reflectance patterns of silylated raw
and calcined kaolinite C0O, C6 and C9 is attributed to the variation of silane consumption of
these materials. The characteristic peaks of vinyl silanes like the C-H stretching bands
between 2850 and 2925 cm™ and unsaturated C-H stretching bands between 2925 and 3100
cm™, show a relation with the silane concentration (1.5 and 3%). The maximum intensity of
the peaks for the vinyl group is observed for the sample C9 (3%) (calcined at 900° C;
3%silane treated) and the least is for the raw sample. The intensity variation is in
consistency with the calcining temperature and the concentration of silane used for

silylation.

5.3.1.6 Morphological analysis by SEM

Scanning electron micrographs of kaolinite indicate that the raw kaolinite consists of
densely packed pseudohexagonal sheets (Fig. 5.8A) and this platy nature is retained even at
a temperature of 900°C (Fig. 5.8B). But in this case, most of the platelets were broken and
the stacked platelets were found to be much more dispersed (Fig. 5.8B). It is quite probable
that the fracturing of the surfaces might have taken place during dry milling of the sample
after calcination. Surface modified silylated samples do not show any variation in the

morphological or textural features (Fig. 5.8C).



Fig. 5.8. Scanning electron micrographs of < 45 um fraction of (A) raw kaolinite (B) kaolinite
calcined at 900°C (C) 3% triethoxyvinyl silane treated raw kaolinite



5.3.1.7 Contact angle measurements

Values of the contact angle for the kaolinite (calcined and uncalcined) and for the kaolin
treated with varying silane concentrations are listed in the table 5.4. The value of the
contact angle of water drops increases with increasing silane concentration, on the filler.
The contact angle of the untreated raw kaolin is around 26.1 degree, similar in range to the
one reported by Janczuk et al. (1989), in the study of surface energy of kaolinite. On
increasing the silane concentration from 1.5 to 3%, contact angle also increases from 39.7
to 61.4 degrees. For untreated calcined kaolinite C6 and C9 (600 and 900°C) the
measurements of contact angle were difficult, because of the spreading of the water
droplets due to absorption. On the contrary, their surface modified products showed higher
contact angles. The increase in the contact angle is consistent with an increase in
calcination temperature and silane concentrations. Highest value in the angle (116.64°) is
noticed for 3 % triethoxyvinyl silane treated calcined clay, C9 3%. This is due to the
inducing of hydrophobic nature of the clay surface through treatment with organosilanes.
The increase in contact angle for calcined clays results from an increase in
adhesion/bonding of these silanes on metakaolinite. If the kaolinite surface is progressively
coated with triethoxyvinyl silane, the dispersive force increases making the surface more

and more hydrophobic or in other words, less wettable by water.

5.3.1.8 Viscosity studies

Since the silylated kaolinites are hydrophobic, viscosity measurements were undertaken in
a hydrocarbon medium using liquid paraffin oil. The results show the extent of particle-
particle interaction and the degree of dispersion of kaolin (Table 5.4). Silane treated raw
clay CO (1.5%) has a lower viscosity value (760 cps), compared to the untreated one (1180
cps). Calcined kaolinite shows a higher viscosity value and is directly proportional to the
temperature. For sample treated at 600°C (C6), the viscosity is around 5900 cps and for C9
(900°C) it is much higher, 6400 cps. This variation resulted mainly from the reduction in
particle size during dry milling as evident from the particle size measurements and also
from the reconstitution of the crystal structure during calcination. The aggregated structure
produced by metakaolinization followed by dry milling imparts major surface irregularities



to the particles with sharp protrusions, as evident from the scanning electron micrographs.
These surfaces are more resistant to shear (Bundy and Ishley, 1991) leading to higher
viscosities. On the contrary silylated calcined clays, show lower viscosity than the silylated
raw clay CO (1.5 and 3%). The decrease in the viscosity is in accordance with the
percentage of silane. It has been reported that the use of the silane coupling agent is an
effective means of reducing viscosity of polymer formulations (Nugay and Erman, 2001).
The lowering of the viscosity values is attributed to the breakdown of the structure of filler-
filler agglomerate and also due to the masking of the electronic edge-face interaction
between kaolinite particles. The results obtained during the viscosity studies indicate that
the structure and morphology of kaolinite play a major role in the silylation and consequent

reduction in viscosity.

Table 5.4. Viscosity and Contact angle measurements

of raw and calcined kaolinites.

