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PREFACE

Mechanical activation is a non-equilibrium process of enhancing the
internal energy of solids by mechanical processes such as high energy milling
and high strain rate deformation through the accumulation of non-equilibrium
defects. The activated solid is a thermodynamically and structurally unstable
arrangement of the lattice components, exhibiting increased enthalpy and Gibbs
free energy in comparison to the stable crystalline substance. In the mechanical
activation process, the non-equilibrium energy is stored in the material as point
and line defects, new surfaces and interfaces, volume defects in crystals and
through structural rearrangement which can be utilized to reduce the activation
energy during subsequent processing. In the present thesis, the effect of the
mechanical activation through high energy milling was studied on energetics

and the acid dissolution kinetics of Indian beach sand ilmenite samples.

The thesis consists of seven chapters. The salient features of each

chapter are described below:

Chapter 1 comprises of introduction and literature survey of
mechanical activation process. Various activation processes and distinguishing
features of the mechanical activation process are discussed in detail. The
manifestations of the stored energy during the mechanical activation process
and its applications in subsequent processing are also discussed. Further, the
application of the mechanical activation process as a pre-treatment for

dissolution of Indian beach sand ilmenite samples is justified.

The literature survey summarizes the history of mechanical activation
processes, milling equipments used in mechanical activation process,
thermodynamic and kinetic aspects of mechanical activation, energy stored in
the material and the effect of mechanical activation on the physical, chemical,
structural, thermal and magnetic properties. Further, the use of mechanical
activation as pretreatment in various mineral processing techniques is discussed
in detail. The literature reported on processing of ilmenite samples also

discussed.
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The objective of the present thesis is described as:

1. To study the effect of mechanical activation process on physico-chemical,

structural, thermal and magnetic properties of ilmenite samples.

2. To study the effect of mechanical activation process on energetics of

ilmenite samples.

3. To find out effect of mechanical activation on subsequent dissolution
behaviour of Indian beach sand ilmenite samples in sulphuric and

hydrochloric acids.

4. To make a comparative study of physico-chemical and structural alterations
induced by natural weathering and mechanical activation of Indian beach

sand ilmenite samples and their effect on subsequent dissolution behaviour.

Chapter 2 describes the materials and experimental details of the
present study. The details of the ilmenite samples collected for investigation,
milling equipment used for mechanical activation and the experimental
techniques used to characterize the energetics, physico-chemical, structural,
thermal and magnetic properties of ilmenite samples are given in detail. Further
the equipment used for dissolution study and the experimental procedures

adopted to study the extent of dissolution are described in details.

The ilmenite concentrate samples used in the present study were
collected from beach placer deposits located at Chatrapur, Navaladi,
Manavalakurichi and Chavara in India. All the ilmenite samples were subjected
to mechanical activation in a Fritsch Pulverisette-5 planetary ball mill having
agate bowl and balls (Fritsch GMBH, Germany). The unmilled and activated
samples of ilmenite were characterized with various techniques to study the
alterations induced by mechanical activation on physico-chemical, structural,

thermal and magnetic properties of ilmenite.

The unmilled and activated samples of different ilmenite concentrates
were subjected to chemical analysis using conventional and EPMA with
Standard Programme Intenational (SPI) mineral standards and on-line ZAF

correction procedures. The mineralogical characteristics of the ilmenite
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samples before milling were studied using a polarized optical microscopy
under normal mode of illumination and with crossed nickel prisms. The phase
constitution and structural parameters were characterized by X-ray diffraction
analysis using Co-Ka radiation at a scan rate of 1°/min. The analysis of line
broadening in X-ray diffractograms and the determination of structure and
lattice parameters were carried out using the software XRDA (X-ray diffraction
analysis 1992-93). The variation in particle size distribution, and surface area
of the ilmenite samples were investigated using a laser diffraction analyzer and
a multipoint BET technique respectively. The changes in morphological and
microstructurual characteristics were studied using scanning electron
microscopy and transmission microscopy. Thermal and magnetic studies were
performed using TG/DTA analyzer and vibrating magnetometer respectively.
The energy stored in the material was characterized with energy meter, iso-
thermal heat calorimeter, dissolution studies with acids, surface energy
measurements using contact angle measurements and strain energy, energy of

amorphization using x-ray diffraction techniques.

The ilmenite samples before and after milling were subjected to
dissolution in sulphuric acid and hydrochloric acid. The experiments were
carried out at various concentrations of sulphuric acid (1.8M, 5.5M, 9.2M and
12.9M) and hydrochloric acid (2.3M, 6.9M, 9.2M and 11.5M molar

concentration of HCI) at various temperatures (80-120°C).

Chapter 3 is a compilation of experimental results and discussion on
the effect of mechanical activation on physico-chemical, structural, thermal and
magnetic properties of the ilmenite samples. The properties studied include
mineralogy, chemical composition, ferric to ferrous ratio, particle size and
distribution, surface area, morphology, density, defect density, phase
constitution, crystallite size, lattice parameters, strain, thermal oxidation,
saturation magnetization and coercivity of the ilmenite sample before and after

milling.
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The beach sand deposits obtained from different regions have a
significant difference in mineralogy and chemical composition because of the
variation in the degree of weathering from the Orissa to Kerala coast. The
mineralogical study showed that many ilmenite grains were moderately altered
and the alteration appears to proceed along grain boundaries, grain edges, along

crystallographic directions and fissures in varying intensity and pattern.

The particle size of Chatrapur ilmenite lies in the range of 100-500 pum
in unmilled condition; whereas the particle size of Manavalakurichi ilmenite
samples show a range of 12-400 um. The initial BET surface area is higher for
the Manavalakurichi ilmenite sample (6.13 m?/g) compared to the Chatrapur
ilmenite 1.46 m?/g as it has undergone a higher degree of weathering compared
to the Chatrapur ilmenite sample. The particle size decreases exponentially
with milling time and reaches a steady state (0.04-15 um) beyond 90 minutes

of activation in both the ilmenite samples.

It was observed that both Chatrapur and Manavalakurichi ilmenite
samples reveal smooth sub-rounded to sub-angular particles in unmilled
condition. In contrast, the activated sample consists of particles in the
submicron to micron range and is predominantly angular in shape caused by
fracture of the original particles. The initial density of the Manavalakurichi
sample is considerably lower than the Chatrapur sample because of the
enhanced weathering. The density of Chatrapur and Manavalakurichi ilmenite
samples shows an exponential decrease with the time of milling. The decrease
in density can be attributed to the volume enhancement caused both by creation
of defects leading to an increase in lattice parameter of the activated samples.
The volumetric density of defects created in milling process was derived from
the density derived from experimental procedure and theoretical density
derived from x-ray diffraction analysis. The volumetric defect density shows an

exponential variation with milling time.

The X-ray diffraction analysis of ilmenite samples in unmilled as well as

in milled condition indicates predominantly ilmenite (JCPDS No0.29-0733)



phase. The Chatrapur sample shows the traces of pseudo-rutile (JCPDS No.29-
1494) and Hematite (ICDD 24-72) with ilmenite peaks and the pseudo-rutile
phase could not be detected after 4 hours of milling indicating fine grained or
undergone partial amorphization. The pseudo-rutile peaks are not observed in
the Manavalakurichi ilmenite sample because of its likely presence in
amorphous form; however, a significant amount of rutile phase (JCPDS No.
21-1276) was observed in both unmilled and activated samples of
Manavalakurichi ilmenite. As the activation time increased, line broadening
and shifting of the ilmenite peaks as well as the pseudo-rutile and rutile peaks
occurred for the Chatrapur and Manavalakurichi samples respectively. The
variation of crystallite size and strain with milling time was calculated from the
line broadening of the ilmenite reflections using Scherrer’s formula. The
crystallite size decreases exponentially with milling time in both the samples of
ilmenite. However the non-uniform strain resulting from lattice defects
increased exponentially with milling time. The lattice parameters of the
ilmenite samples before and after mechanical activation were determined from
XRD results using Cohen’s method. Both ‘a’ and ‘c’ parameters increased
linearly with milling time. The variation in lattice volume and the uniform
strain caused by the expansion of lattice volume was determined for the
ilmenite samples subjected to different milling time. It was observed that
mechanical activation resulted in a substantial increase in uniform strain and it

shows exponential variation with milling time.

Mechanical activation also shows considerable alterations in thermal
oxidation characteristics of ilmenite and minor changes in magnetic properties.
The rate of oxidation of Fe** to Fe** was found to increase with increasing
milling time. The unmilled sample shows less than 50% oxidation, however the
activated samples show complete oxidation at 850°C. The magnetization at a
field of strength 1200 kA/m found to be decreasing exponentially with milling
time. On the contrary, the coercivity of the ilmenite sample showed exponential
increase with milling time as there is a considerable variation in crystallite size,

grain boundary volume, and structural disorder introduced by milling.



Chapter 4 describes the effect of mechanical activation on energetics of
ilmenite samples. The results of direct energy measurements obtained using
precise power measurement equipment and isothermal calorimetry are analyzed
to find out the energy consumption of the mill, energy transferred to the
material and the enthalpy of relaxation of defects. Further the indirect energy
measurements using various characterization techniques such as, the changes in
surface energy, grain boundary energy, strain energy and the energy of
amorphization of ilmenite samples by mechanical activation are derived and

discussed.

The energy consumption of the mill was studied in absence of material
as well as in presence material under identical milling conditions. The energy
transferred to the material was derived from the difference in specific energy
consumption. The specific energy transferred to the material was found to be
about 47.8 wh/mol (160 kJ/mol) for Chatrapur ilmenite subjected to 4 hours of
milling. It was found that about 3% of the energy input to the mill was
transferred into the material (Chatrapur ilmenite) in 4 hours of milling. The
energy input to the mill and the fraction of the energy transferred to the
material were measured for the different ilmenite samples obtained from
Chatrapur, Navalady, Manavalakurichi and Chavara regions. It was observed
that the specific power consumption of the mill as well as the energy
transferred to the material under identical conditions of milling increased with
increased weathering as the material characteristics were altered by the
weathering process. The energy transferred to the material varied in the range
of 3 to 8% after 4 hours of milling depending on the degree of alteration

induced by weathering.

The relaxation of stored energy immediately after activation was studied
in an aqueous medium at room temperature (27°C) using an isothermal heat
calorimeter. Only a partial relaxation of defects was observed as the relaxation
depends on both temperature and time. The enthalpy of relaxation with milling

time was derived from the isothermal calorimetric experiments and it was
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observed that the enthalpy of relaxation of defects shows an exponential

increase with milling time.

The variation in surface energy of the material with milling time was
studied using contact angle measurements determined from tensiometric
analysis. The surface energy of the material increased from 20 mJ/m? (10
Jimol) to 50 mJ/m? (40 J/mol) by 4 hours of milling of Manavalakurichi
ilmenite. Further the fraction of stored energy as grain boundary energy was
derived from grain boundary area and the specific grain boundary energy
approximation given by Imamura and Senna (1982). The variation of grain
boundary area with milling time was derived from the crystallite size
measurements and using tetrakaidecahedron configuration of grains. The
results show considerable enhancement in grain boundary area with milling
time. The grain boundary energy exhibited an exponential increase with milling
time. The grain boundary energy of the Manavalakurichi ilmenite sample
increased from 10 mJ/m? (5 J/mol) to 20 mJ/m? (40 J/mol) after 4 hours of
milling.

The elastic strain energy induced by mechanical activation was
determined using Eshelby’s equation derived from the theory of elasticity with
the assumption that there was no change in shear and bulk modulus of the
material during the process of mechanical activation. The strain energy
contributed from both uniform strain as well as non-uniform strain showed an
exponential variation with milling time. A large part of the stored energy was

reflected as strain energy.

The energy required for quasi-amorphization/disordering was
determined using the heat of fusion and heat capacity data were derived at
room temperature (300K) and the fraction of amorphization derived XRD using
integral peak areas by the method described by Ohlberg and Stickler (1969). A
large part of the stored energy was also reflected as structural disorder. The

energy stored as structural disorder was about 34 and 25 kJ/mol respectively
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for the Chatrapur and Manavalakurichi ilmenite samples subjected to 4 hours
of milling.

The stored energy of the material will be equal to the summation of
energy changes contributed by the changes in surface energy, grain boundary
energy, strain energy, and energy of amorphization. This was 75 kJ/mol for the
4 hours milled sample of Chatrapur ilmenite and 172 kJ/mol for

Manavalakurichi ilmenite.

Chapter 5 discusses the results of experimental study carried out to find
the effect of mechanical activation on acid dissolution behaviour of ilmenite
samples. The dissolution characteristics in both sulphuric and hydrochloric
acids were discussed. The effect of temperature, acid concentration, solid to
liquid ratio and mechanical activation were described in detail. The difference
in dissolution characteristics of ilmenite in sulphuric and hydrochloric acid are
analyzed using Eh-pH measurements. The derivation of kinetic parameters for
dissolution of Fe and Ti of mechanically activated ilmenite samples are
discussed in details. The effect of surface area and structural disorder on rate

constants was analyzed.

The dissolution study in sulphuric acid was carried out for all the
ilmenite samples obtained from different regions of the country, both in milled
and unmilled condition. The ilmenite samples from the different regions
showed different physico-chemical characteristics and their resistance to acid
leaching increased with the degree of alteration. However, for all samples it
was observed that mechanical activation enhanced the dissolution kinetics in
sulfuric acid several folds. The dissolution of Fe and Ti increased
monotonically with time of milling and showed a sigmoidal increase with time
of leaching. It was also observed that activated ilmenite dissolved
incongruently in sulfuric acid i.e., the dissolution behaviour of Fe and Ti was
different. The sulfuric acid dissolution kinetics in general conformed to the
reaction rate control model. However, in a few cases where hydrolysis set in,

the dissolution kinetics conformed initially to the reaction rate control model
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and for higher leaching times to the shrinking core model where diffusion
through the product layer is rate controlling. The activation energies for the
dissolution of Fe and Ti were different and decreased monotonically with time
of milling. An attempt has been made to correlate the decrease in activation
energy to the increase in the energy input to the material through high-energy
milling. The relative contribution of the increase in surface area and structural
disorder/defects on the enhancement of the dissolution rates has been

evaluated.

The effect of the change in phase constitution, particle size distribution,
surface area, crystallite size, strain and lattice parameters introduced by
mechanical activation on the dissolution kinetics in HCI was also investigated
for the altered beach sand ilmenite from Manavalakurichi. The dissolution
behavior was found to be different in HCI compared to that in H,SO,. For
sulfuric acid leaching, the dissolution of Fe and Ti increased monotonically
with time of milling and showed a sigmoidal increase with time of leaching,
whereas the hydrolysis of titanium occurred in HCI medium, especially for the
activated samples at lower acid concentration, lower solid to liquid ratio and
higher temperature leading to lower solution recoveries. The dissolution
kinetics in HCI prior to hydrolysis conformed initially to the reaction rate
control model and for higher leaching times to the shrinking core model where
diffusion through the product layer is rate controlling. The activation energies
for the dissolution of Fe and Ti decreased with time of milling and were

marginally lower in HCI than in H,SO,.

Chapter 6 is a comparative study between the effects of natural
weathering and mechanical activation on ilmenite samples. The oxidation of
ilmenite samples on weathering and mechanical activation is illustrated in this
chapter. Further the effect of natural weathering and mechanical activation on
physico-chemical, structural parameters and dissolution characteristics were
compared.
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The oxidation state of iron in ilmenite is a good indicator of the degree
of weathering; the degree of alteration increased with the ferric to ferrous ratio.
It was observed that the ferric to ferrous ratio increases in the order: Chatrapur
— Navaladi — Manavalakurichi — Chavara indicating that the Chatrapur sample
is least altered and the Chavara sample has undergone maximum alteration.
Similar to the weathering process, it is seen that the ferric to ferrous ratio
increases with increase in milling time, although the extent of oxidation in
mechanical activation is comparatively much lower. It was observed that the
physical properties like specific gravity and crystallite size decreased while
surface area as well as average pore size increases with increased in both
natural weathering and mechanical activation. However the dissolution
kinetics differs in natural weathering in comparison to mechanical activation. It
was observed that the solubility of iron and titanium in sulfuric acid decreased
significantly and their activation energies increased with increased weathering
of the samples because of the oxidation of Fe to Fe™. Although the
mechanical activation process also resulted in increased ferric to ferrous ratio,
the dissolution kinetics was substantially enhanced by the activation process.
The enhanced dissolution kinetics in the mechanical activation process is
attributed to the increase in strain and defect concentration introduced during

the activation process despite the partial oxidation of Fe*? to Fe**.

Chapter 7 presents the overall conclusions and suggestions for the
future work. The summary of conclusions obtained in the experimental study of
the effect of mechanical activation on physical, chemical, structural, thermal
and magnetic properties are illustrated. The results of energetics of mechanical
activation of ilmenite samples are summarized. Further the conclusions
obtained in dissolution study of ilmenite samples are presented. The results
obtained in the comparative study of natural weathering and mechanical

activation is also summarized.

Mechanical activation resulted in substantial increase in structural
disorder in addition to the enhancement in surface area because of milling to

submicroscopic particles. The apparent density of all the ilmenite samples
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decreased with milling time, due to the increase in lattice volume arising from
the creation of defects. A partial amorphization/disordering of the
pseudorutile and hematite phase were observed for the Chatrapur ilmenite
sample after 4 hours of milling. The crystallite size of ilmenite samples
decreased exponentially with milling time, whereas the non-uniform strain and
the uniform strain from lattice volume expansion increased with milling time.
In terms of the physico-chemical characteristics, mechanical activation was

found to have a similar effect as compared to natural weathering on ilmenite.

The specific power consumption in the planetary mill was found to
depend on the degree of alteration of ilmenite. Chatrapur ilmenite: 5865
kJ/mol; Manavalakurichi ilmenite: 6053 kJ/mol. The energy transferred to the
material varied in the range of 3.0 to 8.0 % in 4 hours of milling depending on
the degree of alteration of the ilmenite. Part of the energy transferred to the
material was found to be stored as additional surfaces and interfaces point, line
and volume defects, high energy structures and lattice strain. Part of the defect
energy stored in the activated ilmenite samples was found to relax much faster.
Chatrapur ilmenite and Manavalakurichi ilmenite exhibited 19 kJ/mol and 12
kJ/mol respectively. A large part of the stored energy was reflected as strain
energy. The energy stored through additional surfaces and grain boundaries
(GB) was much lesser. These are quoted as strain energy: 24 kJ/mol ; Surface
energy: 0.01 kJ/mol ;GB Energy 0.02: kJ/mol.

The Ti and Fe in the ilmenite dissolves incongruently and not according
to their stoichiometry in the ilmenite phase. Mechanical activation considerably
enhanced the dissolution kinetics for both Fe and Ti. However the extent of
dissolution decreased with natural weathering as Ti rich phases increased. The
dissolution kinetics of ilmenite in hydrochloric acid was marginally favorable
compared to that in sulfuric acid. However, the enhanced dissolution of Ti in
HCI for the activated sample is affected by the hydrolysis reactions. The
dissolution kinetics in HCI (prior to significant hydrolysis) and in H,SO, was
found to conform to the reaction rate control model for the initial leaching

period and thereafter to the shrinking core model where product layer diffusion
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is rate controlling. The activation energies for dissolution of Fe and Ti
decreases monotonically with milling time. The activation energy for

dissolution of Fe and Ti was higher in H,SO, compared to HCI.

The ferric to ferrous ratio increased with both natural weathering and
time of milling. Natural weathering resulted in the formation of new Fe** and
Ti-rich phases whereas mechanical activation was found to result only in
partial amorphization/disordering of some of the existing phases. The enhanced
dissolution kinetics in the mechanical activation process is attributed to the
increase in strain and defect concentration introduced during the activation

process.
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CHAPTER 1

REVIEW OF LITERATURE

1.1 Introduction

The various forms of energy (kinetic, potential, electromagnetic etc.,)
and the mechanisms of conversion of energy from one form to another has
always fascinated alchemists, chemists, physicists, engineers and scientists
alike from time immemorial. Any form of energy can be converted to any other
form of energy: only the extent and efficiency of conversion varies. The
process of activation of materials can be described as a treatment involving any
form of energy (potential, kinetic or electromagnetic) to enhance the potential
energy of the material and resulting in a chemical or physical change. This
enhanced non-equilibrium potential energy can be utilized during its
subsequent processing (Tkacova, 1989; Balaz, 2000). All forms of energy can
be used to enhance the potential energy of a material. Various techniques such
as thermal, mechanical, chemical, photochemical, ultrasonic, sonochemical,
microwave, and irradiation can be adopted for activating a material. The
enhanced potential energy of the material manifests itself as increased specific
surface area, increased vacancy and dislocation concentrations, enhanced grain
boundary area, structural disorder, a higher energy metastable phase, higher
oxidation states, alteration of the bond length/bond angles/bond energy and
increased energy level of electrons. However, each activation process has its
own characteristics in terms of energy transfer and its efficiency and field of

application.

The enhancement in the potential energy of materials using mechanical
forces is used for grinding (mechanical milling), alloying (mechanical
alloying), chemical transformations (mechano-chemical synthesis), plastic
deformation at high strain rates (severe plastic deformation) and non-
equilibrium defect and structural energy enhancement (mechanical activation).

In the mechanical activation process, the materials are subjected to high energy



milling using specifically designed energy intensive mills. Fig 1.1 shows the

schematic diagram of mechanical activation process.

Fig.1.1 Schematic diagram representing mechanical activation process

Mechanical activation is similar to fine grinding of materials; the
difference being that the activation effect achieved is over and above the
surface area effect achieved in fine grinding. However, there is a limitation for
grinding of powder particles, beyond which there is no fragmentation or
reduction in particle size. For brittle materials such as minerals, the fracture
stress is generally lower than the yield stress and therefore continuous
fracturing of surfaces occur as stress is increased. However, as the particle sizes
becomes smaller, the fracture stress increases more than yield stress and
beyond a critical particle size, the fracture stress is higher than the yield stress
resulting in plastic deformation rather than fracture. The repetitive input of
mechanical energy into the material increases the concentration of defects and
stress field around the defects. The stress field created by mechanical action
will be elastic or plastic in nature and it will undergo relaxation in the course of
time. However, depending on the time elapsed after activation; relaxation

processes are not complete and hence part of the stress is stored in the material.



Thus, mechanical activation is interplay between the stress field creation,
relaxation and energy stored in the material. There are various micro processes
with varying relaxation times occurring during and after the process of high
energy milling. The various possible micro processes and their time of

relaxation (Balaz, 2000) are shown in Fig.1.2.
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Fig. 1.2: The relaxation time for various effects introduced by mechanical
activation (Balaz, 2000).

It is observed that lattice defects, electrostatic charging, turbo
luminescence, emission of exo-electrons and fresh surface creation has a longer

time of relaxation (10-10° secs) compared to the other processes.

Mechanical activation also induces chemical/phase transformations in
some of the materials. The fundamental mechanism by which the mechanical
work is converted to chemical energy is important for the analysis of mechano-
chemistry. There are two schools of thought on this (Thiessen et al, 1967;
Boldyrev, 1972). One school (Boldyrev, 1972) assumes that the conversion of
mechanical to chemical energy occurs through an intermediate conversion to

thermal energy. According to this, mechanochemical reactions proceed at “hot
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spots” at the contact zones where very high temperatures are attained. Another
group (Thiessen et al, 1967) proposed a triboplasma model based on the idea
that an impact of sufficient intensity results in a quasi-adiabatic energy
accumulation. There is also a phonon theory of disintegration of solids based
on the release of phonons because of the interaction of the dislocations created
by mechanical activation with other dislocations, defects, or grain boundaries
(Bretenev et al, 1969). The weakness of all these models is that they consider
only one mode of energy dissipation. The various possible energy dissipation
processes that can occur when mechanical energy is provided as input into a

solid, are shown in Fig.1.3.
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Fig. 1.3: The various possible energy dissipation processes that can occur when

mechanical energy is input into a solid.

A part of the kinetic energy input or the mechanical work done on the
solids through compression, shear and impact results in the creation of fresh
surfaces and partial storage in the solid as chemical and strain energy. A large
part of the mechanical energy transforms to heat, some gets dissipated as sound
and some energy is expended in the various electromagnetic processes. Shear
and compressive stresses possibly result in accumulation of structural defects at
the surface and in the near-surface layers whereas the impact stresses possibly
results in defects that are uniformly distributed through the entire volume of the
material. The strain energy stored could be either elastic which is recoverable
or plastic, which is irreversible. The lattice defects such as point, line and
surface/interface defects such as low angle and high angle grain boundaries
enhance the strain energy of the materials. The chemically stored energy can
manifest through bond energy changes such as in structural rearrangement, or
result in new structures or complete disordering as in amorphization or result in
a change in electronic state or Fermi energy. Mechanical stress also results in
various emission phenomena. Balaz (2000) and Tkacova (1989) have discussed

these in details.

The total mechanical work done during milling as well as the energy
that is stored in the materials will depend on the impacting material and their
mass, the impact processes occurring and their dynamics as well as the nature
of the material being milled and it’s mass. Depending on the mode of transfer
of external energy, mechanical activation can be achieved in a variety of mills
such as planetary mills, attrition mills, vibratory mill, tumbling mill, jet mill,
ball mill etc., both in dry and in wet medium. However, the specific mill power
and the specific energy transferred to the solid particles will depend upon the
type of mill as well as the grinding medium of milling. For a ball mill, the
specific mill power is 30-50 kWt?, for a vibratory mill it is 250-4500 kWt ™, for
an attrition mill it is 900-14000 kWt and for the planetary mill it is 9000-



36000 kWt™ (Tkacova, 1989). It is estimated that about 5-15% of the specific
mill power can be transferred to the material being milled, which redistributes

as surfaces and structural defects.