Sample Contact | Viscosity in cps
Code angle (0) at 50 rpm
Co 26.10 1800
C01.5% 39.71 1180
C0 3% 61.44 760
C6 - 5900
C6 1.5% 97.63 300
C6 3% 113.7 220
C9 - 6400
C91.5% 105.5 520
C9 3% 116.64 230

5.3.1.9 Thermal Analysis

Thermogravimetric analysis was used to examine the extent of stability of organic coatings
on the clays. The results are given in table 5.5. A regular variation in weight loss is

observed for the filler calcined at different temperatures and it was also found to depend on



the nature of the clay samples. At 100°C, raw kaolinite shows a weight loss of 3.34% and
the calcined variety exhibits relatively lower percentage of weight loss and the least was for
the silylated ones. Lower weight loss observed for calcined and silylated kaolinites
compared to raw clay may be due to the low amount of hydroxyls. The trend of decreasing
hydroxyl weight loss follows an increased loading of silane, there may be a direct
correlation of the extent of grafting of these silanes with the hydroxyl groups of kaolinite.
A steady state condition for dehydroxylation is achieved at 600°C, for all the samples.
These studies indicate that the silane modification causes the kaolinite surface to become
hydrophobic and hence moisture adsorption during the storage of the filler can be
significantly reduced. The observations are well in correlation with the results obtained by

DRIFT analysis and contact angle measurements.

Table: 5.5 Thermal characterization of the filler (%, cumulative wt loss)

Sample 100°C 200°C | 300°C| 400°C| 500°C | 600°C
code

CO 3.34 5.69 6.64 741 13.44 | 17.63
CO0 (1.5%) 2.09 4.93 5.26 5.43 1111 15.75
CO (3%) 196 | 374 | 425| 515 | 10.62| 16.10
C6 0.89 1.79 2.23 1.89 2.07 2.55
C6 (1.5%) 0.32 1.06 2.04 0.90 1.60 2.09
C6 (3%) - - 0.10 | 0.57 0.92 1.19
C9 - - 0.55 1.19 1.32 1.56
C9(1.5%) - 0.24 0.65 0.88 1.14 1.15
C9 (3%) - - - 0.20 0.26 0.26

5.3.2 Properties of Kaolinite-Natural Rubber Composite

5.3.2.1 Curing characteristics

Curing characteristics are shown in table 5.6. The curing time required for different filler
added rubber composites were found to be dependent on the calcination temperature and
the concentration of the silane. The minimum curing time was observed for C9 (calcined at

900°C, 3% silane) and the maximum was observed for raw kaolin having no silane coating.



The curing time required for various filler-rubber composite shows a gradation. Higher
calcination temperature and silane loading need only lower curing time. The above features
of reduction in cure time on addition of thermal and chemically modified kaolinite is
indicative of curative adsorption on the filler surface.

The final torque attained by the composite during mixing also varies depending on the
surface modification (Table 5.6). Silylated samples, both calcined and uncalcined show

reduction in their final torque values during mixing.

5.3.2.2 Physical property evaluation

The physical properties such as the equilibrium swelling, density, loss of weight in toluene

etc show variation in the value depending on the filler treatment.
5.3.2.2.1 Weight Loss and Equilibrium Swelling Measurements

The results of the degree of equilibrium swelling measurements and weight loss in toluene
for NR-kaolinite composite are given in table 5.6. For raw clay CO, the weight loss is
significantly higher than those obtained for C6 and C9. The value of equilibrium swelling
in toluene (Vr) is found to be inversely proportional to the percentage weight loss in
toluene. For a sample, which has a higher Vr, the percentage of weight loss is lower i.e. the
percentage of bound rubber is more in this sample. Addition of silylated raw kaolin (CO-
1.5 and 3%) and metakaolin (C6-1.5% and 3%) leads to a lower value of weight loss. On
the contrary, Vr for C9 (1.5 and 3%) shows much higher value (0.28) and an increase in
weight loss (8.61 and 8.91%), compared to C6 (1.5% and 3%). The lower values of Vr and
a reduction in the weight loss indicate an improved crosslinking for the corresponding
filler- polymer composites. These observations are well in agreement with similar studies
reported by Bandyopadhyay et al. (1996), for carboxylated rubber filled with silane treated
carbon black. Based on these observations, it can be inferred that the silane promotes the
rubber-kaolinite interface reaction. It is further observed that the extent of interfacial
reaction is greater in the case of silylated calcined kaolinite as compared to the uncalcined
one. The silane coupling agent improves the interfacial bonding and thereby reduces the

weight loss in toluene.