The mechanical activation process causes changes in physical, chemical,
and structural properties of the materials. The energy stored in the material is
used in further processing. The mechanical activation processes has potential
for extensive application in the field of extractive metallurgy of complex and
refractory minerals. In metal extraction processes of complex minerals, the
leaching/dissolution is the slowest step. The rate of leaching of mineral samples
can be considerably enhanced by mechanical activation processes. There are
several reports in the literature on the enhancement of dissolution kinetics of
various minerals induced by mechanical activation. These have been
comprehensively reviewed by Ballaz (2000), Tkacova (1989) and reported a
reduction in activation energy and improved rate of leaching in dissolution of
Chalcopyrite, Pentlandite, Galena, Sphaleraite, Tetrahedrite, Stibnite, Enargite
and gold and silver bearing minerals. Several pilot scale processes based on
mechanical activation have also been reported. Pawlek (1977) investigated and
patented copper extraction using wet grinding of chalcopyrite. He achieved
complete extraction of copper into solution in 30 minutes of activation-
leaching. The leaching of mechanically activated chalcopyrite concentrate was
tested on an industrial scale in the LURGI-MITTERBERG process (Turke et
al., 1978). The leachability of copper increased from 20% to 96% with an
energy input of 300 kWht. The ACTIVOX™ process was developed in
Australia to enhance the bacterial oxidation of sulphide minerals (Angov,
1993). Using this process the recovery of nickel was extended from 50% to
97% by mechanical activation. Further the processes IRIGETMET (Mullov et
al., 1979), SUNSHINE (Anderson et al., 1993) and METPROTECH (Liddell
and Dunne, 1988) were developed on pilot scale and industrial scale to enhance

the leachability of gold using mechanical activation treatment.

India is endowed with large resources of ilmenite with an estimated

reserve of around 278 million tons amounting to 20% of the total world



reserves. Fig. 1.4 shows the coastal regions of Indian subcontinent, where

ilmenite occurs in beach placer deposits (Dwivedy, 1999; Mukherjee, 2000).
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Fig. 1.4 Locations of Coastal regions of India, where ilmenite occurs as a

placer deposit.

Other than being a major resource for the paint and pigment industry
and for titanium metal and alloys, ilmenite finds application in plastics,
welding-rod coatings, and ceramic industries and in production of synthetic
rutile. A major part (94%) of the ilmenite is used in pigment production. The
common method used for the production of pigment grade TiO, is the chloride
process (Murty et al, 2004; Becher, 1963) and sulfate process (Mukherjee,
2000). About 40% of the world’s and 50% of India’s pigment grade TiO,
production is through the sulfate route (Mukherjee, 2000). However, the
kinetics of dissolution of ilmenite is the slowest step in ilmenite processing.
Several methods have been proposed for the enhancement of the dissolution
rate of ilmenite. Reduction and/or oxidation pretreatment followed by leaching

with acids/bases as well as direct pressure leaching of ilmenite concentrate



have been reported (Sinha, 1973; Sinha, 1979; Farrow and Ritchie, 1987;
Walpole, 1997; Balderson and McDonald, 1999; Natziger and Elger, 1987;
Ogasawara and Velso de Araiya, 2000; Jayasekera et al, 1995; Balaz, 2003).
Methods involving high temperature and high-pressure increases the cost of

operation and imposes stringent safety requirements.

The influence of mechanical activation on the subsequent dissolution of
mineral samples has recently attracted attention (Duncan and Metson, 1982a,
1982Db; Tkacova and Balaz, 1996; Balaz, 1996; Balaz et al,1992; 1996; Welham
and Llewellyn, 1998; Amer, 2000; Welham, 2001; Amer, 2002; Boldyrev,
2006). In the present thesis, the Indian beach sand ilmenite samples were
subjected to mechanical activation and the enhancement in kinetics of
dissolution was investigated in detail with hydrochloric and sulphuric acids.
The beach sand ilmenite grains alter by natural weathering and oxidation
phenomena giving rise to many altered phases (Suresh Babu et al, 1994). In
some respects, it may be expected that the mechanical activation process at
ambient conditions can simulate the natural weathering/alteration process
occurring on a geological time scale. Subsequently the dissolution behavior of
ilmenite may be altered by the oxidation process. Therefore, a comparative
study was carried out to analyze the similarities in the effects of natural
weathering/alteration and mechanical activation on the physico-chemical
characteristics of the Indian beach sand ilmenites and their subsequent acid

dissolution behavior.
1.2 Historical background

The activation of materials using mechanical energy dates back to the
Stone Age. Mechanical energy was used on flint stones to make fire. During
the period of Aristotle (371-286 BC), (John, 1774; Takacks, 2000) his student
Theophrastus wrote a book titled “On Stones or de lapidus” which described
the production of mercury from cinnabar using mechanical energy. The metal
(mercury) is reported to have been obtained from mercury sulphide (native
cinnabar) through grinding in a brass mortar with a brass pestle in the presence

of vinegar. The mechanochemical reaction can be written as (Balaz, 2003)
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HGS + Ctt = HZ + CUS.c.oooeeeee s 1.1

AG =4817-26.982T J; AGzpx=-3278J

The first systematic investigation on the effect of mechanical energy on
materials was made by an American chemist Carey Lea (1892; 1893; 1894). He
published papers on the decomposition of gold, silver, platinum and mercury
halides using mechanical energy. In his work, he clearly differentiated the
mechanically activated reactions from thermally activated reactions. During the
same period, Oswald (1887) wrote a book titled ‘Text book on general
chemistry’ in which he classified various methods for the stimulation of
chemical reactions and introduced the term “mechanochemistry”. This term
refers to the chemical reactions initiated or pre-activated by mechanical energy.
Immediately following that, the studies on the solid state reactions induced by
mechanical energy was initiated in Russia by Flavickij (1909). He studied the
effect of mechanical energy on the reactivity of powder particles. Later, the
investigations were continued at different universities of Russia with a scope of
development of a method for qualitative analysis of ores and minerals
(Boldyrev et al, 1953), to improve the shock sensitivity of explosives (Sukhikh,
1947) and in production of polymers (Russanov, 2000 and 2002). In Germany,
mechanical action is described as trituration and Parker (1914; 1918) carried
out a detailed investigation on the chemical reactions induced by trituration.
The method of trituration was later applied to qualitative analysis of natural
mixtures in geology (Isakov, 1950). In 1920’s the research study of
mechanochemistry on organic macro molecules (Wanetig, 1922; 1925; 1927)
attracted the attention of many authors. During 1940 to 1950, research studies
were carried out on mechanically induced phase transformations on minerals
(Clark and Rovan, 1941). Peter (1962) carried out a systematic study on
mechanochemical reactions and proposed that all kinds of solid-state reactions
can be observed during milling, beginning with simple decomposition reactions
and ending with complicated syntheses from multicompartmental systems.
During 1960°’s, many experimental techniques were developed to study the

effect of mechanical energy on solid state systems (Rebinder, 1947; Karasev et
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al.,1953; Schaider and Tetzner, 1961; Cottrell, 1964; Kodakov and Rebinder,
1966; Kubo, 1968). Subsequently, many researchers have contributed to the
development of mechanochemistry and mechanical activation processes (Lin et
al., 1975; Boldyrev and Avvakumov, 1971; Butyagin, 1971; Thiessen et al,
1967; Boldyrev, 1972; Stroiizdat Tallin, 1977; Heegn, 1979;1986; 1987;
Tkacova, 1989; Balaz, 2000; Boldyrev and Tkacova, 2000, Suryanarayana,
2004, Boldyreva, 2003).

Mechanochemistry found industrial utilization in the second half of the
last century and has since been used for several applications (Balaz, 2000;
Tkacova, 1989; Boldyrev, 2006; Aresta et al., 2005, Mehrotra, 2006;
Suryanarayana, 2001; Balaz, 2001). The most common applications include
hydrometallurgical processing of minerals ( Balaz,2000; Kulebakin, 1988;
Turke et al., 1978 ), acid-free production of fertilizers from natural phosphates
(Boldyrev, 1977; Chaikina, 2002), production of pure metals, materials for
hydrogen storage, magnetic materials, catalyst, sensors, oxide dispersion
strengthened (ODS) super alloys, nanostructured materials, synthesis of novel
phases, solders, carbides, nitrides and silicides (Balaz, 2001; Suryanarayana,
2001;2004). Today, mechano-chemical methods are actively employed in
pharmaceutics for the production of medicines (Shaktshneider and Boldyrev,
1993; 1999; Boldyreva, 2003; Boldyrev, 2004), in production of pigments and
cosmetics (Gregoreva et al., 2003), in processing of organic wastes including
poly , bromo- and chloro- containing aromatics (Zhang et al., 2002) and in

extraction of phenol from aqueous solution (Lapids et al., 1998).

The application of mechanical energy to chemical processes has several
variations and is referred in the literature by various terms: mechanical alloying
(MA), high energy milling (HEM), reactive milling (RM), mechano-chemical
processing (MCP) and mechanical activation (Suryanarayana, 1999; 2004). The
milling process carried out with the aim of mixing powders of different metals,
alloys or compounds are termed as mechanical alloying (MA). Material
transfer is involved in this process to obtain a homogeneous alloy. Whereas

milling of pure metals, intermetallics, or prealloyed powders, which has
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uniform composition are termed as mechanical milling (MM) (El-Eskandarany
et al., 1990). The destruction of long-range order in intermetallics to produce
either a disordered intermetallic or an amorphous phase has been referred to as
mechanical disordering (MD) (Weeber et al, 1986). There is no material
transfer in mechanical milling (MM), and mechanical disordering (MD), as the
homogenization is not required. The objective of these processes is, reduction
of particle size or structural deformation. The mechanical milling is also
referred as mechanical grinding (MG) by some of the authors. Generally the
term grinding is used where mainly shear stresses and chip formation is
involved and the term milling is used where complex triaxial stresses as

hydrostatic stress are involved (Jang et al., 1975).

Some of the investigators often used the terms mechanochemical
processing (MCP), mechanochemical synthesis, or mechano-synthesis which
refers to the milling process in which chemical reaction and phase
transformation takes place due to application of mechanical energy.
Researchers often used the term mechano chemical reaction (MCR) to refer to
the chemical reaction induced by mechanical milling and reaction milling (RM)
to refer to the solid state reactions induced by milling process. On the other
hand the term mechanical activation refers to the milling process where there is
no chemical reaction involved. The materials are been activated to a high

energy state by structural disordering caused by mechanical activation.

Ostwald defined mechanochemistry as “a branch of chemistry dealing
with the chemical and physico-chemical changes of substances in all states of
aggregation (Flavickij, 1902).” Later, Huttig (1943) postulated that
mechanochemistry includes only release of lattice bonds without formation of
any new substances. In the 80’s, Heinicke (1984) carried out several
investigations on mechano-chemical reactions and proposed that it is possible
to carry out reactions that are not feasible by equilibrium thermodynamics. He
defined mechano-chemistry as: “a branch of chemistry which is concerned with
chemical and physico-chemical transformations of substances in all states of

aggregation produced by the effect of mechanical energy”.
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The first study on the effect of mechanical activation on the
thermodynamic properties of solids was initiated by Huttig (1943). He defined
the activated state to be a thermodynamically and structurally unstable
configuration at all temperatures below the melting point. However the term
‘mechanical activation’ was first introduced by Smekal in 1942. He defined
mechanical activation as a process of increasing the reaction ability of a
substance which remains unchanged. If there is a change in composition or
structure of the material, then it is called ‘mechanochemical reaction’. This
definition is solely based on the observed effect. The observations of Peters et
al., (1962) show that the transformations due to mechanical stress of material

are accompanied by chemical reaction.

Butjagin (1984) considered mechanical activation from three aspects:
structural disordering, structural relaxation, and structural mobility. Under real
conditions, all the three factors simultaneously affect the reactivity of a solid.
He defined mechanical activation as an increase in reaction ability due to the
changes in solid structure. However, structural relaxation plays an important
role in the reactivity of solids. Ljachov (1994) described mechanical activation
as a state slowly changing with time. He proposed a generalized relaxation
curve for activated solids. He discussed that various parts of the curve
correspond to the different processes with different times of relaxation. Based
on the time of relaxation, the processes were classified as short-lived and long-
lived. The process which has a very short time of relaxation has no effect on
reactivity of the solid. Only the processes with longer relaxation times have an
influence on the reactivity of the solid. The effect of mechanical activation is
relaxed as heat, fresh surfaces, aggregation, recombination, adsorption,
imperfections and chemical reactions between adjoining particles. Thus,
mechanical activation is a multi-step process with changes in energetic

parameters and the accumulation of energy within the solid.

Juhasz (1974) classified the various processes during mechanical
activation as primary and secondary processes. The primary processes include

increase in internal energy, surface energy, surface area and decrease in
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coherence energy of solids. The secondary process includes aggregation,

adsorption and recrystallization.

Malcanov et al., (1988) investigated the various stages during the
mechanical activation process and grouped them into four major steps. In the
first step the stress is less than the strength limit of the solid. In crystalline
substances, the atoms are deflected from the normal position. The crystal lattice
is disordered and the intermolecular, interatomic, and interionic distances as
well as angles of orientation alter. In the second step, new surfaces are created.
Mechanical energy input to the material is transformed into surface energy and
the energy state of the solid changes. In the third step, energy is accumulated at
surface and interface layers. There is a significant change in the structure and
properties of the solid. In the fourth step, the solid loses its original identity and

turns into a substance having different structure, properties and composition.
1.3 High energy milling equipments

In general the milling devices can be classified into three categories
based on the objective of combination process (Boldyrev et al., 1996) as coarse
grinding, fine grinding and mechanical activation. The size reduction is the
prime aim in coarse grinding and fine grinding or fine milling operations. The
term fine grinding is used for size reduction below 100 pm and ultra fine
grinding for particles below 10 pum (Bolyrev, 1983; Balaz, 2000). However the
objective of mechanical activation processes is not the size reduction, but to
create structural changes, which enhance the reactivity of the substances
(Boldyrev, 1983). Thus the milling equipment used for mechanical activation
must have sufficient energy intensity to create the structural changes in the
materials. Boldyrev (1996) described two conditions for activation to take
place i.e. the particles should have a size lesser than tough-brittle transition and
the stress-intensity of the mills used for activation, should be higher than that of
tough-brittle transition. Otherwise the activation is not possible only the size
reduction occurs. The milling equipment used for mechanical activation are

generally termed as high energy milling equipment.
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There are various types of stresses are involved in high energy milling
devices. The main types of stresses responsible for effective grinding includes
compression, shear (attrition), impact (stroke) and impact (collision) (Heinicke,
1984). In general the ball mill, planetary mill, vibration mill, attritor or stirring
ball mill, pin mill and roll mills are used in high energy milling processes. The
principle of operation and stress intensity of some of the mills used for

mechanical activation are described below.
1.3.1 Ball mill

Fig 1.5 shows the schematic diagram of ball mill used for high energy

milling of materials (Suryanarayana, 2004; Balaz, 2008).

Fig. 1.5 Schematic diagram of ball mill used for high energy milling

operations.

In ball mills a rotating cylinder, partially filled with grinding media is
used for grinding the materials. There are many types of grinding media used in
ball mills, each material have its own specific properties and advantages. In
general ceramic balls, flint pebbles and stainless steel balls are used for milling
operations. In grinding flammable materials the grinding materials made of

lead, antimony, brass or bronze are used. To avoid contamination of iron and to
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mill materials with high corrosive nature, the grinding materials made of

ceramic materials such as alumina and silica are used.

The material to be ground is filled with the grinding media and made to
rotate around a horizontal axis. An internal cascading effect reduces the
material to a fine powder. Industrial ball mills can operate continuously fed at
one end and discharged at the other end. The grinding works on principle of
critical speed. The critical speed can be understood as that speed after which
the steel balls start rotating along the direction of the cylindrical device. Thus
cause no grinding further. In general the mills are operated at 65 to 75
percentage of the critical speed. Compression stress and impact stress acting
between the colliding balls and ball and powder, powder particles and walls of

the cylinder are the prime stresses in milling operations.

Many authors have used ball mills for mechanical activation,
mechanochemical synthesis and mechanical alloying. Welham and Llewellyn
(1998), Welham (2001) and Chen (1993, 1999) had used ball mills for
mechanical activation of mineral samples and mechanochemical synthesis of

rutile from ilmenite.
1.3.2 Vibration mill

Fig. 1.6 shows the photograph of typical vibration mill used in high
energy milling processes (Suryanarayana, 2004; Balaz, 2008). A cylindrical
tube type vessels filled with grinding media is used for milling operation. The
vibrating mill consists of two or three tubes driven by a motor. About 70 to 80
percentages of the tubes are filled with grinding media. In general balls,
cylpebs and grinding rods are used as grinding media. If the grinding is iron-
free, balls or cylpebs of aluminium oxide are used. The grinding media are held
up at the outflow heads by separating discs to ensure that only the ground

material can flow out.

The feed material is filled with the grinding media and cylinder tubes
are vibrated in a circular or elliptical direction. The feed material and the

grinding media constantly receive impulses from the circular or elliptical
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vibrations in the body of the mill. The grinding action is produced by
continuous head-on collisions of the grinding media. Continuous feeding is
carried out by vibrating feeders, rotary valves or conveyor screws. In general

for mechanical activation purposes batch type milling is carryout.

Fig.1.6 Photograph of typical vibration mill used for high energy milling of
materials.

Bernhardt and Heegn (1976), Husemann et al., (1976), Balaz (1981),
Heegn (1989), Tkacova et al., (1993) and Balaz et al., (2004; 2005) had used
vibration mills for mechanical activation and synthesis of nano-sized materials.
According to Bernhardt and Heegn (1976), the quantity of the feed and
amplitude of vibration mill are the important factors for mechanical and
mechanochemical activation. Recently Gock et al., (1996, 1998, 1999)
introduced new concept of vibrating mills working in eccentric mode. These
mills can be vibrated in elliptical, circular and linear directions. The amplitude
and rotation speed of the mills are increased by these concepts, thus lead to

higher activation.

1.3.3 Attritor

Fig. 1.7 shows the schematic diagram of attritors used for fine milling

and ultrafine grinding of materials (Suryanarayana, 2004; Balaz, 2008). The
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attritors are made of a cylindrical chambers and revolving shaft having multiple
impellers as shown in figure. The attritors are also referred as stirred ball mills.
The impellors are used to energize the grinding media. The grinding media
includes various materials: through-hardened carbon steel, aluminum oxide,
chrome steel steatite, 440C stainless steel, tungsten carbide, zirconium silicate,
silicon nitride, zirconium oxide (MgO or Y203 stabilized) and silicon carbide
are used for grinding operation. The high density media give better results. For
efficient milling the media should be denser than the material to be ground and
in wet milling operation the highly viscous materials require media with higher
density to prevent floating. The impellers used for grinding also have different
shapes like flat discs and discs with various geometric openings and concentric
rings. The unique feature of attritor is that the power input is used directly for
agitating the media to achieve grinding unlike other milling processes where
the power is used for rotating or vibrating a large, heavy tank in addition to the

media.

Fig.1.7 Schematic diagram of attritor mill used for high energy milling of

materials.
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The shaft revolves at very high speed and there is a constant impinging
of impellors on grinding media. Further shearing action is created by the
spinning action of balls moving in different directions. The impact and shear
stresses acting on the materials grind the particles to finer size. In wet milling
the shear stress is also created by the liquid medium used for grinding. In dry
milling operations better milling was achieved by an expanded moving bed of
media. This condition is described as kinematic porosity. The final products
achieved by attritors are generally spherical in shape compared to other impact-
type milling equipment. The arrritors are also versatile to operate under a broad
range of conditions. i.e. the type, size and amount of grinding media, milling
speed and feed rate of raw material can be adjusted according to the

requirements.

In addition to communition, attritors also showed efficient blending,
especially for blending of dissimilar materials. However, Heegn et al., (1974)
demonstrated that the vibration mills are adventurous in comparision to the
attritors for creating structural disorder. Extensive amorphization was achieved
in vibration milling of strontium ferrite, whereas there is only specific surface
area not in crystallinity was achieved by attrition milling. Balaz (2008)
documented the differences in vibration and attrition milling. There was a great
difference observed in both the structural disordering. These differences are
due to the difference in milling environment and ball dimensions (Boldyrev,
1983).

1.3.4 Pin mill or Centrifugal impact mill

Figure 1.8 shows the photograph of typical pin mill used in fine grinding
of materials (www.sturventevantinc.com). The pin mills or centrifugal impact
mills consist of a rotor assembly, to which a radial arrangement of steel pins
are mounted, at a definite, calculated spacing. This rotor turns at a very high
rotational speed, of the order of 5000 rpm. Between each radial set of pins, a
stator assembly is mounted. This is basically a stationary metal ring, with slots
at regular intervals. The product is introduced to the pin mill at the shaft axis;

Centrifugal forces accelerate the material and launch it into the impact zone
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where the material strikes the pins and stator assembly at random. This cycle is
randomly repeated, and the particles are bounced back to the centre of the
rotor, and the process is repeated. Thus finer particles are produced. The
desired particle size distribution is obtained by controlling the rotor speed.
Varying the rotor speed between a few hundred rpm up to 5400 rpm provides
the flexibility to use the machine as a coarse grinding or de-agglomerating unit

as well as a fine grinding mill.

Fig.1.8 shows the photograph of Centrifugal mill used for ultra fine grinding of

materials.
1.3.5 SPEX mill

The SPEX mills used for high energy milling of materials is shown in
fig. 1.9 (Balaz, 2008). The SPEX mills are also referred as mixer mills and
shaker mills.These mills are recently developed in USA. In SPEX mills the
material to be milled is mixed with grinding media in a container. The
containers are usually cylindrical and the grinding media is generally balls.
Sometimes rods, cylinders, or other shapes also used. The container with the
materials and grinding media is made to swing energetically back and forth
several thousand times. The back and forth motion is combined with a lateral
motion at the end. Since there is larger amplitude (50 mm) involved and clamp

movement (1200 rpm) is extremely rapid, the balls develop high grinding
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forces. Thus the spex mills often used for high energy milling and mechanical

alloying purposes (Koach 1993).

o g

Fig.1.9 Photograph of SPEX mill used in high energy milling processes.

1.3.6 Planetary ball mill

The planetary ball mills consist of a grinding bowls fixed eccentrically
on sun wheel (fig. 2.1). The direction of movement of the sun wheel is opposite
to that of the grinding bowls in the ratio of 1:2 or 1:2.5. The grinding bowls
with material and balls rotate around their own axis on a counter-rotating
supporting disc. The charge inside the bowls rotates around the mill axis and
revolves around its own axis as planets. Thus the mills are named as planetary
mill. The centrifugal forces caused by the rotation of the grinding bowls and
supporting discs work on the contents of the grinding bowls. The force
resulting from rotation of the grinding bow! when the mill is started causes the
rotating balls to rub against the inside wall of the bowl thus crushing the
material. The material is primarily crushed by the high-energy impact of
grinding balls together with friction between the balls and the wall of the
grinding bowl. At a certain point in time the stronger centrifugal force of the
supporting disc causes the grinding material and balls to separate from the

inner wall of the grinding bowl. The grinding balls cross the bowl at high
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speeds impacting with the grinding material on the opposite wall, creates size

reduction by impact.

The planetary mill had been extensively used in Russia for the studies
on mechanical activation (Golosov 1971; Molcanov et al., 1988; Molconov and
Jusupov, 1981; Avvkumov, 1986). The energy densities of these mills are 100-
1000 times of other conventional mills (Fokina et al., 2004). Recently a
planetary mill of continuous feeding of grinding material was manufactured
(Kochnev, 1992; Kochnav and Simakin, 1994). Industrial planetary mills with
3 to 5 tones of powder per hour are available commercially
(http:/www.ttd.spb.ru). This type of mill has been used for the present study.

The details are given in chapter 2.
1.4 Energetics of mechanical activation processes

The effect of mechanical treatment on metals was investigated by
Tamman (1929). He observed that about 5-15% of the total energy input is
stored or accumulated inside the metals when subjected to mechanical
treatment. In mechanically activated solids, the energy is stored as lattice
defects (point, line, surface and volume defects), strain, enhanced surface area,
enhanced grain boundaries, structural alteration and the stored energy is
responsible for the enhanced reactivity of the activated substances. The
activated state can be characterized by an excess Gibbs energy, AGy, (Tkacova,
1989):

J P P U 1.2)

where Gy,  and Gy are the Gibbs energies of the activated and non-activated
states respectively. If sufficient time is not provided for relaxation, the
activated solid will have non-zero entropy even at absolute zero temperature. It
was found that the frozen in entropy may reach up to 40 percent of the melt
(Meyar, 1977). Using the Gibbs-Helmholtz equation, the free energy change

for the activated process can be given as:

MGy, =(H}, = Hy )= T(S), =Sy )errrvemroreemiosseemsssisssmsssssemssssssmsooe 1.3)
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where Hy, and Hy™* represents the enthalpy change of the unmilled material and
material in activated state respectively and Sy and Sy* is the corresponding
entropy change. Thus the useful stored energy available for conversion can be
characterized by the enhanced free energy of the activated material. The
enhanced energy of the activated solid can be determined through various

means:
1.4.1 From the law of energy conservation

From the 1% law of thermodynamics, assuming that no work is done
against external pressure and ignoring energy dissipation through sound and
electromagnetic processes, the grinding work, W during the mechanical

activation process can be expressed as (Tkacova,1989):

N 2 GO - G G Y (1.4)

where AH,, and AH; are the change in the enthalpy of the material being
ground and the grinding media respectively and Q is the reversible energy
released as heat. Therefore, AH,, can be determined through total energy
measurements of the mechanical work done # and calorimetric measurements
of the change in enthalpy of the grinding media 4H and the heat liberated Q
respectively. Schellinger and Lalkala (1951) and Schellinger (1952) carried out
experiments by placing the ball mill inside a calorimeter. The effective
grinding work was found to be 10 to 20 percent of the energy input. In some of
the grinding systems equipped with modern apparatus the effective work was
found to be 25-35% during the initial stage of grinding (Tkacova, 1989).