5.3.2.2.2 Bulk Density

The variation in bulk density of the composites is given in Table 5.6. Bulk density of the
composites increases with the temperature of calcination and also increases with an
increase in the concentration of silanes. The composite with filler calcined at 900°C has a
relatively higher density than other composites having fillers treated at lower temperatures.
The above results indicate that the property of the composite greatly depends on the filler.
In addition, the coupling action of silane also influences the density of the composite. The
density increases with the amount of treatment of TEVS on the filler. This property results
from the good interface adhesion between polymer matrix and filler due to the reduction of

voids and vacuoles.

Table 5.6 Physical properties of the cured rubber sample

Sample | Final torque | Optimum cure | Bulk vr Weight loss after *
code during mixing | time (min) density | (ratio) | ageing in toluene
(Nm™) glcc (%)

Co 10.8 3.8 1.14 0.16 9.72
CO (1.5%)| 10.4 3.6 1.16 0.20 9.24
CO (3%) |10.2 3.4 1.16 0.22 9.04
C6 10.9 3.0 1.14 0.26 8.61
C6 (1.5%)| 10.4 2.9 1.16 0.28 8.37
C6 (3%) |10.2 2.8 1.17 0.27 7.61
C9 10.5 2.0 1.19 0.26 8.32
C9 (1.5%)| 9.8 2.0 1.21 0.28 8.61
C9(3%) |9.7 2.0 1.23 0.28 8.91

- equilibrium swelling in toluene ( after 5 days),
# percentage weight loss in toluene (after 5 days)

5.3.2.3 Thermal stability measurements

TGA has been effectively used to study the thermal properties of these composites. The

temperature required for 5%, 10%, 50%, and final weight loss percentage has been taken as



an index of thermal stability. The decomposition temperatures are given in table 5.7. The
temperature for 50% weight loss increases with an increase in the content of coupling
agent. Surface modified raw kaolinites (CO 1.5% and 3%) have higher degradation
temperature for 50% weight loss compared to the composite having untreated filler. In
addition, surface modification of the calcined filler improves the thermal stability of the
composites. The temperature at 5% weight loss is the highest for the composites
containing kaolinite filler (900°C, 3%). The highest value of temperature at 50 % weight
loss is for the composites with 600°C calcined 3% silane treated kaolinite filler. The
improvement in the thermal stability is brought about by the enhancement in bonding
between matrix and the filler as well as the improvement on the interface bonding by
coupling agent treatment. From TGA it is clear that the thermal degradation commences at
a temperature around 600°C. Percentage of residual material after degradation is much
more for the composites with silane treated calcined fillers. These variations observed in
thermal stability are solely attributed to the property changes of the kaolinite filler, which
occurred during thermal and chemical modifications. Higher residues in the case of
calcined fillers are due to the lower amount of structure hydroxyls in them (Table 5.7).

Table 5.7 Thermal analysis of rubber- modified kaolinite filler composites

Sample | *Ts *T1o *Tso *Te Residue at 600° C
code (% wi)
Co 295.7 324.5 337.9 546.6 19.60
C01.5%| 307.22 334.6 372 532.2 20.29
C03% |313 343.3 383.7 535 21.93
C6 314.4 336 389.42 542.3 23.54
C6 1.5%| 324.5 344.7 389.42 542.3 23.57
C63% |307.9 343.3 393.7 543.7 23.93
C9 302 338 384.6 533.7 24.93
C91.5%| 311.3 343.3 392.1 551.9 26.45
C93% |3245 349 392.3 572.1 27.1

* Ts—Temperature at 5% weight loss, * T, — Temperature at 10% weight loss,
* Tgo— Temperature at 50% weight loss, * T— Temperature at final weight loss



5.3.2.4 Mechanical property evaluation

It is well known that the filler affects the tensile properties according to the packing
characteristics, size and interfacial bonding of the polymer composite (Milewski and Katz,
1978). Table 5.8 shows the variation in the stress, elongation at break and modulus at 100%
and 300%. The results show a synergetic effect of the coupling agent and the improvement
of the tensile strength of the composites as compared to the composites with unmodified
kaolin. A considerable enhancement of the mechanical properties with both thermal and
chemical modifications of the kaolinite surfaces was observed in all the cases. Effect of
thermal modification is evident from the increase of the breaking stress from 13.4 + 1.26
for the raw clay to 16.37 + 2.39 and 17.69 + 2.82 Mpa for the samples calcined at 600 and
900° C respectively. Elongation at break increases with the addition of thermally treated
fillers. The mechanical strength of the composite material is also influenced by the amount
and adsorption behaviour of the silane coupling agent. Incorporation of CO (1.5 and 3%)
and C6 (1.5 and 3%) kaolinites results in an increase in the breaking stress, breaking strain
and modulus at 100 and 300%. This shows the ductile nature of the composite on
treatment. On the other hand the elongation at break decreases for C9 (1.5 and 3%). Stress
at break and modulus at 100 and 300% for these samples are relatively higher. Even though
the higher modulus and breaking stress indicate higher crosslinking density for the
metakolinite C9, C9 1.5% and C9 3%, the lower value of elongation compared to the
composites with filler C6 shows the higher stiffness. This variation solely depends on the
structural variation taking place in the filler.

The variation in the above mechanical properties of the composites results from the
variation in the filler character and the effects of silane bonding on the inorganic surface.
The filler encapsulated with silane can bond the matrix to the mineral surface and act as a
seal, reducing the formation of deleterious stress concentration at the matrix filler interface.
The surface of the kaolinite treated with the silane coupling agent gets more desirable
dispersion in the polymer matrix and enhances the wetting-adhesion between the filler and
the polymer and thereby improving the interface of both and increasing the mechanical

properties. When kaolinite is calcined, the efficiency of bonding of silane on the kaolinite



surface is improved and this enhances the coupling action resulting in the improvement of
mechanical properties. Addition of unmodified filler kaolinite itself gives reinforcing

property in natural rubber. The silylated counterpart further enhances the extent of

reinforcement.

Table 5.8 Mechanical strength of kaolinite- polymer composite

Sample(n=6) | Break stress | Break Strain Modulus at Modulus at
(Mpa) (%) 100% (Mpa) | 300% (Mpa)
CO 13.40 +£1.26 1544 + 73 0.845+0.134| 0.551 +0.103
CO0 (1.5%) 13.84+2.04| 1551+145| 0.836+0.013| 0.576 +£0.101
CO0 (3%) 13.61 +£1.45 1616 + 74 0.780 £ 0.121| 0.536 £ 0.101
C6 16.37+2.39| 1633+146 | 0.781+0.109| 0.528 +0.111
C6 (1.5%) 16.55+2.31| 1585+182 | 0.882+0.122| 0.615+0.116
C6 (3%) 18.27+2.12| 1779+137 | 0.832+0.119| 0.559 +0.101
C9 17.67+2.82| 1596+ 147 | 0.903+0.049| 0.618 +0.031
C9 (1.5%) 17.01+3.28| 1559+179 | 0.893+0.027| 0.624 +£0.014
C9 (3%) 19.53+3.50| 1676+ 183 0.916 £ 0.04 | 0.636 + 0.024

The values indicate the average of six measurements

5.3.3 Mechanism involved in coupling

The mechanism involved in the coupling of the modified filler is schematically represented
in Fig. 5.9.

In the initial step, it is believed that the -OH group of kaolinite surface interacts
chemically with the —OC,Hs groups of TEVS and a hydrogen-bonded complex is formed
(Fig.5.2). This then interacts with the natural rubber, forming a kaolinite —natural rubber
bond in the presence of TEVS. These rubber filler bonds which are formed during mixing
are converted into a crosslinked structure during high temperature moulding. Thus they
form a network of molecular bridges to create a strong, stable bond between the two
otherwise weak bonding surfaces. The above reaction, which occurs within the polymer,
results in the enhanced interfacial bonding of the composite.
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5.4 Conclusion

Kaolinite filler improves the mechanical and thermal properties of natural rubber. Raw and
calcined fillers have been surface modified by silylation. The viscosity, contact angle,
DRIFT and thermal property studies of kaolinite and its surface modified forms reflect the
adhesion of organosilane on the inorganic host material. Incorporation of silylated kaolinite
in natural rubber enhances the rubber-filler interactions. In addition, the enhanced

mechanical, thermal, curing and swelling characteristics of modified kaolin incorporated



natural rubber composites reflect the higher crosslink density. This improvement is also
evident in the properties of the composites with fillers which are both thermally and
chemically modified. The present study indicates that the silylated clays act as excellent
molecular bridges, thereby bonding the otherwise weak-bonded surfaces resulting in a
manifold increase in the rubber-filler interactions. The studies showed that the use of
surface modified kaolinite, as filler in polymer is a versatile, efficient and cost effective
technique for achieving the desired physical and mechanical properties required for specific

industrial application.
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Summary and Conclusion