1.4.2 From heat of dissolution using calorimetry

The enthalpy change of activated material can be determined by
calorimetric experiments, provided the material both in the normal and
mechanically activated state dissolves completely in aqueous or non-agueous
media. The enthalpy of dissolution is obtained using exothermic substitution
reactions which yield a water-soluble product. The overall enthalpy of the

dissolution process (4H,,) is expressed as (Tkacova,1989).
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where AHx is the heat consumed to overcome the cohesive forces when

the substance is transferred to the solution, ( i.e cohesive work of dissolution),

AH; is the solvation enthalpy, and AHy is the enthalpy of the reaction. The
solvation enthalpy (4Hs) and the enthalpies of the reaction (4Hy) of an
activated material and stable material are equal, provided there is no
mechanochemical reaction. However, there will be a difference in the enthalpy
of cohesive work of dissolution between the activated (4Hy ) and stable
material (4Hy). The cohesive work of dissolution is (4Hy) decreased by
structural defects. Thus AHy < AHy The difference between the enthalpy of
dissolution of the activated (AH*) and stable form (4H) of the same substance
is positive. This difference represents the excess enthalpy of the activated
material 4H,, and is equal to the effective work of mechanical activation W
(Tkacova,1989):

W _AH* - AH = AHy - AHx = AHpf ovooeeoeveeeeeeeeeeeeeveeevseeseae e (1.6)

Since the enthalpy change introduced by activation is derived from the
difference in two large enthalpy components, the uncertainty associated with
this method would be expected to be large. Further, the above equation is valid
only for solids that are completely soluble under the experimental conditions.
However all the materials may not be completely soluble under the
experimental conditions where relaxation processes are absent and hence the

equation can be rewritten as (Tkacova,1989):

where Q is the heat of dissolution of the solid substance and M is the
amount of solid dissolved under the experimental conditions. The amount of
solid dissolved in the stable and the activated form are different and this has to

be considered while deducing the enthalpy of the activated solid.
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1.4.3 From statistical thermodynamics

The macroscopic change in enthalpy of the activated solid is because of
various micro effects such as increase in surface area, grain boundary area,
lattice strain, and quasi-amorphization. Based on the equations of statistical
thermodynamics, the enthalpy of the macroscopic state may be expressed as the

sum of the enthalpies of microscopic states (Tkacova,1989):

H =S NH, oo, (1.8)

i=1l

where for a solid, N; is the number of lattice elements in the i-th energy
level and H; the enthalpy required to transfer a lattice element to the i-th state,

or in other words

N
o A S L P L P S T (1.9)
NA NA € NA NA ¢

Where N, is the Avogadro’s number, E is the energy coefficient and
subscripts s, D, and QA denote free surface area, lattice strain, reduction of
crystallite size and quasi-amorphization respectively. The relative number of
atoms or ions at the surface (Np/N,), in plastically deformed structure (Np/N,),
at the grain boundaries (Nz/N,) and in the quasi-amorphous regions (Ny/N,)
can then be calculated from experimental determination of specific surface
area, lattice strain, crystallite size and the amount of the amorphous phase. The
molar surface energy ep is in turn deduced from the surface energy and the
lattice strain energy ep can be assessed from the compressibility factor.
Assuming that the state of the species at the grain boundaries and the quasi-
amorphous regions is similar to the melt, molar heats of fusion can be

substituted for eg and .

The energy contributions to new surface formation, crystallite
disintegration and quasi-amorphization were studied by Merva et al.(1973),
Sheng et al., (1999), Chakk et al.,(1994) and Sharma and Suryanarayana
(2008). Tkacova (1979 and 1989) summarized their results of individual energy
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contribution and overall enthalpy change of some minerals (Quartz, Magnetite,
Kaolinite and Calcite) subjected to activation in various mills (ball mill,
vibratory mill, attritor and disintegrator). The energy contributions were in the
range of 1-4 % by formation of new surface, 7.5 -22% by crystallite
disintegration and 70-90 % by quasi-amorphization. A very high value of
surface energy (20 %) was achieved in kaolinite mineral sample subjected to
activation in vibratory mill. The overall energy input into the material
determined theoretically was found to be 12 - 30 kJ/mol in various mills and
the experimental value of heat of dissolution was in the range of 2-17 kJ/mol
for quartz, magnetite and calcite mineral samples. The overall enthalpy change
determined theoretically as well as the heat of dissolution was maximum (52-

350 kJ/mol) with kaolinite mineral sample milled in vibratory mill and attritor.

Ermilov et al. (2002) proposed an equation to evaluate the stored energy

in the material from X-ray diffraction data using the relation

AE, =|V, —V/|E,, + GEWVM,[D% _Dioj + %EY (2100 = E2omitted Wt oessvvven (1.10)
where AE,, (kJ/mol) is the energy stored during activation; Vo and Vi are unit
cell volumes before and after MA, respectively; Ej. (kJ/mol) is the lattice
energy of starting material; Eg,s (kJ/mol) is the surface energy of starting
material; D; and D, (m) are the sizes of the coherently scattering domain in
activated and starting materials respectively; Vo (m®) is the molar volume of
starting material; Ey (GPa) is Young’s modulus of the starting material; and
&2 milled aNd €%,nmiliea are the root mean square (rms) microstrains in the activated
and starting materials respectively. The energy stored in the material by
mechanical activation was determined from lattice energy and atomization
energy (Bogatyreva and Ermilov, 2008) of the material before and after milling
The energy stored in SiO, by mechanical activation was in the range of 25-95

kJ/mol at different milling conditions.
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1.4.4 From kinetics of dissolution
1.4.4.1 Activation energy of dissolution

Zelikman et al.(1975) described that the breaking of bonds in the
crystalline lattice of the materials by mechanical activation brings about a
decrease in activation energy and increase in the rate of leaching. The decrease

in activation energy (AE") can be described as

AEG* = EQ = EQ™ ..ot .11

Where Ea is the apparent activation energy of the stable solid prior to
activation, Ea is the apparent activation energy of the activated material.
Normally Ea > Ea’". The decrease in activation energy in activated materials
was observed in many reactions ( Balaz, 2000; Tkacova,1989; Welham, 1997;
Welham, 2001; Welham and Llewellyn, 1998; Balaz and Briancin, 1993; Balaz
et al., 1995; Balaz, 2003; Chun Li,2006; Bin Liang et al., 2005). Balaz et al
(1995), studied the decomposition reaction of pyrite subjected to mechanical
activation in a planetary mill, and showed that the activation energy reduced
from 87 kJ/mol to 53 kJ/mol in 30 minutes of activation. The apparent
activation energy of mechanically activated tetrahedrite reduced from 30kJ/mol
to 18kJ/mol in 20 minutes of milling. Chun Li et al (2006) studied the effect of
milling on the dissolution of ilmenite and showed a decrease in activation

energy from 47.5 to 38 kJ/mol.
1.4.4.2 Rate constant of dissolution process

The rate constant of the activated material (k*) can be described as

1.12)

k"= k.exp(AEa* RT) ........................................................................................

k, R and T stand for the rate constant of leaching for the non-activated material,
gas constant and reaction temperature respectively. In general k™ > k, i.e. the
rate of leaching of activated material is greater than that of non-activated
material. Here, it is assumed that the stored energy is fully released during the

dissolution process, the reaction mechanism and path is identical during the
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leaching of the activated and non-activated solids and further that the decrease
in activation energy is of the same magnitude as the difference in enthalpy of
the stable and activated solid. This method ignores the relaxation processes
occurring during the process of dissolution. Under actual conditions, the energy
stored in the solid will be significantly more than the difference in activation
energy of the solid in the activated and non-activated states. Welham and
Llewellyn (1998) have reported an eightfold increase in the dissolution rate of
ilmenite in sulfuric acid even at ambient pressure through mechanical

activation.

Senna (1989) has carried out a detailed investigation on the effect of
physicochemical changes on dissolution kinetics of mineral samples. He has
demonstrated that a plot of rate constant normalized by surface area against the
applied energy of activation changes according to the mechanism of the
reaction. If the normalized rate constant (4/S;) does not vary with the applied
energy of activation then the surface area is effective in enhancing the reaction
rate and insensitive to the structural changes. On the other hand, if the surface
area normalized rate constant (%/S;) decreases with applied energy, the effective
surface area is lesser than the measured physical surface area. In the third case
if the normalized surface area (k/S;) increases with applied energy then the
reaction rate enhancement is attributed to both surface area and structural

imperfections.

1.5 Effect of mechanical activation on physico-chemical and structural

properties of solid

Mechanical activation has a significant influence on the physical,
chemical, and structural properties of the solid materials. The changes in
physico-chemical properties of activated solids depends on various parameters
(Sherif El-Eskandarany et al, 1991): the milling equipments used for activation
(vibratory mill, attrition mill , planetary mill, jet mill); shape of grinding media
(balls, rods or other shapes); materials of grinding tools (stainless steel,
tungsten carbide, zirconium oxide, aluminium oxide, silicon nitride); grinding

mode (dry or wet); ball-to-activated material size ratio, ball-to-activated
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material weight ratio; temperature of milling; milling speed; time of activation

and the material being activated.

The solids subjected to activation are reported in the literature to
undergo various micro and macro processes ( Heegn, 1979 and 1987;
Fernandez-Bertan, 1999; Tromans and Meech, 1999 and 2002; Balaz, 2000;
Tkacova,1989; Kalinkin et al., 2003, Pourghahramani, 2006 ). The various

effects reported to be observed in the material are:

= Repeated deformation, fragmentation, and cold welding leading to
disintegration and fracturing of powder particles, formation of new surfaces

and enlargement of surface area, surface aggregation and surface oxidation.
= Material abrasion

= Plastic deformation and disordering of crystal structure (lattice distortions),
the formation of various lattice defects such as point, line, surface and
volume defects etc, electronic defects and amorphization. All of these result

in an increase of dislocation density, lattice strain and crystallite size
Phase transformation in polymorphic materials

Emission of photons and electrons

Stimulation of lattice oscillations and local heating of solids
Electrostatic charge-discharge processes

Change in magnetic properties

¥y ¥ ¥ ¥ ¥

Chemical reactions, decomposition, ionic changes, oxidation-reduction

reactions and complex formation.

In general, the effect of mechanical activation can be classified as
changes in physical, chemical, structural, thermal, mechanical, magnetic, and

electronic properties of the solid materials.
1.5.1 Effect of mechanical activation on physical properties

Some of the physical properties that re altered during the process of

mechanical activation are: particle size, particle morphology, surface area,
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microstructural changes, optical properties, density, surface energy and melting
point (Balaz, 2000; Tkacova, 1989; Kalinkin et al., 2003).

The primary effect of grinding is communition of powder particles. The
fragmentation of particles depends on the material properties such as fracture
toughness of the material, flaw size, and size of the powder particles (Schonert,
1982 and 1990). However there is a limit to the reduction of particle size
beyond which there is no fracture and the particles will undergo only plastic
deformation. Further milling beyond the critical size results in activation of the
material (Boldyrev et al., 1996). In general, the particle size decreases
exponentially with the time of activation (Balaz, 2000; Tkacova, 1989;
Welham and Llewellyn, 1988). The particle size shows an increasing trend if

there is an agglomeration during the activation process.

Juhész and Opoczky (1990) studied the changes in morphology of the
particles subjected to mechanical activation. The morphology of the powder
particles are greatly influenced by the mechanical activation process. The
various possible morphological changes introduced by mechanical activation
can be described qualitatively using the definition of particle shape prepared by
British Standard Institute (Allen, 1981; Kaye, 1981). The particle shapes are
classified as acicular, angular, crystalline, dendritic, fibrous, flaky, granular,
irregular, modular and spherical. The ductile materials in general (metals) show
flaky and plate-like morphology while the brittle materials (minerals) show
angular and sub angular grains upon mechanical milling. The change in
morphology of the powder particles has a strong influence on the reactivity of
the solid materials. Tromans and Meech (2002) analyzed the conjoint effects of
particle size and micro-topography on the overall mass dissolution behavior of
fine particles. They suggested that microtopography-enhanced dissolution can
be significant for surface-controlled leaching reactions exhibiting high
activation energies (>70kJ/mol) and for low particle sizes (<1 um). They
derived an expression for the differential dissolution at the step edges of a

particle in comparison to that at the terraces through a parameter t,, defined as
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the ratio of the total time for dissolution of a stepped particle relative to the

time for dissolution of a spherical particle of the same mass (of diameter Dy).

The significant effect of mechanical activation is the increase in the
specific surface area of the material being activated. Many investigations on the
effect of specific surface area (BET surface area) on mechanical activation
show an exponential variation with time of milling or energy input into the
material (Balaz,2000; Tkacova, 1989; Welham and Llewellyn, 1998). In most
of the materials, the specific surface increased from 2-8 m?/g to 12-15 m?/g by
dry milling in atmospheric condition (Balaz,2000; Tromans and Meech, 2002).
Higher value of surface area was achieved in some of the materials by wet
milling. About 20-60 m?/g was achieved by wet milling of some sulphide
minerals (Balaz,2000; Tkacova,1989; Avvakumov, 1986). Further, the extent
of change in surface area depends on the type of mill and other milling
conditions. The specific surface area starts declining in some of the materials
after certain period of activation indicating that the powder particles are being
agglomerated on activation ( Balaz, 1997; Balaz, 2000; Kalinkin et al., 2003).

1.5.2 Effect of mechanical activation on structural properties

The structural properties of the material: the crystal structure, unit cell
parameters, and lattice volume and density of the materials can be altered by
mechanical activation (Balaz, 2000; Tkacova, 1989; Suryanarayana et al.,
2001). It is possible to create a defective structure with high concentration of
non-equilibrium defects (Boldyrev, 1979). The defects include vacancies,
interstitials, dislocations, new surface, low angle and high angle grain
boundaries, stacking faults, pores and voids and disordering. In other words the
mechanical energy is stored in the form of lattice defects and other structural
imperfections. As the concentration of defects increases, the energy
accumulated in the solid increases. Balaz and Tkacova studied the structural
disorder of chalcopyrite subjected to mechanical activation in an attritor and
showed that the degree of crystallinity varies in the range of 40-90% depending
upon the milling conditions. Quasi-amorphous or amorphous regions are

formed by structural disorder of the material during grinding (Balaz, 2000;
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Tkacova, 1989; Suryanarayana, 2001). There are many studies on mechanically
induced amorphization of materials (Berg and Sljapina, 1975; Asadov, 1975).
Balaz (1997) studied the degree of amorphization of chalcopyrite, pyrite,
tetrahedrite, galena, sphalarite and cinnabar with milling time using x-ray
diffraction analysis and showed 5-60% of amorphization in various mineral
samples. The mechanical activation also changes the crystallite size of the
material. The variation of crystallite size of the material with milling time was
studied by various authors (Balaz, 2000; Tkacova, 1989; Welham and
Llewellyn, 1998) Further, it is also possible to induce polymorphic
transformations through the mechanical activation process i.e. transformation
of one crystal structure into another without change in chemical composition
(Gock, 1978; Avvakumov, 1979;Balaz, 1985). For instance, the transformation
of a phase (tetragonal) into B phase (cubic) was observed by mechanical
activation of chalcopyrite (CuFeS2) (Schort and Steward, 1957; Avvakumov,
1979, Imamura and Senna, 1982). The transformation of cinnabar from trigonal
(a-HgS) to cubic structure (B-HgS) was also observed by mechanical activation
(Senna, 1985; Boldyreva, 2003). Avvakumaov (1979) postulated that the high
local pressures and temperatures at the contact surface of mechanically
activated particles as well as the presence of volume defects are responsible for
phase transformations. In general, the phases transformed by thermal activation
will have lower density, whereas the mechanically induced phase
transformations show phases with higher density. For example, zinc sulphide
(ZnS) exits in two forms, i.e. as cubic sphalerite and hexagonal wurtzite.
Mechanical activation of wurtzite brings about a transformation to sphalerite,
however the activation of sphalarite results only in its amorphization (Dachille
and Roy, 1961; Zeto and Roy, 1969). The authors postulated that the driving
force behind this transformation is the motion of dislocations in the activated
solid. Changes in bond angles and bond lengths were also noticed by some of
the authors (Buyanov, 1987; Molchanov et al., 2000).
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1.5.3 Effect of mechanical activation on chemical properties

Another significant feature of mechanical activation is the induction of
chemical reactions in some of the materials. Solid state reactions ranging from
polymorphic transitions to decomposition reactions were possible by
mechanical activation processes (Thiessen, 1970; Schrader and Werner, 1975;
Bade and Hoffmann, 1996). In general, the mechanical activation processes
accelerates the reaction rate, increases the conversion levels, reduces the
pressure and temperature required for the reactions and induces mechano-
chemical transformations and mechanical alloying. For example, the degree of
decomposition of jadeite into nepheline and albite does not exceed 10% under
the action of hydrostatic pressure at 350°C, whereas it increases up to 60%
under the simultaneous action of pressure and shear at the same temperature
(Boldyrev, 2006). Boldyrev (2006) classified the mechanically induced

chemical reactions into solid-gas, solid-liquid and solid-solid reactions.
1.5.3.1 Effect of mechanical activation on solid-gas reactions

Mechanical activation enhances the adsorption of gases on solid
surfaces and their subsequent reactions. The enhanced reactivity of solids
found application in enhancing the catalytic activity of metals and oxides (
Keller, 1955; Koach, 1995; Grigor’eva and Boldyrev, 1995; Grigor’eva, et al.,
1997). The diffusion of gas molecules is also enhanced by the mechanical
activation process. Thus, the kinetics of oxidation, nitridation, hydrogenation,
and carboxylation of materials were enhanced by the mechanical activation
process (Boldyrev,2006). As examples, mechanical activation found
application in synthesis of nickel carbonyl, methylchlorosilane, SiN, and TiN
(Grigor’eva, et al., 1997; Eckert, 1992). Thermodynamically forbidden
reactions are reported to be possible by the mechanical activation process, for

example, the oxidation of gold by carbon dioxide (El-Eskandarany, 1992).
1.5.3.2 Effect of mechanical activation on solid - solid reactions

Promotion of the solid state reaction is one of the primary advantages of

mechanical activation. Chemical reactions that occur in solid state avoids the
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use of solvents which has a great benefit from environmental point of view and
in reducing the pressure, temperature and cost of operation. In the extraction of
gold, the highly toxic process of amalgamation can be eliminated by
mechanical activation (El-Eskandarany, 1992). Mechanical alloying is another
common solid state reaction classified under mechano-chemical reactions.
Mechanical activation has been used for the synthesis of crystalline and quasi-
crystalline intermetallic phases, meta-stable phases, solid state amorphization
(Zhao et al., 1999, Manna et at, 2004) and mechanochemical synthesis (Murty
et al., 1998; Suryanarayana et al., 2001). Alloys of Al-Cu, Cu-Zn Ti-Al, Al-Si
are reported to have been prepared by mechanical milling (Suryanarayana et
al., 2001). Quasi-crystalline phases AlgsCuy,Coss, AlgsCuyFess, and
AlgsCuyMn,s and amorphous phases AlggY,NigFe,s, Al-50 Zr, BiFeO3, Co-33B,
Co-Nb, Co-25Ti have been synthesized by planetary milling for 30 to 60
minutes. Chen (1997 and 1998) observed that the ilmenite phase converts to
metastable pseudo-rutile (Fe,TisOg) and y-Fe,O; during the process of

mechanical activation in air and oxygen.
1.5.3.3 Effect of mechanical activation on solid-liquid reactions

The effects of mechanical activation on solid-liquid systems are used
extensively in pharmaceuticals and hydrometallurgy. In pharmaceuticals,
mechanical activation is used for enhancing the effectivity, absorption and
solubility of poorly soluble medicines (Huttenrauch and Fricke, 1985;
Dubinskya, 1989; Shakhtshneider and Boldyrev, 1993) and in hydrometallurgy,
mechanical activation used to increase the efficiency of leaching of ores and
minerals (Duncan and Metson, 1982a&b; Tkacova, 1989; Tkacova and Balaz,
1988; 1996; Balaz, 1996; Welham and Llewellyn, 1998; Amer, 2000; Welham,
2001; Amer, 2002; Balaz, 2003, Chun Li, 2006; ) in both acids and alkalis. As
an example mechanical activation of bauxite has been reported to significantly
affect its dissolution kinetics (Rakeshkumar et al., 2004 & 2005a). In the
commercial Bayer’s process adopted at National Aluminium Company, India
for the purification of alumina (predominantly gibbsite), the ore is digested in

NaOH at 100-150°C to form soluble sodium aluminate and the insolubles such
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as Fe,0s, SiO, and TiO, is left behind in the residue (red mud). The alumina
and soda losses to the red mud are about 15-20% and 3-5% respectively.
However, when the alumina is mechanically activated for a short time (~30
min) in an attrition mill, subsequent digestion under similar conditions yielded
much higher recovery of Al,O3 (90-95%) and lower loss of NaOH (0.5-0.6). It
was observed that the Gibbsite phase is progressively amorphized during
mechanical activation yielding better solution recoveries of Al,Os;. In an
interesting analysis, Rakesh kumar, et al.,(2005b) observed that mechanical
activation significantly altered the reactivity of blast furnace slag . The attrition
milled slag hydrated in a much shorter time without any chemical activator.
The hydration product resulting from the attrition-milled slag was also unique
and showed higher crystallinity. The overall increase in the dissolution rates
with mechanical activation is in addition to that resulting from an increase in
surface area because of several factors such as structural disorder (Tkacova et
al., 1993), enhanced strain (Amer, 2000), amorphization of mineral particles
(Barton and McConnel, 1979;), preferential dissolution of select crystal faces
(Duncan and Metson, 1982 a&b), micro-topography (Tromans and
Meech,1999 & 2002), and formation of new phases more amenable to leaching
(Tkacova and Balaz, 1996; Welham, 2001).

1.5.4 Effect of mechanical Activation on thermal and magnetic properties

The effects of mechanical activation on thermal and magnetic properties
of mineral samples were reported by some of the authors (Berg et al., 1975;
Boldyrev, 1972; Tkacova, 1989; Balaz, 2000; 2008). The mechanical activation
altered the temperature of phase transformation, decomposition (Kalinkin et al,
2003) , reduction, oxidation, calcinations, and roasting of mineral samples
(Balaz,2000; Boldyrev,2006). As an example the decomposition temperature of
Chalcopyrite reduced from 900°C to 500°C by 7 minutes of mechanical
activation in atmospheric air (Kulebakin, 1983). The oxidation temperature of
Galena (PbS) reduced from 660°C to 520°C by 30 minutes of mechanical

activation. Further the rate decomposition of Chalcopyrite, Cinnabar,

34



Arsenopyrite is enhanced by mechanical activation. The reduction in melting

point also observed some of the metal samples (Mehrotra, 2007).

The magnetization behavior of materials also enhanced by mechanical
activation process (Ding et al., 1996; Tkacova et al., 1996, Sepelak et al.,
1999; Sepelak et al., 2003). The high field magnetization irreversibility, the
variation of Nell temperature with the grain size, a high coersivity, and altered
(reduced or enhanced) magnetic moments in comparison to bulk materials have
been observed in activated ferromagnetic spinals. The effect of mechanical
activation on magnetic behavior of materials found applications in catalysis,

ferrofluids and information storage.
1.6 Effect of mechanical activation on the processing of ilmenite

In general, the beneficiation of ilmenite falls into two categories: namely
beneficiation up to synthetic rutile using either a high temperature reduction
smelting process to produce a titania rich slag and subsequent acid leaching or
high temperature roasting treatment followed by magnetic separation and
selective rusting of the iron in ammoniacal solution such as in the Becher
process, or selective leaching of iron in HCI as in Benelite and Murso processes
(Mukherjee, 2000). The other alternative is the direct production of pigment
grade TiO,. Some workers have also used direct reductive leaching (using iron)
of the ilmenite concentrate (Mahmoud et al., 2004). A common method used
for the direct production of pigment grade TiO, from ilmenite is the chloride
process, which involves chlorination of ilmenite, synthetic rutile or the titania
rich slag produced by electrothermal smelting and subsequent separation of
iron and titanium chlorides by distillation (www.altairnano.com). Other
methods for production of pigment grade TiO, involves direct leaching of
ilmenite with acids at atmospheric or high pressure resulting in dissolution of
iron and titanium in the solution followed by hydrolysis of TiO, from the acid
leach liquor in the case of the sulfate process and solvent extraction in the case
of the Altair process (Afifi, 1994; Abdel-Aal et al., 2000).