Kaolinites, the molecularly engineered layered silicates are widespread in nature and
possess many unique properties. The uniqueness of kaolinite arises from its typical
layered structure, thin platelet shape, fine particle size, high brightness and whiteness.
good rheology in aqueous suspension, relative chemical inertness and the ability to
modify its structure in accordance with the surrounding environment.

Geochemical, mineralogical and morphological evaluations of kaolin deposits of
Madayi and Kundara from northern and southern parts of Kerala give a very interesting
picture on the above aspects. The present study showed that the three factors such as 1)
morphology of the minerals, 2) their internal crystal order and 3) the physico-chemical
components of the environment in which the clay mineral crystallised are genetically
related.

The similarities and differences of formation and properties of clays from the two

kaolin deposits are highlighted below. Asterisk “*” indicates the typical feature of the

deposits.

Madayi Deposit Kundara Deposit

North Kerala, Kannur district, thickness of South Kerala, Kollam district. thickness

the profile ~ 45 meters of the profile ~ 55 meters.

Clay Sequence:

Residual white clay (Lla, L1b and Llc: ~
14m).

crystalline rock: quartzo feldspathic mica

formed from Precambrian

eneiss, due to pre-Tertiary lateratisation,

Gray carbonaceous clay (L3, L5, L7, L9,

Residual white clay (Kla, K1b and Kle:
~]15m),

lateritisation of

formed from  pre-Tertiary

Precambrian rock.

garnetiferrous biotite gneiss.

Gray carbonaceous clay (K2. K4, K6 and



L11,L13 and L15 with alternate lignite
_Seams: ~ 17.5 meters depth) and Hematitic

clay (L16, L17 and L18: ~12 meters depth)

formed as a part of Warkallai Formation.

*Encrustation of bauxite along with
ferricretes indicates long periods of aridity
in the climate prior to rainfall.

Mineralogy:

Residual clay

Mineralogical include

assemblages
kaolinite, quartz, muscovite, illite and
pyrophyllite in upper portion of the profile
(L1b & c). Pyrophyllite i1s absent in the

lower most portion (L1a)

*The sequence indicates pyrophyllite to be
the intermediate stage in muscovite
—rKaolinite alteration.

Gray carbonaceous clay

Associated minerals include kaolinite,

quartz (coarse and microcrystalline),

marcasite and pyrite with traces of smectite
and gibbsite.

*Association of smectite and gibbsite
indicates a dual condition of leaching
environment.

*Ample marcasite and pyrite reflect the
reducing environment for clay
formation/deposition.

213
K7 with lignite seams: ~ 19 m) and

Hematitic clay (K8, K9 and K10: ~ 24 m)

formed as a part of Warkallai Formation.

*Presence of FeS, patches in residual white
clay.

*Typical quick yellow pigmentation of white
clay soon after the exposure.

Mineralogical associations include
kaolinite, quartz, biotite, ilmenite and trace
pseudorutile in the lowermost portion, Kla.
Pseudorutile, rutile and anatase present
along with kaolinite and quartz in Klib.
Minerals present in the black patches
include pyrite, melanterite and jarosite.
Good amount of rutile and anatase present
in addition to kaolinite and quartz in Klc.

*The sequence represent the conversion of
biotite to kaolinite and alteration of ilmenite
to pseudorutile, anatase and rutile.

Mineralogical assemblages in these seams

consist of kaolinite,

quartz, gibbsite,
anatase, rutile with traces of marcasite,
jarosite, goethite and sillimanite.

*Good amount of gibbsite reflects the
intensity of leaching.



Hematitic clay

.Kanlinite. quartz and hematite are the
minerals present in L16 and LI7. The
topmost bauxitic sample consists of higher
gibbsite and hematite concentrations with
traces of kaolinite. Ferricretes is entirely of
hematite.

*High amount of this Fe- mineral shows the
aridity of the climate and extent of oxidation

Geochemistry:

Residual clay

Good amount of alkali and alkaline earth
metals in the lower layer exhibit the
variation in intensity of leaching of parent
material with depth

Gray carbonaceous clay

High Fe,0s/ organic carbon and pH
substantiate the intensity of reducing
condition and the also the acidity of the
deposit.

*High acidity for the clays indicates the
oxidation of FeS..
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The associate minerals in this clay include
kaolinite, quartz, hematite, sillimanite, rutile

and anatase.

Presence of high water leachable SO,* and
iron in the Klc, upper portion of the profile
indicate the elution of the same from the
upper carbonaceous clay seams. On the
contrary high FeO in lower most portion of
the profile (K1a) indicates the presence of
ilmenite and biotite.

*Lowering of the pH soon after the exposure
of the clay reflects the leaching of FeS; on
oxidation

Good

concentration

of AlLO; and
of Fe)O4

evidences on SO, leaching.

amount lower

further give

*Maximum trace element concentration is for
laterite (1124 ppm).



Hematitic clay

Concentration of high Fe,Os in the upper
bauxitic layer shows the intensity of
incongruent dissolution of AlO; and S10,,
and consequent enrichment of iron.

* Maximum trace element concentration is
for bauxite (2788 ppm).

Structural Features:

Hinckley index ranges from 0.44 (L5) to
1.10 (L1a). In addition the presence of
doublet between 3694 and 3619 cm™ (OH
stretching region) for kaolinite in FTIR,
which has a lower Hinckley crystallinity
index, reflects the presence of well ordered

kaolinite along with the disordered ones.

Thermal properties:

DTA shows a range in the endothermic
peak values from 487 to 542°C and
exothermic peak values between 955 to
1003.5°C. Weight losses as from TG were
consistent with the concentration of

organic carbon and FeS;.

Morphological features:

Residual clay

Fanning out texture and friated edges of

kaolinite is indicative of muscovite

kaolinization. Pyrite crystal of cube-

octahedral-dodecahedral features were
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Concentration of Fe;O; more in the topmost

lateritised portion.

Hinckley Index ranges from 0.67 (K10) to
1.1 (K1b). Absence of doublet between
3694 and 3619 cm™' reflects lower order for

these kaolinites.

Endothermic and exothermic peak value
ranges from 507 to 540°C and 981 to
1003°C respectively. The weight losses
around 288°C reflect the concentration of
gibbsite and in turn the leaching

environment.

Microcrystalline stacks of kaolinite are
pseudomorph after feldspar. Kaolinization
of biotite is also evident. Pyrite crystals

with typical cube-octahedral, pyritohedral



found within the fossilised plant remains in
the upper most portion of residual clay
profile, indicating a local area of saturation
of Fe** and SO,” enriched solution, which
get leached out from FeS, of gray

carbonaceous clay.

Gray carbonaceous clay

This thick sequence of clay seams show
kaolinite crystals of three distinct genetic
types: 1) swirl texture with face-to-face
arrangement of kaolinite platelets showing
its detrital character 2) bimodal texture
indicative of in situ crystallization in a
water laiden condition 3) in situ kaolinite
crystallization into the etched pits of cubic
pyrite, resulting from an Al-Si enriched

solution.

Hematitic clay

Kaolin from hematitic clay exhibit distinct
morphology showing 1) agglomerated
nature in the presence of iron oxide

indicative of detrital

origin  2)
collomorphous texture for laterites with in

situ gibbsite crystallization due to Al,Os—
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cystals are present in black patched

portions. In addition, their oxidation
product, melanterite with monoclinic crystal
feature is also present. The leached out iron
in clay deposit reprecipitates as feroxyhyte
in this SO,” enriched environment. Garnet
grains show two sets of leached pits, which
give fingerprints on the influence of dual
environment reducing and oxidising on the
clay deposit.

*Morphological features also reflect the
influence of leaching of SO, ions into the
residual clay

Two distinct types of kaolinites were found
1) in situ crystallisation of vermicular
kaolinite in unconsolidated sediment
enriched in feldspar 2) agglomerated nature

of kaolinite showing its detrital origin.