The direct acid leaching processes employs mainly sulfuric acid
leaching. In the sulfate process, ilmenite concentrate is digested in concentrated
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sulfuric acid in the temperature range of 150-180°C to dissolve titanium and
iron. The dissolved Ti is precipitated as hydrous TiO, by preferential
hydrolysis of the leach solution. However, the kinetics of dissolution of
ilmenite in sulfuric acid is slow (10 to 12 hours per batch), costly and the by-
product ferrous sulfate is less marketable and poses an environmental hazard
(US Environmental production Agency). Because the regeneration of sulfuric
acid from ferrous sulfate is cumbersome, the sulfate process generates waste as
much as two times the product weight, which necessitates expensive treatment
for neutralization before disposal of the waste. In recent times, there has been
some advancement to the sulfate process such as converting the iron sulfate to
marketable iron oxide, recycling of the waste acid and an improved market for
gypsum. In the recently developed Altair process involving digestion with
concentrated hydrochloric acid followed by solvent extraction, the acid can be
regenerated and the by-product iron oxide has a market value. The hydrochloric
acid leaching process can also be rendered selective for iron under controlled
process conditions (Eh and pH). The sulfate process is presently making around

40% of the world’s TiO, pigments.

Several investigators have studied the dissolution behavior of ilmenite in
hydrochloric acid (Jackson and Wadsworth, 1976; Hussein et al., 1976;
Tsuchida et al.,1982; Sinha, 1984; Lanyon et al., 1999; Olanipekun,1999; Van
Dyk et al., 2002) and sulfuric acid (Judd and Palmer, 1973; Imahashi and
Takamatsu, 1976; Barton and McConnel, 1979; Hishasi, 1982; Han et al.,
1987; Liang et al., 2005; Li et al., 2006). Their studies deal with the effect of
stirring speed, particle size, temperature, acid concentration, and acid-to-
ilmenite ratio on the kinetics of dissolution of ilmenite in hydrochloric and
sulfuric acids. Van Dyk et al. (2002) have summarized the results obtained by
hydrochloric acid leaching. They studied the leaching mechanism of ilmenite
with hydrochloric acid and showed that the dissolution of ilmenite follows
initially a chemical reaction controlled mechanism and later a diffusion
controlled mechanism as the Ti-(IV) fines produced by hydrolysis reaction

precipitate inside the pores of the unleached particles. Studies on leaching
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behavior of ilmenite with sulfuric acid showed that the chemical reaction at the
particle surface was the rate-limiting step and a value of 64 kJ/mol was
estimated for the activation energy based on the dissolution of iron (Han et al.,
1987).

Several methods have been proposed for the enhancement of the
dissolution rate of ilmenite. Reduction and/or oxidation pretreatment followed
by leaching with acids/bases as well as direct pressure leaching of ilmenite
concentrate have been reported (Sinha, 1973; Barton and McConnel, 1979;
Sinha, 1979; Farrow and Ritchie, 1987; Natziger and Elger, 1987; Jayasekera et
al., 1995; Walpole, 1997; Ogasawara and Velso de Araiya, 2000). Addition of
certain additives was also found to enhance the dissolution rate of ilmenite.
Investigation on reductive leaching of ilmenite ore in hydrochloric acid showed
that addition of iron powder reduces the ferric ion, which results in enhanced
dissolution of ilmenite and subsequent precipitation of TiO, (Mahmoud et al.,
2004). Addition of iron powder to enhance the dissolution rate is limited to
hydrochloric acid. Methods involving high temperature and high-pressure

increases the cost of operation and imposes stringent safety requirements.

Considerable enhancement in dissolution rates of mechanically activated
ilmenite in sodium hydroxide solution at elevated temperatures (200°C) and
high oxygen pressures (4.1MPa) was also observed (Amer, 2002). Welham and
Llewellyn (1998) have reported an eightfold increase in the dissolution rate of
ilmenite in sulfuric acid even at ambient pressure through mechanical
activation. They have used conventional ball mill and carried out experiments
for periods in excess of 100 hours. Modern high-energy mills may result in

imparting high energy to the material in a short time.
1.7 Objectives of the present study

The objective of the present thesis is :-

1. To study the effect of mechanical activation process on physico-chemical,
structural, thermal and magnetic properties of Indian beach sand ilmenite

samples
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2. To study the effect of mechanical activation on energetics of ilmenite

samples.

3. To find out the effect of mechanical activation on subsequent dissolution

behaviour of ilmenite samples in sulphuric and hydrochloric acids.

4. To make a comparative study of physio-chemical and structural alterations
induced by natural weathering and mechanical activation of Indian beach

sand ilmenite samples and their effect on subsequent dissolution behaviour.
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CHAPTER 2

EXPERIMENTAL PROCEDURES

2.1 Materials

The ilmenite concentrate samples used in the present study were
collected from Indian Rare Earths Limited (IREL) located at Chatrapur in
Orissa, Navaladi and Manavalakurichi in Tamilnadu and Chavara, in Kerala
regions. The samples were derived from the placer deposits along the eastern
coast stretching from Orissa to Kerala. The beach sand deposits were
beneficiated to ilmenite by magnetic and gravity concentration techniques.
However, there is a significant difference in chemical composition and
mineralogy of these ilmenites arising because of the variation in the degree of

weathering from the Orissa to Kerala coast.
2.2 Mechanical activation

A Fritsch Pulviresette-5 planetary mill having agate bowl and balls
(Fritsch GMBH, Germany) was employed for the mechanical activation of the
ilmenite mineral samples. The pulverizer was coupled with a high sensitive
power meter to measure the energy input into the mill during the milling
operation. The bowl and balls used for milling was of agate to avoid
contamination of iron while milling. Figure 2.1 shows the photograph of the
planetary mill coupled with the energy meter used for the mechanical
activation experiments. For each milling experiment, fifteen agate balls of 20
mm diameter (160 g) were used in each bowl. The samples (40 g in each batch)
were subjected to dry milling in ambient atmosphere. The ore to ball ratio in
the bowl was maintained at a ratio of 1:4 by weight for all the experiments.
Milling was carried out at 200 rpm for all the batch experiments. No other
additives were used during the milling. The samples were activated in the
planetary mill for 30, 90, and 240 minutes in separate experiments. Putsov et al
(2001) and Suryanarayana (2004) report a steady state increase in the
temperature (60-600°C) of the container wall in planetary milling. However the

milling speed reported in their papers are very high (630-1090 rpm), and at low
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speed (680 rpm) the temperature rise is expected to be less than 200°C. Hence,
in our experiments the milling was carried out at low speed (200 rpm) to
minimize thermal relaxation in the material and further the milling was
interrupted every 30 minutes and subjected to air cooling. The milling
experiments were carried out in a cyclic mode (i.e. the direction of rotation was
changed every 15 minutes) to minimize the aggregation of powder samples and
their sticking to the bowls and for effective transfer of energy into the material.
At the completion of milling, the contents of the bowl were thoroughly cleaned

and dried before the next milling experiment.
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Fig.2.1. Photograph of planetary pulverizing mill (Fritsch GMBH,

Germany), energy meter (WT 3000, Yokogawa) and agate bowls & balls

used for mechanical activation of ilmenite samples.

2.3. Precise power measurement

The total electrical energy input to the pulverizing mill was measured
using a high precision energy meter (YOKOGAWA, Japan WT3000) with
sensitivity better than 0.01wh. The time, voltage, current and power consumed
by the mill can be continuously measured and recorded simultaneously (every
30 seconds) using memory devices attached to the power meter. The energy

meter was connected in parallel with the pulverizing mill to ensure that only
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the power input to the mill is measured. The power consumption of the mill

during intermediate cooling stages was subtracted from the measured value.

2.4 Characterization

2.4.1 Chemical analysis

The ilmenite samples were subjected to bulk chemical analysis. About
0.2 g of the sample was completely dissolved in hydrochloric acid (18.8 M)
using a microwave digester (Microwave Accelerated Reaction System MARS).
The microwave digester is provided with eight numbers of reaction vessels;
hence the unmilled and activated (30, 90 and 240 min) samples of a single
batch could be digested simultaneously. The samples were transferred to the
reaction vessel and 25 ml of hydrochloric acid (9.2 M) was added. The
temperature (150°C), pressure (50 Pa) and time (20 min) of digestion were
fixed for microwave digestion. The temperature of the reaction vessels were
controlled using a temperature probe (PRT-300). The pressure inside the
reaction vessel was monitored and controlled by an electronic pressure sensor
(ESP-500 plus). The experiments were continued until the samples dissolved
completely. After dissolution, the solution was filtered and subjected to
chemical analysis by Atomic Absorption Spectrophotometry, UV
Spectrophotometry, titration and gravimetric techniques using standard
methods (Vogel, 1989).

An Atomic Absorption Spectrophotometer, AAS (Model GBC Avanta)
was first employed for the analysis of the filtrate for the elements Fe, Al, Si,
Mg, Mn, V, Cr, Ca, and P. However, Ti could not be analyzed with AAS since
it had a very low range of sensitivity. Further, the dilution enhances the errors
in measurement. The Ti content was determined using an UV visible
Spectrophotometer (Shimadzu, Japan, Model No0.160A). In acidic medium,
titanium (1V) solution produces a yellow colour when treated with hydrogen
peroxide. The intensity of the colour is proportional to the amount of Ti in the
solution. The intensity is measured at a wavelength of 410 nm using UV

spectrophotometer. A comparison is made with a standard titanium (1V)
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sulphate solution. About 10 ml of the solution was used for each Ti analysis.
Phosphoric acid (HsP0,4) was added to the solution to neutralize the influence of
Fe present in the solution. About 10 ml of 3% hydrogen peroxide (H,O;) was
added into the solution and the intensity measured. The concentration of Fe*?
and Fe™ ions were determined using a titration technique. The solution was
titrated with potassium dichromate (K,Cr,O;) solution (0.1N). Sodium
diphenylaminesulphonate was used as an indicator. Iron (II) in the solution
shows colourless to violet coloration at the end point. The concentration of Fe*
ions were determined from total iron and Fe*® ion concentration. The
percentage of silica in the in the ilmenite samples were determined by
gravimetry. All the elements were assumed to exist in the ilmenite sample as

oxides.
2.4.2 EPMA analysis

A JEOL, Super Probe JXA-8600 model electron microprobe operating
with a current setting of 2x10® A, with Standard Programme International
(SPI1) mineral standards and using on-line ZAF correction procedures was used
for experimental investigation. The composition of the individual ilmenite

grains were measured at the centre and at the edges.
2.4.3 Optical microscopy

The mineralogy and microstructural analysis of unmilled samples were
carried out using a polarized optical microscope (LEITZ orthoplan, Germany).
The samples were analyzed both under normal mode of illusion and with
crossed nickel prisms. A qualitative analysis of the various minerals, oxides
and other phases present were carried out by optical microscopy. An attempt
was made to estimate the extent of alteration of the various ilmenite samples
using microscopic analysis. However the activated samples of ilmenite could

not be analyzed using an optical microscope because of their fine particle size.
2.4.4 XRD analysis

The effect of mechanical activation on the phase constitution, unit cell
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parameters, crystallite size, and strain were analyzed by x-ray powder
diffraction technique and line broadening analysis using standard methods
reported in the literature (Cullity, 2001). The x-ray diffraction measurement
was carried out using Siemens D-500 diffractometer. The samples were
analyzed with Co-K,, radiation (A=1.79026 A) at a scan rate of 1°/min. The
diffraction data was obtained using the software DIFFRAC-AT connected with

the instrument.
2.4.5 Particle size analysis

The particle size distribution of the ilmenite samples before and after
milling was determined using a laser diffraction analyzer (CILAS 1180,
France). The instrument has a particle size measurement range of 0.04 to 2500
pum. All the particle size measurements were carried out in an aqueous medium.
The particles were dispersed in water and stirred ultrasonically to avoid
agglomeration of powder particles. About 100mg of ilmenite sample was used

for each measurement.
2.4.6 BET Surface area analysis

The surface area of the ilmenite samples prior to and after mechanical
activation was determined using a multipoint BET technique (Micrometrics
ASAP 2020). The technique is based on the physical adsorption of helium gas
molecules on a solid surface at 77 K (Brunauer et al., 1938). The instrument
has a surface area measurement range from 0.001 to 3000 m°/g. A high vacuum
option provided in the instrument was used to measure small surface areas. The
specific surface area was derived from the measured data using the software
available (ASAP 2020) with the equipment

2.4.7 SEM analysis

The unmilled and activated ilmenite samples were characterized using a
JEOL JSM 840A scanning electron microscope to study the microstructure and

morphological changes introduced by mechanical activation. The samples were
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prepared with fine carbon coating and the experiments are carried out in the

back-scatter electron imaging mode at 14 kV.
2.4.8 TEM analysis

The TEM microscopic analysis ilmenite samples prior to milling and
after milling were carried out with Philips, CM-12 Transmission Electron
Microscope operating at 150 kV. The samples were carefully prepared with
holey carbon coated grids for experimental investigation. The samples before
milling and after 30, 90 and 240 minutes of milling were analyzed with both
bright field, dark field illumination. The selected area diffraction patterns
(SAED) were also obtained to find out the variation in crystallite size, nano
phases and amorphization characteristics of various phases existed in the

microstructure.
2.4.9 Thermal analysis

The ilmenite samples before and after milling were subjected to thermal
analysis using a simultaneous TG/DTA analyzer (Seiko, Japan, Model No.
320). The experiments were carried out in static air atmosphere. About 50 mg
of the sample was used for each experiment. a-alumina was used as a reference
material. A dynamic measurement in the temperature range of 35 to 800°C at a

heating rate of 10°C/min was adopted.
2.4.10 Calorimetric experiments

To estimate the enthalpy associated with the defects, the heat evolved or
absorbed by the unmilled as well as the milled ilmenite samples was measured
during the process of relaxation of defects in an aqueous solution using a high
precision isothermal heat calorimeter (THERMOMETRIC, TAM AIR) with a
sensitivity of 0.1 mW. To accelerate the relaxation process, a dilute acid
solution was used. It was earlier confirmed through leaching and chemical
analysis that no dissolution of ilmenite occurs at such dilute concentration
during the timescale of the calorimetric experiment. The experiments were

carried out at room temperature (25°C). The differential power between the
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sample and an alumina reference was continuously recorded for 6 hours. No
changes were observed in the power vs time plots beyond 4 hours. The heat
evolved or absorbed was determined from the time integral of the power vs
time plot. The instrument has a facility to load several samples simultaneously.
Thus the unmilled and activated samples (30, 90, and 240 min) were subjected

to the measurements simultaneously.
2.4.11 Density measurement

The density of ilmenite samples before and after activation determined
using picnometric analysis using MICROMETRIX 2000. The reactor vassal is
filled with He gas and the volume of the vessel is determined in blank
condition as well as with material. The volume of the material is determined
from the difference in volume occupied by He molecules at a given pressure.
The density of the material is determined using the weight and volume of the

samples.
2.4.12 Surface energy measurement

The specific surface energy of the unmilled and activated ilmenite
samples was derived using the contact angle of solid liquid surface measured
by the capillary rise method (using KRUSS Tensiometer K100). The capillary
rise through a packed bed of the bulk powder measured by the increase in
weight as a function of time is correlated to the advancing contact angle

between the liquid and solid through the Washburn (1921) equation:

3 {(C.}:)PZ (ﬁRZ)}pzyL cosd,.
e T (2.1)
t 2n

where w_ is the weight of penetrating liquid, y_ is the surface tension of the
liquid, r is the mean radius of capillary bundle, p is the density of measuring
liquid, P is the relative porosity, R is the inner radius of measuring tube, 6c is
the advancing contact angle, n is the viscosity of liquid, t is the time of flow, c
is the constant i.e., tortuosity factor and (c.r) is the empirical constant

depending on particle size and packing density.
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If the viscosity and surface tension of the liquid are known, the
advancing angle (contact angle) can be determined from knowledge of the
material constant (c.r). The material constant was determined through a
calibration experiment using a completely wetting liquid (n-hexane). The
measurements were carried out with five liquids: n-Hexane, formamide, water,
di-chloromethane, ethelene glycol. The specific surface energy of the ilmenite
samples was determined using the Owens, Wendt, Rabel and Kaelble method.
In this method the polar and disperse fractions of the surface energy was
derived from the contact angle data of various liquids using the following
equation (Owens and Wendt , 1969)

B
Mzﬁqﬁ /% A T 8 (2.2)
O-L

D
2\o;

Where o5 and o are the surface tension of solid and liquid respectively. P and

D refer to the polar and dispersive components.
2.4.13 Magnetic measurement

The magnetic behavior of the unmilled and activated ilmenite samples
were studied using a EG&G PAR 4500 vibrating sample magnetometer. The
initial magnetization and hysterisis curves of the ilmenite samples were
obtained at room temperature, (300 K). Magnetic hysterisis loops were
obtained up to 15 koe, were carried out in tightly packed powders of the

ilmenite sample in unmilled and activated condition.
2.5 Leaching eperiments

Fig.2.2 shows the line diagram of leaching equipment used for the
dissolution experiments with single reactor. Four 250 ml pyrex glass reactors
equipped with a thermometer, mechanical stirrer and a reflux condenser were
used for leaching of unmilled and mechanically activated samples of ilmenite
concentrate. The four reactors were filled with the respective acid of four
different concentrations (1.8M, 5.5M, 9.2M and 12.9M for H,SO, and 2.3M,
6.9M, 9.2M and 11.5M molar concentration for HCI). The reactors were heated
simultaneously in a single liquid paraffin bath. A resistance heated hot plate
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with temperature control and power regulation (Powerstat) was used to heat the
reactors to the required temperature. A thermometer was fitted to one of the
openings. The temperature during the leaching experiments was constant and
could be controlled within +1°C. Leaching temperatures in the range of 50-
95°C was used for HCI and temperatures in the range of 80-120°C was used for

H,SO, (except for leaching in 1.8M H,SO, wherein the temperature range was

70-95°C).

<
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= <—m Water in
Sampling end

Thermometer
Glass Reactor
Acid with limenite sample
—— Qil bath with
Heating mantle
Magnetic stirrer

Magnetic stirrer

Temperature Regulator Speed controllers

Fig.2.2. Line diagram of leaching equipment (with a single reactor) used for

the dissolution experiments.

The leaching experiments were carried out with a solid to liquid ratio of
1:10, and 1:100. Several sulfuric and hydrochloric acid leaching experiments
on both, the unmilled as well as the 240 minutes milled samples were also
carried out with a solid to liquid ratio of 1:100. Although from the viewpoint of
fundamental kinetic analysis, a solid to liquid ratio of 1:100 is desirable, a S:L
ratio of 1:10 is more realistic from an industrial and scale up point of view. The
reactors were filled with 100 mL of acid solution of the specified composition,
preheated to 40°C and 10 g of solid samples (1g in the case of S:L being 1:100)

were added to each of the reactor. The bath was subsequently heated rapidly to
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the experimental temperature where it was held isothermally. The time required
for reaching the experimental isothermal temperature after the addition of solid
sample was between 5 to 10 minutes. Unmilled, 30, 90 and 240 minutes
activated samples were adopted for the leaching studies. Stirring was carried
out using a Teflon-coated magnetic stirrer to keep the ilmenite particles
suspended in the leachant. The leaching experiments were carried out
isothermally and 3 ml of the solution from each reactor were withdrawn at
different time intervals for the chemical analysis. The leach solutions drawn for
analysis were filtered and made up to 100 mL in a standard flask. The Fe
content in the solution was determined wusing atomic absorption
spectrophotometer (Model GBC Avanta) and the Ti content was determined
using a UV spectrophotometer (Shimadzu, Japan, Model No0.160A).
Calibration using standard solutions was done prior to the analysis. After the
completion of the leaching experiment, the reactors were quenched in water to
stop further dissolution and immediately filtered. The leach residues after
filtration were washed thoroughly and dried in sunlight and in an oven at 105°C
for four hours, weighed and the mass loss determined. The leach residues were
subjected to x-ray diffraction analysis (Siemens D-500 diffractometer) to

identify the intermediate phases formed during leaching.

The Eh (redox potential) and pH of the solution was measured at the
beginning (prior to heating) and end of each experiment (after quenching) at
ambient temperature. The redox potential was measured using a calomel
electrode and the measured potentials were converted to that of a standard
hydrogen electrode. The instrument was calibrated before every measurement
with a buffer solution of pH 4. The Eh and pH measurements were made for all
the leaching experiments.
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CHAPTER 3

EFFECT OF MECHANICAL ACTIVATION ON PHYSICO-
CHEMICAL STRUCTURAL, THERMAL AND MAGNETIC
PROPERTIES OF ILMENITE

3.1 Chemical and mineralogical characteristics

The chemical compositions of the ilmenite concentrate samples used in

the present study are given in Table 3.1.

Element | Chatrapur | Navaladi | Manavalakurichi | Chavara
TiO; 50.55 51.20 55.10 60.10
FeO 34.20 33.50 20.30 10.50
Fe 05 12.30 12.70 19.90 26.30
Al,O; 0.45 0.46 0.80 0.70
SiO; 0.70 0.81 1.50 0.75
MgO 0.72 0.73 1.00 0.40
MnO 0.54 0.35 0.40 0.40
V,05 0.23 0.22 0.22 0.15
Cr,0; 0.05 0.05 0.08 0.13
Ca0o 0.05 0.18 0.08 0.15
P,0Os 0.03 0.02 0.12 0.20

Table 3.1: Bulk chemical analysis of the altered ilmenite samples used in the
present study
The microphotographs of the raw (unmilled) ilmenite concentrate
samples obtained from Chatrapur and Manavalakurichi regions are displayed in
Figs. 3.1a and 3.1b respectively. The ilmenite occurs mostly as sub-rounded to
sub-angular grains marked by numerous surface pits, etch marks/grooves and
crescentic pits as seen in the photomicrograph. Reflected light microscopic
studies of the samples suggest that ilmenite is the major phase in both the
samples. In addition to the ilmenite phases, traces of primary hematite are

noticed in the Chatrapur sample. The Manavalakurichi ilmenite sample shows
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varying amounts of leucoxene (altered rutile) as well as some coarse grains of

primary rutile in addition to the ilmenite.

Fig 3.1la: Microphotograph of Chatrapur ilmenite sample in unmilled
condition under reflected light. Some of the ilmenite grains are unaltered
() while some grains are altered along the margins and cleavage planes
(as shown by arrow mark)

Fig. 3.1b: Microphotographs of the Manavalakurichi ilmenite sample in
unmilled condition showing rutile grains (R) and alteration products (as

shown by arrow marks) along with ilmenite concentrate (I).

Many ilmenite grains are moderately altered in both the concentrates
and the alteration appears to have proceeded along grain boundaries, grain
edges, and fissures. The alteration of the grains has occasionally resulted in an
amorphous to crypto- or microcrystalline mass resembling leucoxene and
pseudo-rutile. Similar petrological characterization results were also reported
by Acharya et al. (1999), for beach sand ilmenite of Chatrapur and
Manavalakurichi regions respectively. The intensity and mode of alteration
varied from grain to grain and was neither uniform nor continuous. The
distribution of altered ilmenite in the sample was estimated to be around 10%
in Chatrapur ilmenite and 12% in Manavalakurichi ilmenite. The results of the
electron microprobe analyses of altered ilmenite at the rim and core, ilmenite,
ilmo-hematite, leucoxene and pseudo-rutile are presented in Tables 3.2 and 3.3

for the Chatarpur and Manavalakurichi ilmenite samples respectively.
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Compounds | llmenite* Altered ilmenite Pseudo-rutile
Unaltered | Altered rim* | formed from
core * ilmenite

FeO 46.11 46.62 N.D. N.D.
Fe,03 N.D. N.D. 2.43 0.75
TiO, 51.48 50.21 81.63 92.81
MgO 0.87 0.49 0.57 0.18
Al,O3 0.11 0.05 3.51 1.59
MnO 0.61 0.31 0.11 0.03
Cr,04 0.10 0.30 0.25 0.14
Zn0O 0.04 0.08 0.05 0.01
SiI0, | - | e 5.58 2.40
V,05 0.27 0.27 0.45 0.51
BaO 0.25 0.35 0.41 0.43
CaO 0.01 0.01 0.04 0.03
K:O | - | - 0.05 0.13
Na,O 0.15 0.04 012 | -
Total 99.94 98.73 95.20 98.99

Table 3.2: EPMA analysis of the Chatrapur ilmenite sample and its associated
phases (in wt.%).*

Altered ilmenite
Compounds | Ilmenite* Unalter};ed core | ,ieorod rim®
FeO 42.72 45.76 N.D.
Fe, O3 N.D. | - 3.77
TiO, 53.38 52.69 89.63
MgO 151 0.03 0.03
Al,O5 0.50 0.41 1.78
MnO 0.85 0.48 0.01
Cr,03 0.05 0.02 0.21
SiI0, | e e 1.92
CaOo 0.01 0.01 0.14
KO | e e 0.01
Na,O | = ----- 0.38 0.59
Total 99.02 99.78 98.09

Table 3.3: EPMA of Manavalakurichi ilmenite sample and altered ilmenites
(in wt.%)*

* Average of two grains; "----- " not detected; N.D. = Not determined.

o1



Titania content as well as the ferric to ferr

sample is higher than that of the Chatrapur

ous ratio in the Manavakurichi

beach placer ilmenite of Orissa

coast, suggesting a higher degree of weathering for the Manavalakuruchi
ilmenite. Other workers (Bary et al., 1984; Suresh Babu and Mohan Das, 1999)

have also made similar observations on the

ilmenite.