Two distinct type 1) In situ Kaolinite
showing vermicular nature 2) detrital one
with face-to-edge arrangements of clay
platelets. Feldspar grain shows prismatic
etch pits. The iron mineral shows a typical

mushroom shaped morphology covering the



SiO, remobilization 3) features showing entire surface of the clays.
the remobilisation of Fe,O; into tubules
indicative of advanced stage of

lateritization for this layer.,

Optical feature:

Muscovite grains from residual clay shows The optical properties of the mineral grain

a varying intensity of weathering of the biotite, ilmenite, anatase/rutile and alterites

parent rock in the residual clay profile. The reflect the influence of dual environment:

extent of alteration of muscovite increases oxidative and reductive, on the deposit.

in the upper portions of the profile owing

to increasing acidity.

Comparison of the stratigraphic, petrological and morphological characteristics of the
clays from the above two deposits show that both the deposits: Madayi and Kundara were
formed under similar paleoclimatic conditions. The variations in the geochemistry of the
two resulted from the variation in the characteristics of the parent rocks such as their
mineralogy and the permeability of the deposited parent materials. In addition, the
sedimentary deposits show a slight varying depositional environment as evident from the
concentration of the organic carbon in the gray carbonaceous and lignite seams and also
from the size variation of the deposited minerals. In the case of Kundara kaolinites, since
the Tertiary sediments are coarser and much more unconsolidated with lower amounts of
reactive ferrous iron, the 5042' enriched solution elutes downward into the residual clay
seams resulting in FeS; crystallization. Here on exposure, the clay shows quick yellow
pigmentation resulting from F e** oxidation. The sedimentary Warkallai Formation, which
overlies the residual clays of both the places, has major role in controlling the quality of
kaolinite. In addition, these clays preserve the valuable underlying residual white clays in
both the deposits from nngﬂiug lateritisation. Mineralogical, thermal, spectroscopic and
morphological analysis give evidences to substantiate the climatic and environmental

conditions during the deposition of kaolinite. Thus, the sequence and pattern of



218
lithologies, mineral content and chemical composition clearly bring out the complete

record on geochemistry of the deposits. The texture and morphology of the minerals help

to substantiate the conditions of microenvironments under which these valuable deposits
have been formed. New insight into the fascinating science of kaolinite—about its

formation mechanisms, variation of the chemical and structural properties, geochemistry
of the accessory minerals, its stability in the weathering environments etc could be gained
from the present investigations.

Studies on the physical and bleaching properties of the economically viable white
residual clays from the two locations indicate that the iron mineral, which imparts colour
to the residual white clays in Madayi, 1s goethite (ferric iron). Here bleaching of the raw
clay using sodium hydrosulphite and oxalic acid could enhance the property of the clay
only to a limited extent. The clay on bleaching after calcination (350°C, 3 h) could
improve the properties much better than the uncalcined one. The evaluation of the
physical properties of these clays indicates their use as fillers. On the contrary, taking
advantage of the presence iron in the ferrous form in the clays of Kundara, deferration of
the same clays with oxalic acid as the sequestering agent, could enhance the brightness
from 7-8 units and reduce the yellowness by 4-5 units, even at room temperature
treatment. Deferration studies indicate fast room temperature dissolution of Fe with
oxalic acid by autocatalytic reductive mechanism. This technique was found to be
successful for profitable deferration prior to its conversion to the yellow pigmentous
material. The physical property evaluation of these clays shows their promising use for
paper coating and bone china formulations.

In view of the improved demand of value added products of kaolinite in the world
market, the property enhancement study adopted by hydrophobicing the kaolinite surface
was found to be successful for its application as filler in natural rubber. Outstanding
surface characteristics were obtained when kaolinite was hydrophobised using
organosilane. These improvements include water repellency (hydrophobicity), better
coating/adhesion to the substrate, controlled rheological properties, improved

compatibility and dispersibility. In addition, the enhanced mechanical, thermal, curing
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and swelling characteristics of kaolin incorporated natural rubber composites reflect the

formation of a higher crosslinked product. Thermal treatment followed by silylation of
the kaolinite filler results in enhancements in the composite properties. The study showed
that the clay in the natural state or in the modified forms have the potential to produce
novel molecular organisations, which show much higher efficiency for certain
applications.

The rising demand of clay based products in the world market, remind us of the need
for such elaborate investigations on the geochemical, mineralogical and utilitarian aspects
of clays. Value addition of clays by surface modification opens a new field of thought in
clay research. Studies in this line are still in the initial stages. Prognostics definitely show
an increasing demand for the value-added clay based products. Elaborate investigation in
geochemistry, mineralogy and value addition i1s the need of the day to assess the

industrial potential of the clay minerals available in our country.
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