3.2 Particle size and surface area

weathering of Manavalakurichi

The variation of particle size and particle size distribution with milling

time is shown in Fig 3.2a and 3.2b for Chatrap

samples respectively.
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Fig.3.2: Particle size distribution as a function of milling time for (a) Chatrapur

and (b) Manavalakurichi llmenite samples.
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The particle size of Chatrapur ilmenite lies in the range of 100-500 pum
in unmilled condition; whereas the particle size of Manavalakurichi ilmenite
samples show a range of 12-400 um. The initial BET surface area is higher for
the Manavalakurichi ilmenite sample (6.13 m?/g) compared to the Chatrapur
ilmenite 1.46 m*/g (Suresh babu et al., 1994). The larger initial surface area for
Manavalakurichi ilmenite sample can be attributed to the higher degree of
weathering compared to the Chatrapur ilmenite sample. The particle size
decreases exponentially with milling time and reaches a steady state (0.04-15
um) beyond 90 minutes of activation in both the ilmenite samples. A plot of the
variation of mean particle size and surface area with milling time is shown in

Fig. 3.3 for Chatrapur and Manavalakurichi ilmenite samples.
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Fig.3.3: Variation of mean particle size and surface area of Chatrapur and

Manavalakurichi ilmenite samples with milling time.

The mean particle size of both the ilmenite samples decreases
exponentially and reaches a value of ~1 um in 4 hours of milling. However,
there is a distinct variation in surface area of the ilmenite samples before and
after milling. The Manavalakurichi ilmenite sample shows higher surface area

(12 m®/g) compared to Chatrapur ilmenite sample (4 m?/g) in 4 hours of
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milling. The defects and fissures created by milling increased the surface area

of activated samples.
3.3 Morphology

The change in morphology of the ilmenite samples subjected to
mechanical activation was studied using scanning electron microscopy. The
SEM microphotographs in the back-scattered electron-imaging mode of the
Chatrapur and Manavalakurichi ilmenite samples in unmilled condition and
after 30 and 90 minutes of milling are shown in figs 3.4(a,b,c), and fig

3.5(a,b,c) respectively.

Fig 3.4: SEM Microphotograph of Chatrapur ilmenite samples in (a)

unmilled (b) 30 minutes milled and (c) 90 minutes milled condition.

It is observed that both Chatrapur and Manavalakurichi ilmenite samples

reveal smooth sub-rounded to sub-angular particles in unmilled condition. The
unmilled samples show particles in the size range of 100-500 um. In contrast,

the activated sample consists of particles in the submicron to micron range and
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is predominantly angular in shape caused by fracture of the original particles.
Some of the particles in the activated sample are rounded, probably resulting
from a combination of abrasion of the edges and physical deformation during
milling (Welham and Llewellyn, 1998). The ilmenite samples subjected to 30
and 90 minutes milling shows particles in the size range of 0.04-80 um and

0.04-15 um respectively.

Fig 3.5: SEM Microphotograph of Manavalakurichi ilmenite samples in (a)

unmilled (b) 30 minutes milled and (c) 90 minutes milled condition.

The particle size of the Manavalakurichi ilmenite samples shows finer

particles after milling compared to Chatrapur ilmenite.
3.4 Density and volumetric density of defects

The variation in the density of the Chatrapur and Manavalakurichi
ilmenite samples with milling time is shown in Fig 3.6. The initial density of
the Manavalakurichi sample is considerably lower than the Chatrapur sample
because of the enhanced weathering. The porosity in ilmenite samples were

enhanced by natural weathering process (Suresh babu et al., 1999). The density
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of Chatrapur and Manavalakurichi ilmenite samples shows an exponential
decrease with the time of milling. The decrease in density can be attributed to
the volume enhancement caused both by creation of defects as well as the
increase in lattice parameter of the activated samples.

4.54 20
Manavalakurichi limenite
452 - ensity of defects —415 §
410 &
450 - 0 3
[
"’E\ 448 4105 %
3 L3
= 400 ©
D 446 >
=
...? ] ] ] ] ] ] -05 2
. | Chatrapur llmenite volumetric density of defects o
g 488 ? - Y —© J24 ©
(=] @) 2
484 | -
{1.6 “E-‘
=
4.80 |- =
4108 8
4.76 |
density 40.0
4'72 | | | | | . |
0 50 100 150 200 250

Milling time (minutes)

The volume of defects (AVperects) created during milling was derived
using the values of experimental density and theoretical density derived from

x-ray diffraction technique as:

w w
AV perecrs = MV,EXP - MV,Calc (XRD ) — M — M ( 3-1)

P Exp P xrp

where My, g, and My, cqc are the molar volume of the ilmenite samples
determined from  experimental procedure and xrd density calculations
respectively. Wy, Pexp Pxro are the molecular weight, experimental density and
theoretical density derived from xrd of the ilmenite samples respectively. The
variations of volumetric density of defects created during milling are shown in
Fig.3.6 for Chatrapur and Manavalakurichi ilmenite samples. It is observed that
the volumetric density of defects created by mechanical activation increase

exponentially with milling time.
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3.5 Crystalline phase transformation and amorphization

The X-ray diffractogram of the Chatrapur and Manavalakurichi ilmenite
samples in unmilled condition and for various times of activation are depicted

in Figs.3.7 and 3.8 respectively.

9 2 & o o = < <
S S § é g‘/ % % §<—Pseudorutile
limenite «——
fn S I S = = far) S S g N )
w0 l2 2 85 & § § 8 &8 g §
60 I - llmenite H - Hametite
- N | | P - Pseudorutile 240 min
= 30 I
2 ’\ A L | | [ |
..g 90 - 90 min
- 60 I I
¢ 304 ' Pl P ip P Ip I [
= ' R A ' !
< 204 | 30 min
X 60-
| Pl ! P I
30 PP IV & L
| .
90 H I y unmilled
| IH P H P P | P I
60 — P Ip | P H Hp | |
30
0 T T T
20 40 60 80

2 Theta (degrees)
Fig.3.7: XRD of the unmilled, 30 min, 90 min and 240 min milled samples

of Chatrapur llmenite

The XRD of both the ilmenite samples in unmilled as well as in milled
condition indicates predominantly ilmenite (JCPDS No0.29-0733) phase. The
Chatrapur sample shows traces of pseudo-rutile (JCPDS No0.29-1494) and
Hematite (ICDD No.24-72) with ilmenite peaks. The pseudo-rutile peaks are
not observed in the Manavalakurichi ilmenite sample because of its likely
presence in amorphous form; however, a significant amount of rutile phase
(JCPDS No. 21-1276) was observed in both unmilled and activated samples of
Manavalakurichi ilmenite. As the activation time increased, line broadening
and shifting of the ilmenite peaks as well as the pseudo-rutile and rutile peaks
occurred for the Chatrapur and Manavalakurichi samples respectively.
However after 30 minutes of milling the Hematite peaks were observed in
XRD diffractogram and for 240 minutes of activation, only the ilmenite phase

was found to be present and the pseudo-rutile phase could not be detected in
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the Chatrapur ilmenite sample indicating quasi-amorphization of these phases

or exist as very fine grained material.
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Fig.3.8: XRD of the unmilled, 30 min, 90 min and 240 min milled samples

of Manavalakurichi llmenite

Suresh Babu and Mohan Das (1999) have earlier studied the weathering
characteristics of ilmenite from Chatrapur (Orissa). They observed that the
ilmenite from Chatrapur does not contain pseudorutile or rutile as a significant
phase and instead they detected hematite in small quantities, both by XRD and
Mdossbauer spectroscopy. Acharya et al. (1999) also studied the mineralogical
features of ilmenite of Chatrapur coast and reported the presence of ilmenite,
hematite and altered ilmenite (leucoxene). The Chatrapur sample used in the
present study contained traces of pseudorutile. However, with increasing times
of activation, the pseudo-rutile phase becomes amorphized. The pseudo-rutile
peaks completely disappear after four hours of activation. On the contrary,
Chen (1997) observed complete conversion of ilmenite to metastable Fe,TizOq
(pseudorutile) and y-Fe,O3; phases after hundred hours of ball milling in air.
Chen (1997) and Welham (1997) in an independent study did not observe any
phase change even after 200 hours of grinding when the mechanical activation

of ilmenite was carried out in vacuum.
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3.6 Crystallite size and strain

The variation of crystallite size and strain with milling time was
calculated from the line broadening of the ilmenite reflections using Scherer’s
formula. The equation describing Hall Williamson method for separation of

crystallite size and strain can be written as

B - 0.91
D, Cos 0,

:|+[4gtan 0,1+ Byoooin ( 3.2)

where, By is the full width at half maximum (FWHM) intensity of the peak, A
the wavelength of the radiation used, D¢,y is the average crystallite size, € the
lattice strain, 6 the diffraction angle and By is the instrumental line broadening.
Fig. 3.9 shows the Hall Williamson plot of Chatrapur and Manavalakurichi

ilmenite samples illustrating broadening with milling time.
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Fig. 3.9: Williamson Hall plot of Chatrapur and Manavalakurichi ilmenite

samples illustrating broadening with milling time.

The crystallite size and strain were calculated for the unmilled and the

activated samples from the line broadening data for the six most intense
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reflections for ilmenite using Williamson Hall method. The broadening from
other phases (Pseudo-rutile, Hematite and rutile) as well as the broadening
caused by instrumental factors were carefully analyzed and deduced from the
total broadening. The line broadening caused by only ilmenite peaks were
taken into consideration for determining the crystallite size and strain values.
The variation of crystallite size and strain with milling time is shown in Fig.

3.10 for both Chatrapur and Manavalakurichi llmenite samples.
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Fig.3.10: Variation of crystallite size and strain of Chatrapur and

Manavalakurichi llmenite samples with milling time.

The crystallite size decreases exponentially with milling time in both the
samples of ilmenite. However there is a difference in the behavior of strain
with time of milling for the Chatrapur and Manavalakurichi samples. The
lattice strain increases more or less linearly for Chatrapur ilmenite sample and

exponentially for Manavalakurichi ilmenite sample with milling time.

The results of crystallite size derived from x-ray line broadening were
verified using TEM microscopy. The TEM micrograph of Charapur and

Manavalakurichi ilmenite samples, revealing the details of crystallite size, nano
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phases and selected area diffraction pattern (SAED) are shown in Fig. 3.11 (a

b) and 3.12 (a,b,c and d) respectively.

(1010)
f1120)

(1010)
(1120)

Fig 3.11: TEM Micrograph of Chatrapur ilmenite samples in (a) unmilled
(b) 240 minutes milled milled condition showing the variation in crystallite

size by milling. The selected area diffraction patterns (SAED) are also

shown in the images.
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Fig 3.12: TEM Micrograph of Manavalakurichi ilmenite samples in (a)
unmilled (b) 30 minutes milled condition showing the variation in

crystallite size by milling and diffraction pattern.
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(1100)
(2131)
(3251)

Fig 3.12: TEM Micrograph of Manavalakurichi ilmenite samples subjected
to (c) 90 minutes (d) 240 minutes of milling showing very fine grained

material after 4 hours of milling.
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It is observed that the crystallite size of unmilled samples were in the range of
40 to 170 nm (fig. 3.11 a), whereas after 4 hours of milling the crystallite size
reduces to 20 to 80 nm (3.11 b) for Chatrapur ilmenite samples. The mean
crystallite size was found to be 130 nm in unmilled sample and it was found to
be 90 nm, 70 nm and 55 nm in the samples subjected to 30, 90 and 240 minutes
of milling. The crystallite size varied exponentially with milling time and the
results were comparable with that of the results obtained from x-ray diffraction
analysis. The electron diffraction analysis shows hexagonal structure of
ilmenite phase before and after milling. However the diffraction pattern shows

a very fine grained structure after milling.

The Manavalakurichi ilmenite samples (fig 3.12) shows the crystallite
size in the range of 30 90 nm in unmilled condition and 15 to 40 nm after 4
hours of milling. The mean crystallite size was found to be 70, 40, 35 and 25
nm in unmilled sample and 30, 90 and 240 minutes milled samples
respectively. The diffraction showed a fine grained material even in unmilled
condition compared to Chatrapur ilmenite sample. This variation in unmilled
samples can be attributed to the extent of weathering in Manavalakurichi
ilmenite sample. The Manavalakurichi ilmenite sample also shows porosity in
the sample caused by weathering process. The electron diffraction analysis
shows a hexagonal structure of ilmenite in unmilled and after 30, 90 minutes of
milling. However the sample subjected to 240 minutes of milling has very fine
nano crystals as observed from the ring pattern of the ilmenite sample. The
quasi-amorphization of ilmenite or rutile phases was observed in the milled
sample as there it is difficulty in detecting the minor constituents. The figure
3.12 c shows the rutile grains with ilmenite sample. It was observed that the
particle size of the rutile grains were higher that that of ilmenite grains after
milling. It can be attributed to the higher fracture toughness of the rutile phase

compared to ilmenite phase.
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3.7 Grain boundary area

The crystallite size of the ilmenite samples determined by XRD line
broadening analysis as well as TEM techniques showed an exponential
decrease with milling time indicating an increase in grain boundary area with
milling time. The grain boundary area was determined using the crystallite size
of the ilmenite sample obtained using XRD line broadening analysis. The
crystallites were assumed to have a tetrakaidecahedron configuration and the
grain boundary area was calculated from the average crystallite sizes using the

expression (Suryanarayana, 2004):

Mgy = N *47.569% (D 13)2 e (3.3)

where Ng is the number of grains per unit volume and D the average crystallite
size of the ilmenite sample. The” number of grains per unit volume (Ng) was

derived from the volume of tetrakaidecahedron crystal as follows
V =832(0.377D)° = 0.606D°.........ocoioorreeoeeeeeecsoesseeseeee e eeseessseeonsnennnn (3.4)

Where V is the volume of a tetrakaidecahedral crystal and the number of grains

per unit volume is described as

Where Mv is the molar volume of the material. The variation of grain boundary

area with milling time is shown in fig.3.13.
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Fig.3.13: Variation of grain boundary area with milling time for Chatrapur
and Manavalakurichi ilmenite samples determined from crystallite size

measurements.

3.8 Lattice parameters
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The lattice parameters of the ilmenite samples before and after
mechanical activation were determined from XRD results using Cohen’s
method (Cullity, 2001). The variation in lattice parameter of the unit cell with
time of milling is shown in fig. 3.14 for Chatrapur and Manavalakurichi

ilmenite samples.

It is observed that the unit cell parameters (rhombohedra structure) ‘a’
and ‘c’ of both the ilmenite samples (Chatrapur and Manavalakurichi) increase

marginally (within the limits of uncertainty) with time of activation.

It was observed that there is negligible distortion in ‘a’ parameter of Chatrapur
ilmenite until 90 minutes of activation. About 0.8% distortion was observed in
4 hours of mechanical activation. The ‘c’ parameter increases continuously
from 30 to 240 min of mechanical activation and shows a distortion of about
2.0% in the 4 hours activated sample indicating larger distortion in the ‘c’
parameter compared to the ‘a’ parameter. However, the lattice distortion in
Manavalakurichi ilmenite is different from that of Chatrapur ilmenite. The
distortion of both ‘a’ and ‘c’ parameters are approximately same (about 2.5%)
in the Manavalakurichi ilmenite sample. Further, the lattice distortion is higher
compared to Chatrapur ilmenite. This variation in lattice distortion can be
attributed to a more loose structure for Manavalakurichi ilmenite caused by
weathering. The reason for the small increase in lattice parameter in this study
upon mechanical activation is not clear. Welham and Llewellyn (1998) did not
observe any significant variation in lattice parameters until 25 hours of ball
milling. They observed a decrease in ‘a’ parameter after 25 hours of milling
and there is no change in ‘c’ parameter in their study. Earlier high pressure
studies on crystal structure of ilmenite (Barry et al., 1984) showed a 0.6%
reduction in ‘a’ parameter and 1.2% in ‘c’ parameter of the unit cell at a
pressure of 4600 MPa.

3.9 Degree of partial amorphization/disordering

The degree of disorder of the ilmenite samples upon activation were
evaluated from the extent of amorphization determined from XRD using
integral peak areas by the method described by Ohlberg and Stickler (1962).
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This partial amorphization is often referred as XRD amorphization in
literatures (Tkacova, 1989; Balaz, 2000; Balaz, 2008).
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Fig.3.15: Degree of partial amorphization/disordering of Chatrapur and
Manavalakurichi Ilmenite samples with milling time. (Inside figures
illustrating structural disorder of Chatrapur and Manavalakurichi ilmenite
at (211) plane)

The equation describing the degree of crystallinity (X) of a material compared

with the non-activated sample can be written as

X, - (QJ(EJ .............................................................................................. (3.6)
Ux \ 1o

Where Uo and Ux denote the background intensity of non-activated and
activated samples respectively and lo and Ix are the integral intensity of the
non-activated and activated samples respectively. The degree of partial

amorphization/disordering, A is a complementary value of crystalline phase. It
is defined as:

X, 2100 = X oo oo oo e e e e e (3.7)

The variation in degree of partial amorphization/disordering computed from the

integral peak intensity of the ilmenite in unmilled condition as well as in milled
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condition. The degree of amorphization of Chatrapur and Manavalakurichi

ilmenite samples with time of milling is shown in figure 3.15.

It is observed that the degree of amorphization increases exponentially
with the time of activation. In contrast to other results (surface area, lattice
disorder and defect density introduced by activation) the degree of
amorphization is more in Chatrapur ilmenite sample compared to
Manavalakurichi ilmenite. The amount of pseudorutile present in Chatrapur
ilmenite sample is more than Manavlakurichi ilmenite sample and the
psedorutile phase found to amorphize more easily by mechanical activation

process.

3.10 Thermogravimetry (TG)
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Fig.3.16: TG results showing change in weight of the unmilled and milled
samples of Chatrapur and Manavalakurichi Ilmenite with increasing

temperature.
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The results of the thermogravimetric experiments of the unmilled and
milled ilmenite samples in static air are depicted in Fig.3.16 for Chatrapur and
Manavalakurichi ilmenite. The initial weight loss is due to the release of bound
moisture and the subsequent weight gain is due to the oxidation of FeTiO;
(Fe*") to Fe,Tiz0q (Fe**) (Suresh Babu et al.,1994; Suresh Babu and Mohan
Das,1999 ). It is seen that the oxidation Kinetics is considerably enhanced by
mechanical activation in both the samples; complete oxidation is achieved in
ambient air by 850°C for the activated samples. The rate of oxidation of Fe** to
Fe** was found to increase with increasing times of activation whereas, the
extent of oxidation decreases with time of activation for activated samples. The
TG results of the Chatrapur ilmenite shows a steady state weight gain of ~3.5%
for 30 minutes of activation and about 2.8% weight gain for 4 hours of
activation indicating partial oxidation of Fe** to Fe®" during mechanical
activation itself. The unmilled sample shows less than 50% oxidation. The x-
ray diffractogram of the head sample and 4 hours milled samples of Chatrapur

ilmenite quenched from 850°C is shown in Fig. 3.17 (a and b).
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Fig.3.17a: X -ray diffraction pattern of the unmilled sample of Chatrapur

ilmenite quenched from 850°C.
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Fig.3.17b: X -ray diffraction pattern of the 4 hours milled sample of Chatrapur

ilmenite quenched from 850°C.

The activated samples show the presence of only pseudorutile, rutile and
pseudobrookite phases and the ilmenite phase is completely absent at 850°C
whereas the unmilled sample under the same conditions shows considerable
presence of unoxidized ilmenite in addition to pseudorutile and pseudobrookite.
The Manavalakurichi ilmenite shows lesser oxidation both in unmilled and
activated conditions compared to Chatrapur ilmenite since the unmilled sample
itself is partially oxidized because of the higher degree of weathering i.e. part

of the oxidation of Fe** to Fe** has occured by natural weathering.
3.11 Magnetic properties

The hysteresis curves for unmilled and milled (30, 90 and 240 min)

samples of Manavalakurichi ilmenite at room temperature are shown Fig.3.18.
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Fig.3.18: Hysteresis loops for unmilled and milled (30, 90 and 240 min)
samples of Manavalakurichi llmenite showing the effect of milling on the

shape of demagnetization curve.

It is observed that the magnetization for the milled as well as the
unmilled samples does not saturate upto a field of strength 1200 kA/m.
However there is a slight variation in magnetization of unmilled and milled
samples at maximum field strength. A variation in coersivity of the ilmenite
samples was also observed in milled and unmilled samples. Fig. 3.19 shows the
variation of magnetization at maximum field strength (1200 kA/m) and

coersivity of Manavalakurichi ilmenite with milling time.

The results show a continuous decrease of the magnetization with
milling time. The magnetization at maximum filed of strength 1200 kA/m was
found to be 1.08 Am?/kg for unmilled sample and 0.98 Am?/kg for the 4 hours
milled sample of Manavalakurichi ilmenite; i.e., about 10% decrease in
magnetization is observed in 4 hours of milling. This is due to the structural
disorder of ilmenite caused by mechanical activation (Ding et al, 1996; Sepelak
et al., 2003). On the contrary, the coercivity (Hc) of the ilmenite sample
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increases with milling time and reaches a steady state after 90 minutes of

milling.
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Fig.3.19: Variation of magnetization at a field of strength 1200 kA/m and

coersivity (Hc), with milling time for Manavalakurichi ilmenite sample.

The coercivity in unmilled sample is about -40.6 kA/m and -28.7 kKA/m
for the 4 hours activated sample. The higher coercivity of the milled sample is
because of smaller crystallite size, increase in the grain boundary volume, and
structural disorder introduced by milling (Ding et al, 1996; Sepelak et al., 1999;
Ehrhardt et al., 2003; Sepelak et al., 2003; Rabanal et al., 2003; Shenoy and
Joy, 2004).

3.12 Conclusions

1. The morphology of particles changed from sub-rounded to sub angular
particles in the raw samples to angular particles upon milling.The particle
size decreased exponentially from an initial size range of 100-500 um with
time of activation and remained constant in the range of 0.04 to 15 ym

beyond 90 min of activation.
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. The BET absorption surface area also showed an exponential variation with
milling time and a maximum surface area of 11.6 m*/g was achieved for

Manavalakurichi ilmenite sample in 4 hours of milling.

. The apparent density of all the ilmenite samples decreased with milling
time, partly due to the increase in lattice volume arising from the creation of

defects.

. Significant amount of structural disorder was also observed on mechanical
activation.A partial amorphization or a much fined grained phases of the
hematite and pseudorutile was observed for the Chatrapur llmenite sample

after 30 minutes and 4 hours of planetary milling respectively.

. The ilmenite phase also showed substantial disordering (referred as xrd
amorphization in literatures) and the degree of xrd amorphization exhibited

an exponential variation with time of milling.

. The crystallite size of ilmenite samples decreased exponentially with
milling time, whereas the non-uniform lattice strain showed a linear
increase. The crystallite sizes and the lattice strain varied in the range of 57-
131 nm and 0.14-0.47% for Chatrapur ilmenite sample and 38-90 nm and
0.17-0.23% for Manavalakrichi ilmenite sample in 4 hours of mechanical

activation.

. The oxidation kinetics was also found to be considerably enhanced by
mechanical activation, the rate of oxidation increasing with increasing time
of activation. However, complete oxidation (~3.5%) of Fe™ to Fe** was
achieved in ambient air at 850°C for the activated samples, less than 50%

oxidation occurred in the unmilled sample.

. The magnetic properties of Manavalakurichi ilmenite showed small
variations upon mechanical activation. The magnetization of ilmenite at
maximum field strength decreased with milling time; however the
coercivity of ilmenite samples increased with milling time as the variation
in crystallite size and structural disorder was enhanced by mechanical

activation process.
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CHAPTER 4

ENERGETICS OF THE MECHANICAL ACTIVATION
PROCESS

Energy balance

The energy stored by the mechanical activation process increases the
internal energy of the material. The energy balance for the mechanical
activation process (occurring without a change in chemical composition) can be
deduced from the 1% law of thermodynamics. The mechanical work done (or
the total mechanical energy input) during the process (W) is given as (Tkacova,
1989):

W = ABp + AEG = (-Q) coeeee oo oo (4.1)

where, Q is the heat evolved, AEy and AEg is the internal energy change of the
milled material and grinding media respectively. Although the stored energy in
the material can be determined from independent measurements of the total
work done, the energy change of the grinding media and the heat evolved
during the process, these experiments are tedious and the uncertainties of
measurement large. Equation (4.1) assumes that the energy lost through sound

and electromagnetic processes are negligible.
Since no work is done against external pressure, the change in internal

energy can be assumed to be the change in enthalpy and thus the internal

energy increase in the material can be written as:

AE‘M = fDef.relAHDef.rel + 7/S ASM + 7/GB 'AAGB M+ g'AEs + fAmor 'AHAmor + menS NAVZ S (42)

Trans

where, Afqre IS the fraction of point, line and surface defects that has short
relaxation times, AHges e IS the enthalpy of relaxation, AS - change in surface
area during milling; vs - specific surface energy of material; M - molar weight
of the sample , AAgg - change in grain boundary area; ygg - Specific grain
boundary energy; ¢ - lattice strain induced during milling; AE - strain energy;
famor - fraction of amorphization; AHano - enthalpy of amorphization; fiy.ns -
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extent of other structural transformations; AHy.ns - €nthalpy change associated

with other structural transformations.

Only the structural excitation processes that have large relaxation times
have been considered in Eq. (4.2). Further, it is assumed that the energy lost or
gained by the material through electromagnetic processes are negligible. The
energy contributed by the point and line defects is not described separately and
is measured indirectly from the strain measurement. It is virtually impossible to
precisely measure separately the various contributions given in Eq. (4.2).
However, as seen from Eq. (4.2), the total effects can be broadly divided into
that resulting from an increase in surface area and energy on milling and the
rest of the parameters result from structural effects. For mechano-chemical
activation, the energetics associated with the change in chemical composition
has to be separately included.

4.2 Direct energy measurements

4.2.1 Precise power measurements

1000 3600
200 rpm
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Fig.4.1: Variation of energy applied to the mill with milling time with
(Manavalakurichi ilmenite sample) and without material.
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The energy transferred to the material (AE),) was studied by measuring

the energy input into the pulverizing mill with material and in absence of the
material (all the other conditions remaining same) using a high precision
energy meter. Figure 4.1 shows a plot of applied energy as a function of milling
time describing the milling in no load condition and with Manavalakurichi
ilmenite sample under identical conditions. It was observed that the energy
consumption of the mill (30 balls of net weight 320g at a mill speed of rpm) in
4 hours of milling was 835.2 wh (3006.7 kJ) in absence of material and 887.9
wh (3196.4 kJ) with 80 g material (Manavalakurichi Ilmenite) and under
identical milling conditions. The specific energy transferred to the material was
found to be about 100.1 wh/mol (360 kJ/mol) for Manavalakurichi ilmenite
subjected to 4 hours of mechanical activation i.e., about 6% of the energy input
to the mill was transferred into the material (Manavalakurichi ilmenite) in 4

hours of mechanical activation.
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Fig.4.2: Energy input into the mill and fraction of energy transferred into
various ilmenite samples obtained from Chavara, Manavalakurichi, Chatrapur

and Navalady in 4 hours of milling.
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The energy input to the mill and the fraction of the energy transferred to
the material were measured for the different ilmenite samples obtained from
Chatrapur, Navalady, Manavalakurichi and Chavara regions. Figure 4.2 shows
the energy input to the mill and the amount of energy transferred to the

different ilmenite samples subject to different degrees of weathering.

It was observed that the total energy input to the mill as well as the
energy transferred to the material under identical conditions of milling
increased with increased weathering i.e., followed a decreasing order as
Chavara — Manavalakurichi —Chatrapur- Navalady ilmenite. The decrease of
energy input into the mill and the energy transferred into the material can be
attributed to the decrease in fracture toughness of the material induced by the
weathering process. Tromans and Meech (2004) made a similar observation
with different mineral samples subjected to ball milling. They suggested that
the increase in energy consumption is caused by the increase in fracture
toughness of the material. In the present case, the variation in fracture
toughness of ilmenite samples are caused by difference in chemical
composition (TiO,, FeO and Fe,O3), degree of weathering and particle
size/surface area of the material. The energy consumption of the mill with
Chavara and Manavalakurichi ilmenite samples are higher as it has higher
rutile, TiO, phases and finer particles compared to the other two samples. It
was observed that the energy transferred into the various ilmenite samples
varied between 3.0 to 8.0% in 4 hours of mechanical activation. These results
are comparable with the study of Tamman (1929) who showed that about 5-

15% energy is stored in materials subjected to mechanical activation process.
4.2.2 Isothermal calorimetry

The enthalpy change of the material (4H) subjected to mechanical

activation process can be written as follows (Tkacova,1989)
AH=AE + PAV 4+ VAP .. oo oooeoe oo (4.3)

Assuming that there is no change in pressure during the activation process and

neglecting the work done against external pressure (PA4V) during the
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mechanical activation process, the change in internal energy (4E) can be

assumed to be the change in enthalpy:
AH = AE oo oo oot et e (4.4)

In the process of mechanical activation, the energy is stored in the
material through increased surfaces, enhanced grain boundaries, increased
defect density (point, line, stacking faults and volumetric defects), structural
transformation to higher energy structures including disordering. The stored
energy is subsequently released by various relaxation processes (Tkacova,
1989; Balaz, 2000). At equilibrium, the activated material would have
undergone complete relaxation to its original equilibrium state and the enthalpy
of relaxation will be equal to the energy stored in the material. However,
during the time scale of the calorimetric experiment only partial relaxation of
defect occurs and the extent of relaxation depends both on temperature and
time. The relaxation kinetics for the various micro-processes (fig.1.2) given by
Balaz (2000) indicates that the point, line and surface defects relax within 10-
1000 secs whereas, structural and surface area relaxation requires much higher
times (Heinicke, 1984). The timescale of the calorimetric experiment at room
temperature is expected to correspond to the energy of relaxation of the point,

line and surface defects.

Fig.4.3 shows the variation of power as a function of time in the
calorimeter from the unmilled and activated ilmenite samples in agueous
medium at room temperature (27°C). The enthalpy of relaxation was derived
from the area under the curve after 7 hours of relaxation. Fig.4.4 shows the
variation of enthalpy of relaxation with milling time. It is observed that the
enthalpy of relaxation increases exponentially with time of activation; it was 13
kd/mol for the Chatrapur ilmenite sample and 16 kJ/mol for the

Manavalakurichi ilmenite sample subjected to 4 hours of milling.
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Fig.4.3: Variation of power as a function of time in the calorimeter from the
unmilled and activated ilmenite samples in aqueous medium at room
temperature (27°C).
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Fig.4.4: Variation of enthalpy of relaxation of Chatrapur and Manavalakurichi
IImenite samples with milling time.
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4.3 Indirect energy measurements

The mechanical energy input into the material is stored and distributed
in various forms such as enhanced surface energy, strain energy, grain
boundary energy, amorphization energy and other structural transformations
leading to higher energy structures. The energy stored in the material in the
above forms can in principle be determined using various characterization
techniques as discussed below. However, the uncertainty associated with these
measurements is large and several of these methods are indirect measurement

techniques.
4.3.1 Surface energy

The increase in surface energy (4Esg) of the material by mechanical
activation can be estimated from surface area and specific surface energy

measurements using the following equation.

AE G = Y g AS-M oot sessses s (4.5)

where ys is the specific surface energy of the material, 4s is the increase in
surface area by mechanical activation and M is the molar weight of the sample.
The variation of surface energy of Chatrapur and Manavalakurichi ilmenite

with milling time is shown in Fig. 4.5.

The surface energy increases linearly with the time of activation. The
surface energy of the material increases from 25 mJ/m? (11 J/mol) to 45 mJ/m?
(37J/mol) by 4 hours of planetary milling. The surface energy measurements
showed higher values for Manavalakurichi ilmenite samples in unmilled and
milled condition as it has a higher surface area (fig.3.3). A surface area of 11.6
m?/g was achieved in 240 minutes of planetary milling of Manavalakurichi

ilmenite.

The increase in surface energy per unit mass (AEsg) can also be
calculated theoretically from the equation derived by Tromans and Meech
(2004) as:
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where p is the mineral density (gm™), ys is the fracture surface energy
(Jm?), F, is the surface roughness factor (>1) allowing for non-spherical
morphology of milled particles Dyijeq and Dymmineg are the average diameter of
the material in milled and unmilled conditions respectively. Fig 45 shows the
variation of calculated values of surface energy determined from data derived
in this study using the equation of Tromans and Meech (2004).
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Fig.4.5: Variation of surface energy of Chatrapur and Manavalakurichi ilmenite
samples with milling time.

It is observed that the theoretical values are somewhat lower than the
experimental values. The porosity and surface defects caused by mechanical

activation were not taken into account in the theoretical calculations.
4.3.2 Grain boundary energy

The energy stored in the material through enhanced grain boundaries

can be given as:
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AE p =¥ cp AA g M it 4.7)

where ygp is the specific grain boundary energy , AAgg is the change in grain
boundary area of the material by mechanical activation and M is the molar
weight of the sample. The grain boundary area was determined using the
crystallite size of the ilmenite sample obtained using XRD line broadening
analysis. The crystallites were assumed to have a tetrakaidecahedron
configuration and the grain boundary area was calculated from the average
crystallite sizes. The variation of grain boundary area of the ilmenite as a
function of milling time is shown fig. 3.13.
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Fig.4.6: Variation of grain boundary energy with milling time for Chatrapur
and Manavalakurichi ilmenite samples determined from surface energy

measurements.

A considarble enhancement in grain boundary area was observed by
milling. The specific grain boundary energy of the ilmenite samples were
derived from the approximations given in earlier literaturs. In general, the
specific grain boundary energy is approximately 40% of the specific surface

energy (Imamura and Senna, 1982). Using this approximation of specific grain
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boundary energy, the grain boundary energy per unit mass of the ilmenite
samples was derived. Fig. 4.6 shows the variation of grain boundary energy of

Chatrapur and Manavalakurichi ilmenite samples with milling time.

The grain boundary energy of the ilmenite sample increased to 24.5
Jimol (14.8 J/m?) in Chatrapur ilmenite sample and 33 J/mol (19 mJ/m?) in

Manavalakurichi ilmenite sample after 4 hours of mechanical activation.
4.3.3 Strain energy

The elastic strain energy induced by mechanical activation was
determined using Eshelby’s equation derived from the theory of elasticity
(Senna, 1985)

E - 181K &®
4u+3K

where p is the shear modulus of the material, and K is the bulk modulus of the
material. The strain energy was calculated with the assumption that there was
no change in shear and bulk modulus of the material during the process of
mechanical activation. The bulk modulus and shear modulus of ilmenite were
taken to be 174 GPa and 90 GPa respectively (Liebermann, 1976; Tromans and
Meech, 2001). The elastic strain induced by mechanical activation was
obtained from the XRD line broadening measurements of six most intense
reflections. The variation of strain energy corresponding to uniform strain as
well as non-uniform strain of the ilmenite samples with time of milling is
illustrated in Fig.4.7.
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Fig.4.7: Variation of strain energy of Chatrapur and Manavalakurichi ilmenite

samples with milling time.

The strain energy derived from non-uniform strain as well as the
uniform strain varied exponentially with milling time. The 4 hours activated
sample showed total elastic strain energy of 24 kJ/mol for the Chatrapur

ilmenite sample and 127 kJ/mol for Manavalakurichi ilmenite sample.
4.3.4 Energy of partial amorphization /disordering

The energy of partial amorphization/disordering of the ilmenite samples

were determined using the following equation

where 4Hy is the enthalpy of fusion at the reduced temperature of activation
and fa is the fraction of amorphization. The enthalpy change associated with

the transformation can be written as
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where a, b, and c¢ are the thermodynamic constants used for deriving the Cp
data of ilmenite in solid and liquid state. The thermodynamic constants (a, b,
and c) of ilmenite in solid state were obtained using the software FACTSAGE
(Version 5.0).
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Fig.4.8: The plot of energy of amorphization of Chatrapur and Manavalakurichi

ilmenite samples with milling time.

However the Cp data of ilmenite in liquid is not available in the
FACTSAGE database. Thus the Cp data of ilmenite in liquid state was derived
by kopp-numann rule using the Cp data of FeO and TiO, in liquid state

(Kellog, 1967). The heat of fusion and heat capacity data were derived at room
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temperature (300 K) and the fraction of amorphization was derived from
integral intensity of xrd peak reflections (Ohlberg, and Strikler, 1962). The
typical broadening of ilmenite at (112) reflection and the variation of energy of
amorphization with milling time are illustrated in Fig.4.8. It was observed that
the energy of amorphization increases exponentially with time of activation.
The 4 hours activated samples shows about 25 kJ/mol for Chatrapur ilmenite

and 33 kJ/mol for Manavalakurichi ilmenite.

4.3.5 The stored energy of the material

Manifestation of stored energy in different forms
Energy
) Energy Energy
Time of ] transferred _ Defects
. applied lost in
Milling to the Grain | Elastic | Amorph | with short
to the _ breakage | gyrface
: material boundary | strain | ization | relaxation
mill of bonds (AEse)
(AEwm) (AEcs) | (AEo) | (AEa) times
(AHDef.ReI)
Minutes | ki/mol | ky/mol ki/mol | J/mol | J/mol ki/mol | k/mol | kJ/mol
Chatrapur ilmenite sample
30 | /ALl 430 5.8 2.9 4.9 05 | 27.6 9.7
9 | 21960 | 784 32.9 5.8 117 0.7 | 305 139
240 | 5865.3 | 162.3 851 | 151 | 245 | 243 | 336 19.3
Manavalakurichi ilmenite sample
30 742.0 25.6 4.0 252 9 6 10.4 5.14
9 22410 1156 810 | 305 | 1858 | 91 | 183 7.14
240 | 6048.0 | 359.7 1951 | 478 | 3307 | 127 | 254 12.07

Table 4.1 Summary of energy measurements in Chatrapur and Manavalakurichi
ilmenite samples subjected to planetary milling

The stored energy of the material will be equal to the summation of
energy changes contributed by change in surface energy, grain boundary
energy, strain energy, and energy of amorphization. This was 96 kJ/mol for the
4 hours milled sample of Manavalakurichi ilmenite. Table 4.1 shows the

summary of energy measurements obtained with direct and indirect
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measurements. The histogram showing the energy distribution in Chatrapur and
Manavalakurichi ilmenite samples subjected to 4 hours of planetary milling is
illustrated in fig.4.9 and 4.10 respectively.

Chatrapur limenite
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Fig. 4.9: The histogram showing the energy distribution in Chatrapur ilmenite
sample subjected to 4 hours of planetary milling.
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Fig. 4.10: The histogram showing the energy distribution in Manavalakurichi

ilmenite subjected to 4 hours milling in a planetary mill.
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It was observed that a major part of the energy is stored as strain energy
and structural disorder; whereas the extent of energy stored in point and line
defects, additional surfaces, grain boundaries were comparatively lower. It was
observed that large part (about 60%) of energy transferred to the material losses
during mechanical activation. The energy losses include friction, heat, and

sound energy (Suryanarayana, 2004; Putsov et al., 2001).
4.4 Conclusions

1. The specific power consumption in the planetary mill was found to depend
on the degree of alteration of ilmenite. For Chatrapur ilmenite, which was
least altered, the specific power consumption was 5865 kJ/mol (10,740
wh/kg). The corresponding energy consumption in 4 hours of milling
(milling of 80 g of ilmenite with 30 agate balls of net weight 320 g at a mill
speed of 200 rpm)of Chavara ilmenite, which was most altered was 6193
kJ/mol (11,340 wh/kg).

2. It was observed that the energy transferred to the material varied in the
range of 3 to 8.0 % in 4 hours of milling in a planetary mill depending on
the degree of alteration of the ilmenite. The specific energy transferred
derived from milling with material and a blank run under identical
conditions was found to be 162 kJ/mol in 4 hours of milling for Chatrapur

ilmenite and 360 kJ/mol for Manavalakurichi ilmenite.

3. It was deduced that more than half of this measured difference in energy
was actually expended in the breakage of the bonds in the material, which
was released mainly as heat and only the remaining energy was truly stored
within the material. This energy was found to be stored in additional
surfaces and interfaces, point, line and volume defects, high energy

structures and non-uniform strain.

4. A large part of the stored energy was reflected as strain energy (24 and 127
kJ/mol respectively for the Chatrapur and Manavalakurichi ilmenite
samples) and structural disorder (34 and 25 kJ/mol respectively for the

Chatrapur and Manavalakurichi ilmenite samples respectively).
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5. Part of the defect energy stored in the activated ilmenite samples was found
to relax much faster. This component determined from calorimetric studies
was found to be 19 kJ/mol for Chatrapur ilmenite and 12 kJ/mol for
Manavalakurichi ilmenite sample subjected to 4 hours of mechanical

activation.

6. The energy stored through additional surfaces and grain boundaries was
found to be much lesser. The surface energy increased from 19 mJ/m?* ( 2
Jimol) to 37 mJ/m? (15 J/mol) in the Chatrapur ilmenite and from 25 mJ/m?
(11 J/mol) to 48 mJ/m? (40 J/mol) for the Manavalakurichi ilmenite in 4
hours of planetary milling. The grain boundary energy varied in the range
of 8-15 mJ/m? (5-25 J/mol) in Chatrapur ilmenite and 10-19 mJ/m? (9-33

J/mol) in Manavalakurichi ilmenite sample.
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CHAPTER 5

EFFECT OF MECHANICAL ACTIVATION ON
DISSOLUTION KINETICS OF ILMENITE

5.1 Dissolution in sulfuric acid

The extent of dissolution of Fe and Ti in the unmilled as well as
mechanically activated samples of Chatrapur ilmenite and Manavalkurichi
ilmenite were studied with various concentrations of sulfuric acid (1.8M,
5.5M, 9.2M and 12.9M) at different temperatures (80, 95 and 120°C). At 1.8 M
the expreiments were carried out at 70, 80 and 95°C to reduce the mass loss at
higher temperature. A few typical dissolution plots of iron as well as titanium
(in unmilled and activated samples at 9.2M H,SO, ) are depited in Figs. 5.1 (a-

d) and 5.2 (a-d) for Chatrapur and Manavalakurichi ilmenite samples at 80°C
and 120°C respectively.
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Fig.5.1 a: Variation of dissolution of Fe in unmilled and milled (30,90 and 240
min) samples of Chatrapur ilmenite with leaching time at an acid concentration
of 9.2M H,S0, at 80°C,
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Fig.5.1 b: Variation of dissolution of Ti in unmilled and milled (30,90 and 240

min) samples of Chatrapur ilmenite with leaching time at an acid concentration
of 9.2M H,S0, at 80°C,

40
= Unmilled Manavalakurichi ilmenite
® 30 min.milled
A 90 min.milled
30 v 240 min.milled
S
T
o
=2 20
[e]
]
2
T
(]
% 10
9.2M H,SO0,, 80°C,S:L 1:10
0 1 1 1 1 1

0 50 100 150 200 250
Leaching time (minutes)

Fig.5.1 c: Variation of dissolution of Fe in unmilled and milled (30,90 and 240
min) samples of Manavalakurichi ilmenite with leaching time at an acid
concentration of 9.2M H,S0O, at 80°C
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Fig.5.1 d: Variation of dissolution of Ti in unmilled and milled (30,90 and 240
min) samples of Manavalakurichi ilmenite with leaching time at an acid
concentration of 9.2M H,SO, at 80°C
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Fig.5.2 a: Variation of dissolution of Fe in unmilled and milled (30,90 and 240
min) samples of Chatrapur ilmenite with leaching time at an acid concentration
of 9.2M H,SO, at 120°C
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Fig.5.2 b: Variation of dissolution of Ti in unmilled and milled (30,90 and 240

min) samples of Chatrapur ilmenite with leaching time at an acid concentration
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Fig.5.3 c: Variation of dissolution of Fe in unmilled and milled (30,90 and 240

min) samples of Manavalakurichi ilmenite with leaching time at an acid
concentration of 9.2M H,SO, at 120°C,
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Fig.5.2 d: Variation of dissolution Ti in unmilled and milled (30,90 and 240
min) samples of Manavalakurichi ilmenite with leaching time at an acid
concentration of 9.2M H,SO, at 120°C,

The leaching behavior for both Ti and Fe shows an exponential increase
with leaching time at all leaching temperatures in the range 80-120°C and for
all times of activation. The rate of leaching is initially higher after which it
decreases. Although mechanical activation enhances the dissolution kinetics for
both Fe and Ti, it is observed that for the activated samples, the Ti and Fe in
the ilmenite dissolves differentially and not according to their stoichiometry in
the ilmenite phase. The maximum dissolution of Ti is restricted to 65%
whereas, in excess of 90% Fe could be dissolved from Chatrapur ilmenite
samples activated for 240 minutes and leached at 120°C for four hours. It is
seen that the dissolution rates for iron shows a higher increase with both
activation time and leaching temperature in comparison to Ti. The enhanced
rates of dissolution of Fe in comparison to Ti in the activated samples can be
attributed to the increased oxidation of ilmenite to pseudo-rutile and its
subsequent quasi-amorphization. Both, oxidation of iron and amorphization are
likely to promote the dissolution reaction. Another reason for the differential
dissolution behaviour of Fe and Ti in sulfuric acid may be related to their
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solvation mechanism. Casey (1995) has proposed that the dissolution of
minerals follows a mechanism similar to which ligand exchange occurs around
dissolved metal complexes. Casey also suggested that to stabilize the ions in
aqueous solutions, many transition metals have six co-ordinating H,O ligands
in their primary solvation sphere. The dissolution reaction of ilmenite is given
as (Kelsall and Robbins 1990, Cservenyak et al., 1995):

FeTiO, +SO; +4H" = Fe® +Ti0.SO, + 2H,0

Although the solvated Fe** cation retains the normal six-fold co-ordination of
H,O ligands, the solvated Ti**(H,O)s cation is unstable. However, ligand
exchange leads to the formation of a stable Ti*(OH)x(S0.*)(H,0)s, which is
equivalent to the oxysulphate complex in Eq. (5.1) (Tromans and Leach, 1999).
The energetics of solvation of Fe** and Ti*" is therefore expected to be
different. The enhanced rate of dissolution of Fe in comparison to Ti at higher
leach temperatures indicates higher activation energy for the dissolution of iron

in comparison to titanium.

Despite an increase in surface area, the extent of dissolution of both iron
and titanium decreased in the manavalakurichi ilmenite compared to Chatrapur
ilmenite. About 90% Fe and 65% Ti dissolved in the case of the unmilled
Chatrapur sample in four hours of leaching at 120°C compared to 45% of Ti
and 80% Fe in the case of the unmilled manavalakurichi sample under the same
conditions. The decrease in dissolution with increase can be attributed to the

phase changes introdued by weathering (discussed in chapter 6).
5.1.1 Effect of acid concentration

The effect of acid concentration, on dissolution of Fe and Ti were
investigated with Manavalakurichi ilmenite sample. The variation of the
maximum dissolution of Fe and Ti of Manavalakurichi ilmenite sample at

120°C with acid concentration is shown in Fig.5.3.
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Fig.5.3 The effect of acid concentration on maximum dissolution of Fe and Ti

of Manavalakurichi ilmenite subjected to 0, 30, 90 and 240 minutes of milling.

The dissolution of Fe and Ti shows an exponential variation with the
concentration of acid. A maximum dissolution of 30% Fe and 13% Ti in the
solution was achieved with 1.84 M sulfuric acid and about 91% Fe and 46% Ti
was achieved with 12.87M sulfuric acid for the 240 minutes activated sample
of Manavalakurichi ilmenite within 4 hours of leaching. The effect of
concentration of sulphuric acid on dissolution Kinetics of ilmenite was
investigated by many authors (Imahashi and Takamatsu,1976; Han et al, 1987).
Han et al. (1987) carried out a detailed investigation on the kinetics of
dissolution of beach sand ilmenite (Southern Thailand) with acid concentration
in unmilled condition. The maximum dissolution of iron achieved was about
50% at 115°C at 18.8 M H,SO, for a particle size range of 9-14 um. However
the systematic reduction of acid concentration by mechanical activation is not

reported anywhere.
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5.1.2 Effect of dissolution temperature

The variation of maximum dissolution of Fe and Ti with temperature of

dissolution is shown in Fig.5.4 for Chatarpur and Manavalakurichi ilmenite
samples.
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Fig.5.4 The effect of temperature of dissolution on maximum dissolution of Fe
and Ti of Chatarpur and Manavalakurichi ilmenite samples at an acid
concentration of 9.2M H,SO,,

The dissolution of Fe and Ti in both unmilled and activated samples
increases exponentially with tempearture of dissolution. About 43% of Ti and
53% of Fe could be dissolved at 80°C , however more than 65% of Ti and 90%
of Fe could be dissolved at 120°C in four hours of leaching of Chatrapur
ilmenite (4 hours activated) at an acid concentration of 9.2M. Under identical
conditions, the Manavalakurichi ilmenite shows dissolution of t 36% of Ti and
57% of Fe at 80°C and 46% of Ti and 83% Fe at 120°C.
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5.1.3 Effect of solid to liquid ratio

The dissolution behavior of unmilled and activated samples of ilmenite
was studied at a solid to liquid ratio of 1:10 and 1:100. The dissolution plots of
Fe and Ti in unmilled and activated samples of Chatarpur and Manavalakurichi
ilmenite at a solid to liquid ratio of 1:100 is depicted in Fig. 5.5.
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Fig.5.5: The dissolution plot of Fe and Ti at a solid to liquid ratio of 1:100 in
9.2 M H,SO, for the unmilled and activated samples of Chatrapur and

Manavalakurichi ilmenite at 80°C.

No differences were noticed in the leaching behavior of the unmilled
and activated samples when the leaching was carried out at a solid to liquid
ratio of 1:100. Hence all the experiments were carried out at a solid to liquid
ratio of 1:10, a value commonly used in industrial leaching set ups. No
hydrolysis reaction was observed in the case of sulfuric acid leaching at the
temperatures and acid concentrations used in this study (a small amount of

hydrolysis occurred for the activated sample when leached at 120°C for
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prolonged times). Chun Li et al (2006) studied the effect of ore/acid ratio on
dissolution of Ti from ilmenite and reported a small variation in dissolution
with solid to liquid ratio. However the variation observed by them was within

the limits of experimental uncertainty.
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5.1.4 Effect of mechanical activation

Fig.5.6 The effect of mechanical activation on maximum dissolution of Fe and
Ti of Chatrapur and Manavalakurichi ilmenite samples at an acid oncentration
of 9.2M H2804

The kinetics of dissolution of both Fe and Ti increased significantly with
time of activation. The mechanical activation increases the rate of dissolution
as well as the maximum dissolution of Fe and Ti at all the acid concentrations
and temperatures used in the present study. The rate of dissolution increases
exponentially with time of activation during the initial period of dissolution
(<60 min), thereafter decreases with time indicating that the effects of
mechanical activation are relaxed. It is also observed that the period of

relaxation decreases with increasing temperature and acid concentrations. The
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initial rate of dissolution (Fe and Ti) of activated samples increases about 2 to 8
times as that of unmilled samples. A similar dissolution behaviour was
observed by Welham and Llewellyn (1998) on mechanically activated ilmenite
(100 hours of ball milling).

The variation of maximum dissolution of Fe and Ti in 9.2 M H,SO,
depicted in Fig.5.6 for Chatrapur and Manavalakurichi ilmenite samples as a
function of time of activation. The dissolution of Fe and Ti increases
exponentially with time of activation. The Chatrapur ilmenite shows 49% of Ti
and 55% of Fe in solution before activation and 65% of Ti and 90% of Fe after
activation when dissolved in 9.2M H,SO, at 120°C. At the same condition,
Manavalakurichi ilmenite shows 35% of Ti and 49% of Fe in unmilled

condition and 55% of Ti and 85% Fe after 4 hours of milling.

The overall increase in the dissolution rates with mechanical activation
is in addition to an increase in surface area a result of several factors such as
structural disorder (Balaz et al., 1996), enhanced strain (Balaz, 2000),
amorphization of mineral particles (Tkacova et al., 1993), preferential
dissolution of select crystal faces (Barton and McConnel, 1979 and Duncan and
Metson, 1982), micro-topography (Tromans and Meech, 1999 and 2002) and
formation of new phases more amenable to leaching (Welham, 2001 and
Tkacova et al., 1996).

5.1.5 Residue analysis

The XRD for some of the leach residues corresponding to sulfuric acid
leaching of milled and unmilled samples of Chatrapur ilmenite concentrates are

given in Fig.5.7.

In the case of unmilled samples of Chatrapur ilmenite, the leach residue
contains only ilmenite and some pseudorutile in unleached condition, whereas
it contains a mixture of ilmenite and rutile when leached for 4 h at 120°C. It
appears that the iron of the ilmenite is selectively leached resulting in a
titanium-enriched rutile phase in the residue. However, in case of the activated

samples, in addition to the unleached ilmenite and the transformed rutile, iron
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titanium sulfate appears to precipitate from the solution especially for longer

leaching times.
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Fig.5.7: XRD of leach residue of Chatrapur ilmenite samples in unmilled

condition and planetary milled for 240 minutes and leached in 9.2M H,SO, at

120°C.
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Fig 5.8 XRD of leach residue of Manavalakurichi ilmenite samples in unmilled
condition and planetary milled for 240 minutes and leached in 9.2M H,SO, at
120°C.
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The XRD for some of the leach residues corresponding to sulfuric acid
leaching of Manavalakurichi ilmenite are given in Fig.5.8. Some undissolved
ilmenite and rutile are observed in the leach residue for the unmilled sample.
However the no ilmenite peaks were observed in activated sample even after in
1 hours of leaching. The titanium-enriched phase was resulted from selective
dissolution as well as earlier weathering process. The leach residue of the
activated sample shows anatase phase in addition to rutile possibly formed

from hydrolyzed products.
5.1.6 Eh-pH measurements

Fig 5.9 shows the Eh-pH diagram for Ti-H,SO4-H,O systems at 25°C
reported by Vaughan and Alfantazi, (2004) and the experimental range of

variation of Eh-pH in the present study.
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Ll
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TiG,.H0

Fig.5.9: The Eh-pH diagram for Ti-H,SO,-H,0 systems at 25°C (Vaughan and
Alfantazi, 2004.) and the experimental range of variation of Eh-pH in the
present study (Marked by shaded area).

The redox potential and pH during leaching (monitored at the beginning
and end of the leaching experiment at ambient temperature) showed small
variations. Depending on the initial acid concentration, the increase in pH
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during the leaching experiment was less than 0.8 and the redox potential varied
between 0.68 to 0.85 V for H,SO, leaching. Figure 5.9 shows the range of
experimental values of redox potential and pH observed during the leaching

measurement.
5.1.7 Kinetic modeling
5.1.7.1 Derivation of kinetic parameters

Initial kinetic analysis of the dissolution behavior of Ti indicated that
none of the common kinetic models (power law, diffusion models, phase
boundary reaction, Avrami-Erofeev equation, autocatalysis models etc.)
(Anderson et al., 1999 and Vyazovkin and Wight, 1999) could satisfactorily
explain the results. Application of the model-free iso-conversional method
(Vyazovkin and Wight, 1999; Sewry and Brown, 2002) however indicated that
the activation energies were constant within the limits of uncertainty for
various extent of conversion. However, the main problem with the application
of the model-free iso-conversional method in the present case was that the
range of conversions for Ti were limited especially at lower temperatures and
kinetic parameters other than the activation energy cannot be determined by
this method. A non-linear least squares minimization technique (Varhegyi et
al., 2001) was therefore employed for the determination of the Kkinetic
parameters for the dissolution of both Ti and Fe. It was observed that the
dissolution kinetics of Fe and Ti from ilmenite in H,SO, does not conform
totally to either the reaction rate control or the product layer diffusion control
mechanism. Therefore, an attempt was made to describe the initial leaching
kinetics using the reaction rate control model and the latter stage of dissolution
using the shrinking core model wherein diffusion through the product layer is
rate controlling. The experimental kinetic data agreed reasonably well with this
mechanism of chemical reaction rate control in the initial stage and product
diffusion layer in the later stage with correlation coefficients varying from 0.95
to 0.99. This approach has earlier been used by Welham and Llewellyn (1998)
to describe the leaching kinetics of activated ilmenite. The kinetic rate equation
for an isothermal leaching reaction can be written as:
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da ; B in
dt=kC,ﬂa%n#em{RT)C,ﬂa) .............................................................................. 52)

Where o is the fractional conversion, k is the rate constant (min™), A is the pre-
exponential factor E is the activation energy (kJ/mol), R the gas constant (kJ.
mol™.K™?), C is the acid concentration (mols) and T the absolute temperature
(K). da/dt represents the rate of dissolution and f(a) represents the kinetic
model which is a functional of time. Assuming that the acid concentration does
not change during the course of the leaching experiment (in the present study;,
the variation of pH during the course of the leaching experiment was small),

integration of Eq. (5.2) yields:

¢ da - E
a) = =k C"t = A, eXp | — [.C"turvcens e, 5.3
<= 7@ ’ p(RTj (53
At t=0;0=0 and t=t; a=a

for a duration t, if the rate constant is fixed then 4, exp(ﬁj.(?” may be taken

as constant or independent of time.

For the reaction rate control mechanism, g(a) can be given by:

900) = 1-(1-0) Y 2 (5.4)
and for the product layer diffusion control shrinking core model, g(a) is written
as follows

g(at)zl—ioz—(l—at)y3 ..................................................................................... (.5.5.)

A representative plot showing conformity of the experimental data to initially a
reaction rate control mechanism and later to the shrinking core model is shown
in Fig.5.10.Simultaneous evaluation of all the kinetic parameters (A, E and n)
can be made using a least square minimization technique (Varhegyi et al.,

2001). An object function (OF) for the minimization can be written as:
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OF =ZM i/{g(a)—Aexp (%).C"t} T —

Jj=1

i=1

Where, M is the number of experimental data sets and N; is the number of

points in the j” experimental curve. The kinetic parameters A, E and n were

determined by simultaneous evaluation of all sets of isothermal experimental

data as a function of time for all the acid concentrations by minimization of the

object function (OF) using a numerical technique.
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Fig.5.10 Fitting of experimental data of Fe (unmilled, Manavalakurichi
ilmenite, 9.2M H,S0O, ) with suitable kinetic model.

The calculated activation energies for the dissolution of Fe and Ti in the

initial and later stages in H,SO, are given as a function of milling time in 5.11.

The order of reaction with respect to acid concentration was found to be the

same 1.5 for H,SO,. The enhanced rate of dissolution of Fe in comparison to Ti

indicates higher activation energy for the dissolution of titanium in comparison

to iron.

106



35

Manavalakurichi ilmenite  Chatrapur lImenite
—e—Ti, H,S0, —0—Ti, H,S0,
0 —*—Fe, H,S0, —— Fe, H,S0,

N
(&)
T

| Final diffusion controlled stage
9(0) = 1-20/3-(1-0)° = Ae®'F.C" n=1.5

N
o

Initial reaction controlled stage
g(e) = 1-(1-0)* =A™’ F.C"
n=1.5

~
o
T

Activation energy (kJ/mol)
&
T

(2]
o
T

o]
a1
T

1 1 1 1
0 50 100 150 200 250

Milling time (minutes)

Fig.5.11 Variation of activation energy for the dissolution of Fe and Ti in the

initial and later stages in H,SO, for Chatrapur and Manavalakurichi llmenite

The values of the activation energies derived in this study compares well
with that reported in the literature (Han et al., 1987, Welham and Llewellyn,
1998). Han et al.,(1987) determined an activation energy of 64.4 kJ/mol for the
dissolution of ilmenite in sulfuric acid in the temperature range 88 — 115°C.
None of the above studies report the effect of mechanical activation on the
activation energy values for the dissolution of ilmenite. Welham and Llewellyn
(1998) reported apparent activation energy of 70 kJ/mol for the chemically
controlled stage of dissolution of mechanically activated ilmenite in sulfuric
acid in the temperature range 80 — 120°C. They have not considered the
dissolution kinetics of Fe and Ti separately. They observed that the activation
energy decreases with milling time for up to one hour after which they increase

marginally.
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5.1.7.2 Effect of microtopography on rate of dissolution

Tromans and Meech (1999, 2002) analyzed the conjoint effects of
particle size and micro-topography on the overall mass dissolution behavior of
fine particles. They suggested that microtopography-enhanced dissolution can
be significant for surface-controlled leaching reactions exhibiting high
activation energies (>70kJ/mol) and for low particle sizes (<1 pm). They
derived an expression for the differential dissolution at the step edges of a
particle in comparison to that at the terraces through a parameter t,, defined as
the ratio of the total time for dissolution of a stepped particle relative to the
time for dissolution of a spherical particle of the same mass (of diameter Dy,).
Assuming that the fraction of steps in the spherical particle is zero, their

equation reduces to:

t, = 2L P = bR, F 1o e e, ( 5.7)
SﬂDM ﬂRF+(1_ﬂ)

Where L is the average distance between cations in the solid lattice, 3 is the

fraction of dissolution sites on step edges and,

Rr = Rs/Rt = ratio of the rates of dissolution from steps (Rs) and terraces (Rr)

R, =M, exp(oiij ........................................................................... (5.8)

where

M¢ = Ag/Ar [ratio of rate coefficient for dissolution at steps (As) to that at

terraces (At)] ~ 2, Ear is the activation energy for dissolution from terraces

The calculated values of 1/t using Eq.(5.7) as a function of mean
particle diameter (Dy) for the dissolution of both Ti and Fe at different
temperatures and two representative values of p (10 and 10™) corresponding
to the expected range for mechanically activated minerals are shown in Fig.
5.12.
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Fig.5.12:Variation of relative particle dissolution rate (1/t.) with mean particle
diameter Computed from micro topography model: a) For p= 10 (o is the

fraction of dissolution sites on step edges

The activation energy values derived for the unmilled sample was used
for Er in Eq. (5.7). It is seen that if the fraction of dissolution sites on step

edges (B) is of the order of 107, the dissolution at the step edges is likely to be
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faster by about 20-25% than at the terrace sites. However, for lower values of
B, the effect of microtopography on the dissolution kinetics is insignificant.
The effect of temperature and the nature of cation (Fe** or Ti*") on te
calculated using the microtopography model was found to be minimal. The
experimental results on the dissolution of both Ti and Fe show much faster
rates than that predicted by the microtopography model and increases with both
time of activation and temperature of dissolution. As mentioned earlier,
microtopography is only one of the several factors to be considered and

contributes only to a fraction of the total energy stored in an activated mineral.

5.1.7.3 Effect of surface area and structural disorder on rate of dissolution
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Fig 5.13: Variation of the surface area normalized rate constant for dissolution

of Fe with milling time for Manavalakurichi ilmenite sample.

The enhancement in the leaching kinetics because of mechanical
activation can arise because of increased surface area or structural disordering

or both. Senna, (1989) and Balaz (2000) has summarized some of the methods
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used to separate the effects of surface area and structure during the mechanical
activation process. A method commonly used to determine whether surface
area or structural parameters are predominant for the reactivity is to plot the
surface area normalized rate constant against the applied energy during
activation (Balaz, 2000; Balaz and Balassaova 1994). If the surface area
normalized rate constant does not vary with the applied energy, the reaction
rate may be considered to be insensitive to structural changes. An increase in
the surface area normalized rate constant with the applied energy can be
considered to be a result of structural imperfections introduced during the
process of mechanical activation. A plot of the surface area normalized rate
constant (derived from the reaction rate control parameters) as a function of
milling time (or applied energy) for sulfuric acid leaching is given in Fig. 5.13
for Manavalakurichi ilmenite sample. It is observed that the surface area
normalized rate constant increases continuously with milling time underlining

the effect of structural disordering during mechanical activation.
5.2 Dissolution in hydrochloric Acid

The unmilled and 240 minutes milled samples of Manavalakurichi
ilmenite were subjected to dissolution studies at various temperatures (50, 60,
70, 80 and 95°C) and concentrations (2.29M, 6.87M, 9.17M and 11.46M) of
HCI. The typical dissolution plots of Fe and Ti at 9.2 M and 11.5M of HCI for
unmilled and activated samples are presented in Figs. 5.14 (a-d) and 5.15 (a-d)

respectively.
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Fig.5.14: Dissolution plots of (a) Fe and (b) Ti in 9.2M HCI for the unmilled
sample of Manavalakurichi ilmenite with leaching time at a temperature range
of 50-95°C.
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Fig.5.14: Variation of dissolution of (c) Fe and (d) Ti in 9.2M HCI for 240

minutes milled samples with leaching time at a temperature range of 50-95°C.
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Fig.5.15: Dissolution plots of (a) Fe and (b) Ti in 11.5 M HCI for the unmilled
sample of Manavalakurichi ilmenite with leaching time at a temperature range

of 50-95°C.
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Fig.5.15: Dissolution plots of (c) Fe and (d) Tiin 11.5 M HCI for the 240
minutes milled sample of Manavalakurichi ilmenite with leaching time ata
temperature range of 50-95°C.
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The leaching behavior of Fe and Ti in the unmilled sample shows a
monotonic increase with time at all leaching temperatures in the range 50-95°C
for all the molar concentrations of hydrochloric acid tested. The differential
dissolution of Fe and Ti was enhanced further in hydrochloric acid compared to
sulphuric acid. It is observed that the dissolution kinetics of ilmenite in
hydrochloric acid appears to be more favorable compared to that in sulfuric
acid. Dissolution of up to 46% Ti and 65%Fe (9.2 M HCI at 80°C) could be
achieved on the mechanically activated samples (240 min milling) using
hydrochloric acid as leachant in 60 minutes of leaching. The extent of
dissolution of both Fe and Ti in the activated samples is several times higher
than in the unmilled samples. However, the enhanced dissolution of Ti is
affected by the hydrolysis and precipitation reactions that set in at higher
temperatures and lower acid concentrations for prolonged periods of
hydrochloric acid leaching, especially for the activated samples. Fig 5.15
shows the dissolution of Fe and Ti of Manavalakurichi ilmenite sample in
unmilled and 240 minutes activated condition at various temperatures in 11.5
M HCI. It was observed that the hydrolysis reaction of Ti in activated sample

was considerably reduced at higher acid concentration (11.5 M HCI).
5.2.1 Effect of acid concentration

Figure 5.16 shows the variation of the maximum dissolution of Fe and
Ti with increasing acid concentration at 95°C. The extent of dissolution of Fe
and Ti increased with the acid concentration. The hydrolysis and precipitation
of TiO, were in general not observed for the unmilled sample for all the
concentrations used in the present study. However in the case of the activated
sample, hydrolysis of Ti ions occur especially at lower acid concentration (<8
M HCI). The color of the leach solution also changed from black to brown as
the leaching proceeds and precipitates of white TiO, were clearly visible in the
solution for lower acid concentrations. The effect of acid concentration on
ilmenite dissolution was investigated by earlier studies ((Jackson and
Wadsworth, 1976; Hussein et al., 1976; Van Dyk et al., 2002). However, the
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effect of concentration of HCI on mechanically activated ilmenite samples has
not been reported.
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Fig.5.16: Variation of maximum dissolution of Fe and Ti with increasing
concentration of HCI at 95°C.

5.2.2 Effect of temperature
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Fig.5.17: Variation of maximum dissolution of Fe and Ti with increasing
temperature at 9.2M HCI.
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The variation of maximum dissolution of Fe and Ti with temperature at
9.17 M HCI is delineated in Fig.5.17 for Manavalakurichi ilmenite. The
dissolution of both Fe and Ti increases exponentially with temperature and the
hydrolysis reaction is not observed for unmilled sample at all the temperatures.
However, the Ti ions are found to be hydrolyzed in activated samples at higher
temperatures (>70°C). Thus the quantity of Ti in the solution decreases with
temperature for activated samples beyond 70°C and with low acid

concentrations.
5.2.3 Effect of solid to liquid ratio

The dissolution plots of Fe and Ti carried out at a solid to liquid ratio of
1:100 in 9.2M of HCl is shown in Fig.5.18.
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Fig.5.18: The plot showing the dissolution of Ti at a solid to liquid ratio of 1:10
and 1:100 at 80°C for Manavalakurichi ilmenite sample (4 hours activated)

subjected to dissolution at various concentrations of HCI.

It was observed that there is no significant enhancement in dissolution
of Fe and Ti when higher solid to liquid ratio (1:100) was used. However the

hydrolysis reaction of Ti is reduced at a solid to liquid ratio of 1:100.
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5.2.4 Effect of mechanical activation

The effect of mechanical activation on the maximum dissolution of Fe

and Ti of Manavalakurichi ilmenite is depicted Fig.5.19.
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Fig.5.19: The effect of mechanical activation on maximum dissolution of Fe
and Ti in Manavalakurichi ilmenite sample in 11.5 M HCI at 95°C .

A considarable enhancement in dissolution of both Fe and Ti was
observed in hydrochloric acid leaching of mechanically activated ilmenite
sample. The increase in dissolution of Fe and Ti in activated sample depends
on the concentration of acid and leaching temperature. In fact the initial rate of
dissolution is higher than that of dissolution in sulphuric acid. However the
dissolution of Ti is affected by precipitation reaction in activated samples. The
activated sample shows about 50% dissolution of Ti within one hour at 95°C
using 11.46M HCI whereas the unmilled sample shows about 35% of Ti
dissolution in 4 hours of leaching at 95°C for the same acid concentration. The
enhanced acid dissolution of Fe and Ti from ilmenite in the mechanically
activated samples is attributed to an increase in surface area as well as the non-

uniform strain introduced by the defects. Further, the other variables
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contributing to the enhancement in dissolution are discussed in the earlier

section on the effect of mechanical activation on sulphuric acid dissolution.

5.2.5 Residue analysis

The particle size distribution of a representative leach residue from HCI

leaching of unmilled as well as activated sample is shown in Fig. 5.20.
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Fig.5.20: Particle size distribution of HCI leach residues of Manavalakurichi
ilmenite sample.

The particle size analysis of the leach residues corresponding to the
activated sample shows an increase in mean particle size as well as the particle
size distribution after leaching. The change in particle size distribution after
leaching can be attributed to the complete dissolution of the fine particles
leaving behind the coarser particles and the agglomeration of the hydrolyzed
products. The XRD for some of the leach residues corresponding to HCI
leaching are presented in Fig.5.21.
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Fig.5.21 X-RAY diffractogram of HCI leach residue of unmilled sample
and 240 min. Milled sample

Although the ilmenite phase is more or less leached within 2 hours of
leaching with 9.2M HCI at 95°C, the dissolution of the leucoxene/rutile phase
was found to be insignificant even after 4 hours of leaching. The minor amount
of anatase phase observed in the leach residues has possibly formed from the

products of hydrolysis and precipitation.
5.2.6 Eh--pH measurements

The redox potential and pH during leaching (monitored at the beginning
and end of the leaching experiment at ambient temperature) showed small
variations. Figure 5.20 shows the Eh-pH diagram for Ti-HCI-H,O systems at
25°C reported by Vaughan and Alfantazi (2004) and the experimental range of

variation of Eh-pH in the present study.
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Fig5.22: The Eh-pH diagram for Ti-HCI-H,O systems at 25°C (Vaughan and
Alfantazi, 2004) and the experimental range of variation of Eh-pH in the

present study.

The relative leaching behavior of Ti in H,SO, and HCI can be analyzed
using the Eh-pH diagrams for these two systems. The Eh-pH diagram for the
Ti-SO,-H,0 system at 25°C taken from a recent study of Vauhgan and
Alfantazi, (2004) is shown in Fig. 5.9. It is seen that Ti dissolves in sulfuric
acid over a wide range of oxidation potentials, as TiO(SO4)*~ between —0.2 to
1.0 V and up to pH of 3.5 and as TiSO," between —-0.6 to —0.2 V and pH up to
2.75. At higher pH (>3.5), Ti precipitates as Ti(OH) ; under reducing conditions
and as TiO.H,0 at oxidizing conditions. It is therefore clear that titanium in
sulfuric acid solution is stable at low temperatures without the possibility of
undergoing hydrolysis except at high pH. The measured redox potentials and
pH during sulfuric acid leaching of the unmilled and activated samples lie
within the solubility range predicted by the Eh-pH diagram. The Eh-pH
diagram for the Ti-CI-H,0O system at 25°C taken from the recent study of
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Vauhgan and Alfantazi, (2004) is shown in Fig.5.20. It is seen that Ti dissolves
in HCI as TiOCl, only under oxidizing conditions and in a very limited range
of pH (up to ~1.5). At lower oxidation potentials, they hydrolyze to form
Ti(OH)™ and at higher pH they precipitate as TiO,.H,O at higher oxygen
potentials and as Ti(OH); at lower oxidation potentials. This implies that
titanium in hydrochloric acid solution can be destabilized at reducing
conditions and at lower acid concentration even at ambient temperature. The
phase stability boundaries in the Eh-pH diagram will change at higher
temperatures. However, data on the Gibbs energy of formation of the various
species in the Ti-CI-H,O and Ti-SO4-H,0 systems at higher temperatures are
not available in the literature. The measured pH and redox potentials during
leaching in dilute HCI in the present study was found to be at the border of the
dissolution/ hydrolysis regions where some hydrolysis can occur. In the present
study, it is observed that the hydrolysis reaction of Ti (1V) in hydrochloric acid
was enhanced by mechanical activation of ilmenite concentrate before
leaching. This may be attributed to enhanced kinetics of the hydrolysis reaction

than because of any thermodynamic consideration.
5.2.7 Kinetic modeling

The procedure adopted for derivation of Kinetic parameters for
dissolution of Fe and Ti is described in section 5.1.7. The dissolution of Fe and
Ti of ilmenite follows a two stage mechanism in hydrochloric acid as in
sulphuric acid. Therefore, the activation energy of dissolution was derived
using the reaction rate control model for the initial stage of dissolution and

using the shrinking core model for the later stage of dissolution.

For the reaction rate control mechanism, g(a) can be given by:
900) = 1-(1-0) Y 3 (5.9)

and for the product layer diffusion control shrinking core model, g(a) is written

as

g(a) :1—§a—(1—a)2’3 .................................................................................................... (.5.10)
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The calculated activation energies for the dissolution of Fe and Ti in HCI in the
initial stage are given Fig.5.21 for unmilled and 240 minutes milled samples of

Manavalakurichi ilmenite.

75 L HCI, Initial reaction controlled stage
9(0) = 1-(1-a)* = Ae*'F.C"
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Fig.5.21: The effect of mechanical activation on activation energy of
dissolution of Fe and Ti in hydrochloric acid during initial reaction controlled
stage.

In comparision to sulphuric acid the kinetics of dissolution of Fe and Ti
was considerably enhanced in hydrochloric acid. The order of reaction with
respect to acid concentration was found to be the same (1.5) as H,SO, for HCI
suggesting that the reaction mechanism is same in both the cases. For the 1%
stage of sulfuric acid leaching, the activation energy for the dissolution ranged
from 48 to 68 kJ/mol for Fe and 51 to 70 kJ/mol for Ti. For hydrochloric acid
leaching the activation energy during the 1% stage of dissolution was 45 to 64
kJ/mol for Fe and 48 to 68 kJ/mol for Ti.. The activation energy for dissolution
of Fe and Ti is somewhat higher in H,SO, compared to HCI. The activation
energy for dissolution of Fe and Ti also showed a considerable decrease with
milling time. About 20 kJ/mol was reduced by 4 hours milling of ilmenite
sample. Hishashi et al.,(1982) determined apparent activation energies of 81.2

kJ/mol for titanium and 73.2 kJ/mol for iron dissolution for the leaching of
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ilmenite ore with highly concentrated hydrochloric acid (11.3 to 11.6 M) at
temperatures of 30 — 80°C. However the activation energy values of Fe and Ti
of ilmenite samples in activated condition have not been reported in earlier

studies.

The effect of surface area and structural deformation on dissolution rate
of activated samples was studied by the method described by balas (2000) and
Senna (1989). The surface area normalized rate constant of Fe and Ti dissolved
in 9.2M of HCl is shown in fig.5.22 for unmilled and 4 hours milled sample of

Manavalakurichi ilmenite.
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Fig.5.22 : The variation of surface area normalized rate constant of Fe and Ti

with milling time for Manavalakurichi ilmenite dissolved in 9.2M HCI.

The rate constant was considerably enhanced by milling; further the rate
of dissolution of Fe and Ti is higher that of H,SO, dissolution. Earlier
investigations on hydrochloric acid leaching of ilmenite (Jackson and
Wadsworth, 1976; Hussein et al., 1976; Tsuchida et al.,1982; Sinha, 1984;
Lanyon et al., 1999; Olanipekun, 1999; Van Dyk et al., 2002) yield slower
kinetics of dissolution compared to that obtained in the present study on

mechanically activated ilmenite.
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5.3 Conclusions

1.

Although mechanical activation considerably enhanced the dissolution
kinetics for both Fe and Ti, it was observed that the Ti and Fe in the
ilmenite dissolves incongruently and not according to their stoichiometry in

the ilmenite phase.

The maximum dissolution of Fe and Ti in the Chatrapur ilmenite was
restricted to 20-65% in the unmilled condition whereas, in excess of 90%
Fe and % Ti could be dissolved (120°C, 4 h leaching) from ilmenite

samples subjected to 240 minutes of milling.

For Manavalakurichi ilmenite, the maximum dissolution Fe and Ti in
unmilled condition was restricted to 20-30% and 25-50% respectively,
whereas, in excess of 80-90% Fe and 50-65% Ti could be dissolved (120°C,

4 h leaching) for ilmenite samples activated for 240 min.

The dissolution kinetics of ilmenite in hydrochloric acid was marginally
favorable compared to that in sulfuric acid. However, the enhanced
dissolution of Ti in HCI for the activated sample is affected by the
hydrolysis and precipitation reactions that set in at higher temperatures and

lower acid concentrations for prolonged periods of leaching.

The dissolution kinetics HCI (prior to significant hydrolysis) and in H,SO,4
is found to conform to the reaction rate control model for the initial
leaching period and thereafter to the shrinking core model where product

layer diffusion is rate controlling.

The activation energy for dissolution of Fe and Ti (in Manavalakurichi
ilmenite) was higher in H,SO, (68 and 70 kJ/mol respectively) compared to
HCI (64 and 68 kJ/mol respectively). The activation energies for dissolution

of Fe and Ti also showed a monotonic increase with time of milling.
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CHAPTER 6

A COMPARATIVE STUDY OF NATURAL WEATHERING
AND MECHANICAL ACTIVATION

6.1 Alterations of ilmenite induced by natural weathering

Natural ilmenites are seldom pure. The beach sand ilmenite grains alter
easily by natural weathering and oxidation phenomena giving rise to many
altered phases. llmenite alteration is essentially the oxidation of iron resulting
in enrichment of titanium dioxide and subsequently leading to the formation of
leucoxene, rutile or anatase. The commonly accepted ilmenite alteration
mechanism given in the literature (Temple, 1966; Grey and Reid, 1975; Morad
and Aldahan, 1982; Frost et al, 1983; Anand and Gilkes, 1984; Suresh Babu et
al., 1994; Chaudhuri, J.N.B., Newesely, H., 1990, Rao et al, 2005) is:

IImenite - Pseudorutile — leucoxene or Rutile / Anatase + Hematite
Fe 2 TiO;  Fe, ¥ Tis0q TiO, Fe,0;

Hexagonal Hexagonal Tetragonal Hexagonal

During the first stage alteration of ilmenite, the ferrous content decreased and
ferric as well as titania contents increased. The oxidation and leaching
processes occurring during the alteration also enhance the porosity of the
ilmenite grains. Subsequently, the Fe** is completely oxidized to Fe** to form
the pseudo-rutile phase, which has the same crystal structure as ilmenite.
Further alteration causes the gradual collapse of the hexagonal structure and its
recrystallisation into the tetragonal structure of rutile (Suresh Babu et al.,
1994). In addition to the change in crystal structure, alteration enhances the
surface area and porosity, reduces the crystallite size of the ilmenite and may
also result in partial amorphization. The effect of alteration has significant
implications in the industrial processing of TiO, (Suresh Babu et al., 1994). All
the downstream metallurgical processes vary widely with respect to their

degree of alteration. Studies on the influence of weathering on the high
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temperature reduction characteristics of three different varieties of ilmenites
was carried out by Gupta et al., (1988) who concluded that the rate of reduction
and size of iron particles decreases with increased alteration. The said studies
also reveal that the reduction of stoichiometric ilmenite is faster than
pseudorutile. Chernet (1999) studied the Australian beach sand ilmenite
concentrates and derived four different ilmenite products with varying degree
of oxidation from it by Frantz electromagnetic separator. She studied the
dissolution behavior of these weathered ilmenites in sulfuric acid and
concluded that the solubility decreases with increasing TiO, content (i.e., with
increasing alteration). Similar systematic studies on the effect of
alteration/weathering of Indian ilmenites have not been reported in the

literature.
6.2 Alteration of ilmenite induced by mechanical activation

During the past decade, there has been considerable interest on the effect
of mechanical activation on the physico-chemical properties of minerals and
their subsequent dissolution behavior (Chernet, 1999; Balaz, 2000; Duncan and
Metson, 1982a,b; Tkacova, 1996). Mechanical activation under ambient
conditions results in oxidation, phase transformations, increased surface area,
structural defects, strain and changes in the surface characteristics of minerals
(Duncan and Metson, 1982a&b; Balaz, 1996; Balaz et al, 1996; Balaz, 2000;
Amer, 2000; Welham, 2001). In some respects, it may be expected that the
mechanical activation process at ambient conditions can simulate the natural
weathering/alteration process occurring on a geological time scale. It is
considered interesting to compare the effects of natural weathering/alteration
and mechanical activation under ambient conditions. Although the effect of
mechanical activation on the enhancement in dissolution rates of ilmenites in
sodium hydroxide solution (at 200°C and oxygen pressures of 4.1MPa) (Amer,
2002) as well as in sulfuric acid has been reported (Welham and Llewellyn,
1998), a comparative study between weathering and mechanical activation has

so far not been reported in the literature.
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6.3 Alteration in chemical characteristics:

The bulk chemical compositions of all the natural ilmenite samples used
in this study (Chatrapur, Navalady, Manavalakurichi and Chavara) are reported
in Table 3.1. The oxidation state of iron in ilmenite is a good indicator of the
degree of weathering (Gibb et al., 1969); the degree of alteration increasing
with the ferric to ferrous ratio. The variation in the Fe*}/Fe*? ratio with the
degree of alteration for the natural ilmenite samples from the different coasts of
India used in the present study as well as with time of activation is given in
Fig.6.1 and 6.2.
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Fig.6.1: Variation of ferric to ferrous ratio with extent of alteration of minerals.
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Fig.6.2: Variation of ferric to ferrous ratio with milling time for various

ilmenite samples.

It is seen that the ferric to ferrous ratio increases in the order: Chatrapur
— Navaladi — Manavalakurichi — Chavara indicating that the Chatrapur sample
is least altered and the Chavara sample has undergone maximum alteration.
There is a corresponding decrease in the TiO, content. Similar observations
were also made by other workers for Chatrapur, Manavalakurichi and Chavara
ilmenite samples (Suresh Babu et al., 1994; Suresh Babu and Mohandas, 1999).
Similar to the weathering process, it is seen that the ferric to ferrous ratio
increases with increase in time of activation, although the extent of oxidation in

mechanical activation is comparatively much lower.
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6.4 Alteration in mineralogical characteristics

Representative micrographs of the various ilmenite concentrates
collected from the different coasts (Chatrapur, Navalady, Manavalakurichi and
Chavara), which are subjected to varying degree of alteration/oxidation are

depicted in Figs.6.3a-d.

Fig.6.3: a. Photomicrograph of Navalady ilmenite ( showing various shapes

and sizes of ilmenite grains), b.Chatrapur ilmenite (showing ex-solution
layers of primary hematite and ilmenite, c¢. Manavalakuruchi ilmenite
(showing alteration along grain boundaries (shown by arrows)), and
d.Chavara ilmenite (showing alteration of ilmenite grain along

crystallographic directions) subjected to different degree of weathering.

All the ilmenite samples were found to occur mostly as sub-rounded,
elongated (oval) to sub-angular (some what irregular) grains. Micro-
morphological features noticed on the ilmenite grains include numerous surface

pits, etch marks/ grooves and crescentic pits. Reflected light microscopic
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studies suggest that unaltered ilmenite is the dominant phase in all the four
samples along with varying amounts of alteration products. Mixtures of altered
as well as unaltered phases were present in many of the single grains. The
various phases in each sample were confirmed using EPMA. In addition to the
ilmenite and altered ilmenite phases, the presence of traces of primary hematite
(not formed by alteration) was noticed in the case of the Chatrapur sample. In
the other samples (especially Manavalakurichi and Chavara), varying amounts
of leucoxene were noticed. When altered, ilmenite changes directly or through
the intermediate products to leucoxene/rutile. Many ilmenite grains were
moderately altered and the alteration appears to proceed along grain
boundaries, grain edges, along crystallographic directions and fissures in
varying intensity and pattern. The alteration of the ilmenite grains occasionally
results in an amorphous to crypto- or microcrystalline mass resembling
leucoxene and pseudo-rutile/leucoxene. The intensity and mode of alteration
varied from grain to grain and was neither uniform nor continuous. The
weathering process occurs due to atmospheric exposure on a geological time
scale and involves gradual erosion, oxidation and leaching out of ferrous ion.
Leucoxene/rutile and hematite (secondary) are the eventual end products but
the process goes through several intermediate stages, the prominent one being
the formation of pseudo-rutile. Precise quantitative estimates of the extent of
alteration in the weathered samples has been done by using polarized light

microscopy, the results of which are given in Table 2.

Table 6.1: A quantitative estimate of the degree of alteration of the ilmenite

samples by light microscopy

Sample Mineralogy
Chatrapur 90% Ilmenite; 10% altered ilmenite.
Navaladi 85% ilmenite, 15% altered ilmenite

Manavalakurichi | 79% llmenite, 12% altered ilmenite and 9% of leucoxene/rutile

Chavara 77% llmenite, 10% altered ilmenite and 13% leucoxene/rutile
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Chaudhuri & Newesely (1990) and Mucke and Chaudhuri (1991) discussed
the transformation of ilmenite to leucoxene during the alteration process. The
alteration starts with the continuous removal of the soluble ferrous ion and the
electrostatic charge is balanced by oxidizing the remaining iron to ferric form.
Ferrous ion is totally oxidized on the formation of pseudorutile. Further
removal of ferric iron is compensated for by addition of OH" to the mineral

lattice.
6.5 Alteration in physical and structural characteristics:

The X-ray diffractograms of the different ilmenite samples (Chatrapur,
Navalady, Manavalakurichi and Chavara) subjected to varying degrees of

alteration are delineated in Fig. 6.4.
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Fig.6.4: X-ray diffractograms of the altered ilmenite concentrates collected

from the different locations.

As indicated by the optical microscopic study, ilmenite is the major
phase in the XRD patterns (JCPDS No. 29-0733) of all the samples. Small
amounts of pseudo-rutile and hematite phases are observed in the Chatrapur

sample whereas pseudo-rutile phase could not be observed in the XRD of all
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the other samples, possibly because of amorphization of this phase. The
Navalady sample shows the presence of only the ilmenite phase in the XRD
whereas the Manavalakurichi and Chavara samples show the presence of
significant amounts of the leucoxene/rutile phase (JCPDS 21-1276) in addition
to the ilmenite phase. The ilmenite phase in the Chavara sample shows a higher

degree of amorphization.
The X-ray diffractograms of all the ilmenite samples (Chatrapur, Navalady,

Manavalakurichi and Chavara) subjected to 240 minutes of planetary milling

are delineated in Fig.6.5.
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Fig.6.5: X-ray diffractograms of the activated ilmenite samples.

IImenite (JCPDS No. 29-0733) appears to be the major phase in all the
activated samples although significant amorphization of the ilmenite phase is
noticeable in the Manavalakurichi and Chavara samples. The minor amount of
the pseudo-rutile phase noticed in the Chatrapur sample prior to activation
appears to have amorphized during milling. The Manavalakurichi and Chavara
samples show the presence of the leucoxene/rutile phase even after mechanical

activation.
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The XRDs of the naturally weathered as well as the mechanically activated
samples shows significant peak broadening. A Williamson-Hall plot (B Cos 6
Vs Sin 0) was used to determine the crystallite size and strain effects from the
line broadening analysis. The broadening caused by other phases and
instrumental factors were carefully analyzed and deduced from the total
broadening.

The variation of crystallite size and pore size determined with BET
technique with increasing Fe*®/Fe*? ratio of the naturally weathered ilmenite

samples is given in Fig.6.6
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Fig. 6.6 Variation of crystallite size and average pore size determined fro BET

technique with increasing Fe**/Fe*? ratio for the altered ilmenite samples.

The crystallite size decreases exponentially with the extent of alteration.
However, there is no increase in strain in the naturally weathered samples. The
average pore size determined using a BET surface area analyzer for the
naturally altered samples is also depicted in Fig. 6.6. The average pore size
increased with the degree of alteration characterized by the Fe**/Fe*? ratio. The

variation of crystallite size and strain with the milling time for various ilmenite
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samples are shown in fig.3.10. Although the mechanically activated ilmenite
samples show a similar trend in crystallite size, decreasing with increasing time
of activation, unlike for the naturally altered samples, there is an additional

increase in non-uniform strain with increasing time of activation.

The variation of particle size distribution in the naturally altered and
mechanically activated ilmenite samples is depicted in Figs. 6.7.
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Fig.6.7: Variation of particle size distribution of the natural weathered and

mechanical activated ilmenite samples from the various locations.

The particle size distribution shows an exponential variation in both
naturally weathered as well as in the mechanically activated ilmenite samples.
It is seen that the particle size distribution does not vary much in the naturally

altered samples but decreases exponentially with time of mechanical activation.

The results of the surface area and density as a function of the degree of

alteration of the natural ilmenite samples are given in Fig.6.8.
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Fig.6.8: Variation of surface area and density of natural weathered ilmenite

samples.

Though, the mean particle size of all the four ilmenite samples remain
more or less same, an increase in the surface area as well as average pore size
and decrease in specific gravity is observed with increase in the degree of
alteration characterized by the Fe*®/Fe*? ratio. The increased surface area may
be attributed to the development of internal surfaces due to micro-cracks and

porosity formed during the alteration / weathering process.

The variation of surface area and density of Navalady and Chavara
ilmenite samples with milling time is given in fig.6.9. The variation of surface
area of Chatrapur and Manavalakurichi ilmenite with milling time is given in
3.3. It was observed that the surface area of all the four ilmenite samples
increase with the milling time. The increase in surface area in the activated
samples is much higher than the increase in surface area observed during the
alteration of these ilmenite samples. The density of the ilmenite samples shows
a decreasing trend with milling time. This decrease in density was caused by
volumetric defects introduced into the material by milling. The volumetric

density of defects introduced by milling is discussed in chapter 3.
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Fig.6.9: Variation of surface area and density of natural weathered and

mechanical activated ilmenite samples from the various locations.
6.6 Alteration in dissolution characteristics:

The extent of dissolution of Fe and Ti in 9.2 M sulfuric acid, for the
various ilmenite concentrate subjected to different degree of alteration as well
as mechanically activated samples at different temperatures (60, 80, 100 and
120°C) with varied leaching times was studied. A typical plots showing the
varation of dissolution iron as well as titanium in ilmenite samples subjected to

different degree of weathering at 120°C are depicted in Fig. 6.10.
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Fig.6.10: Variation of dissolution of Fe and Ti with time of leaching at 120°C

for the ilmenite samples subjected to different degree of alteration in 9.2 M

sulfuric acid.

The vaiation in dissolution charateristics of Fe and Ti in mechanically

activated samples of different ilmenite samples at 120°C in 9.2M sulfuric acid

are given in fig. 6.11.
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Fig.6.11: Variation of dissolution of Fe and Ti in 9.2 M sulfuric acid with time
of leaching at 120°C for the ilmenite samples subjected to 240 minutes of
planetary milling.

The leaching behavior of both iron and titanium showed an exponetial
increase with leaching time for the naturally weathered ilmenite samples as

well as the mechanically activated samples at all the leaching temperatures in
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the range of 60 to 120°C. The percentage of dissolution decresed with the
extent of natural weathering, whereas the perentage of dissolution increased
with milling time exponetially. The maximum dissolution of Fe and Ti in the

naturally weathered samples is shown in Fig. 6.12 as a function of the Fe**/Fe*?

ratio.
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Fig.6.12: Variation of maximum dissolution of Fe and Ti in 9.2 M sulfuric acid
with Fe*¥/Fe™ ratio at 120°C for the ilmenite samples subjected natural
weathering.

Despite an increase in surface area and porosity and decrease in
crystallite size with increased alteration, the dissolution of both iron and
titanium in the naturally weathered samples decreased with an increase in the
Fe**/Fe*? ratio, the dissolution being highest for the Chatrapur sample and
lowest for the Chavara sample. The dissolution kinetics was also considerably
enhanced at higher temperatures. About 30% Fe and 25% Ti dissolved in the
case of the unmilled Chatrapur sample in four hours of leaching at 120°C
compared to 54% of Ti and 63% Fe in the case of the unmilled Chavara sample
under the same conditions. The decrease in dissolution with increase in

Fe**/Fe*? ratio can be attributed to the ready solubility of the ferrous iron at la
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relatively low pH as compared to the ferric constituent and the resistance of the
Ti-rich phases leucoxene/rutile to acid leaching (Sinha, 1979).

The dissolution of both Fe and Ti increased significantly with milling
time. The maximum dissolution of Fe and Ti in 9.2 M H,SO, is depicted in

Figs. 6.13 for all the four ilmenite samples as a function of milling time.
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Fig.6.13: Variation of maximum dissolution of Fe and Ti in 9.2 M sulfuric acid

with time of leaching at 120°C for the ilmenite samples subjected to 240

minutes of planetary milling.
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In the case of the Chatrapur ilmenite, about 65% Ti and 93% Fe has
been observed to dissolve in 9.2 M H,SO, at 120°C in 4 hours of leaching. On
the other hand the Chavara ilmenite exhibited a dissolution of 35% Ti and 65%
Fe. under identical conditions In the unmilled as well as the activated samples,
hydrolysis was not observed at any temperature even for prolonged periods of
leaching. Despite the oxidation of Fe** to Fe* an enhanced sulfuric acid
dissolution of Fe and Ti from ilmenite in the mechanically activated samples is
attributed to an increase in surface area as well as the non-uniform strain

introduced by the defects.
6.7 Alteration in Kinetics of dissolution

The method of derivation of kinetic parameters for dissolution of Fe and
Ti were described in chapter 5. The calculated activation energy for
dissolution of Fe and Ti in the unmilled altered samples is shown in Fig. 6.14

with respect to increasing ferric to ferrous ratio.
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Fig 6.14: Variation of activation energy for dissolution of Fe and Ti in altered
ilmenite samples and the surface area normalized rate constant for dissolution

of Fe as a function of Fe"*/Fe*? ratio.
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Despite the increase in surface area, the activation energy increases
exponentially with increasing ferric to ferrous ratio i.e. higher degree of
alteration is associated with higher activation energy. The unmilled naturally
weathered samples show an activation enegy of 57 to 64 kJ/mol for dissolution
of Ti and 52 to 61 kJ/mol for dissolution of Fe depending on the extent of
alteration. To further clarify this aspect, the surface area normalized rate
constant for both Fe and Ti is plotted as a function of the extent of alteration
(characterized by the Fe**/Fe*? ratio) for the four unmilled samples in Fig. 6.14.
The surface area normalized rate constant decreases with increase in Fe*?/Fe*
ratio signifying the marginal effect of surface area vis a vis oxidation on the
acid dissolution kinetics of altered ilmenites. The increase in activation energy
with the extent of alteration is directly related to the difficulty in acid leaching

of the oxidized phases; pseudorutile (Fe,TizOg) and leucoxene (TiO,).

The calculated activation energies for the sulfuric acid dissolution of Fe
and Ti for the mechanically activated samples are depicted in Fig. 6.15 as a

function of time of activation.
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Fig.6.15: Variation of activation energy for dissolution of Fe and Ti with

milling time.

In contrast to the altered samples, it is observed that the activation
energy decreases monotonically with time of activation for the mechanically
activated samples despite an increase in the ferric content and the refractory
leucoxene phase. The enhancement in the leaching kinetics because of
mechanical activation can arise because of increased surface area or structural
disordering or both. A method commonly used to determine whether surface
area or structural parameters are predominant for the reactivity is to plot the
surface area normalized rate constant against the applied energy during
activation which is proportional to time of activation or the degree of
amorphization (Senna, 1989; Balaz,2000). If the surface area normalized rate
constant does not vary or decreases with the applied energy/time of activation,
the reaction rate may be considered to be insensitive to structural changes. An
increase in the surface area normalized rate constant with the applied energy,
can be considered to be a result of structural imperfections introduced during

the process of mechanical activation. Fig. 6.16 shows a plot of the surface area
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normalized rate constant with time of activation for all the four ilmenite

samples subject to different degree of alteration.
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Fig.6.16: Variation of activation energy for dissolution of Fe and Ti with
milling time.

It is observed that the normalized rate constant monotonically increases

with time of activation clearly demonstrating the effect of structural disorder.
Conclusions

1. In terms of the physico-chemical characteristics, mechanical activation
found to have a similar effect as natural weathering on ilmenite.

2. The ferric to ferrous ratio increased with both extent of alteration and time
of mechanical activation, alteration resulted in the formation of new Fe*
and Ti-rich phases whereas mechanical activation was found to result only

in partial amorphization of some of the existing phases.

3. Both, alteration and mechanical activation resulted in a higher surface area

and pore size and a decrease in specific gravity and crystallite size.
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However, mechanical activation also resulted in non-uniform strain in the

crystallite introduced due to the large concentration of defects.

. The acid dissolution behavior was completely different between naturally
altered ilmenite samples and mechanically activated samples. Despite an
increase in surface area and porosity and decrease in crystallite size with
increased alteration, the sulfuric acid dissolution of both iron and titania in
the naturally weathered samples decreased with an increase in the Fe**/Fe*?
ratio, the dissolution being highest for the Chatrapur ilmenite which is least

altered and lowest for the Chavara sample which has the highest alteration.

. The activation energy for dissolution of Fe and Ti increased with the extent

of alteration.

. The decrease in the rates of dissolution in naturally weathered samples
despite an increase in surface area (exemplified by the behavior surface area
normalized rate constant) was found to be directly related to the difficulty in

acid leaching of the oxidized phases pseudorutile and leucoxene.

. For the mechanically activated samples, the dissolution rates of both Fe and
Ti increased (activation energies decreased) significantly with time of
activation despite the partial oxidation of Fe*® to Fe™. The enhanced
dissolution of the mechanically activated ilmenite samples despite the
partial oxidation was attributed to the large concentration of defects

introduced during the activation process.
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CHAPTER 7

CONCLUSIONS AND SUGGESTIONS
FOR FUTURE WORK

7.1 Conclusions

7.1.1 Effect of mechanical activation on physico-chemical, structural,

thermal and magnetic properties

Mechanical activation was found to have a pronounced effect on the
physical, chemical, structural, thermal and magnetic properties of ilmenite. The
morphology of the particles changed from sub-rounded to subangular particles
in the raw samples to angular particles upon milling. The particle size
decreased exponentially from an initial size range of 100-500 um with time of
activation and remained constant in the range of 0.04 to 15 pym beyond 90 min
of activation. The BET absorption surface area also showed an exponential
variation with milling time and a maximum surface area of 11.6 m°/g was
achieved for Manavalakurichi ilmenite sample in 4 hours of milling. The
apparent density of all the ilmenite samples decreased with milling time, partly
due to the increase in lattice volume arising from creation of defects.
Significant amount of structural disorder was also observed on mechanical
activation. A partial amorphization or a much fined grained phases of the
hematite and pseudorutile was observed for the Chatrapur IImenite sample after
30 minutes and 4 hours of planetary milling respectively. The ilmenite phase
also showed substantial disordering (referred as xrd amorphization in
literatures) and the degree of xrd amorphization exhibited an exponential
variation with time of milling. The crystallite size of ilmenite samples
decreased exponentially with milling time, whereas the non-uniform lattice
strain showed a linear increase. The crystallite sizes and the lattice strain varied
in the range of 57-131 nm and 0.14-0.47% for Chatrapur ilmenite sample and
38-90 nm and 0.17-0.23% for Manavalakrichi ilmenite sample in 4 hours of

mechanical activation. The oxidation kinetics was also found to be

148



considerably enhanced by mechanical activation, the rate of oxidation
increasing with increasing time of activation. Whereas complete oxidation
(~3.5%) of Fe* to Fe*® was achieved in ambient air at 850°C for the activated
samples, less than 50% oxidation occurred in the unmilled sample. The
magnetic properties of Manavalakurichi ilmenite showed small variations upon
mechanical activation. The magnetization of ilmenite at maximum field
strength (1200 kA/m) decreased with milling time; however the coercivity of
ilmenite samples increased with milling time as the variation in crystallite size

and structural disorder was enhanced by mechanical activation process.
7.1.2 The effect of mechanical activation on energetics of ilmenite

The energetics of the mechanical activation process of ilmenite by high
energy milling in a planetary mill was analyzed with respect to the energy
stored within the material vis-a-vis the specific energy consumption and the
manifestation of the stored energy in different forms such as new surfaces and
interfaces, point, line and volume defects, high energy structures, uniform and
non-uniform strain. The specific power consumption in the planetary mill was
found to depend on the degree of alteration of ilmenite. For Chatrapur ilmenite,
which was least altered, the specific power consumption was 5865 kJ/mol
(10,740 wh/kg). The corresponding energy consumption in 4 hours of milling
(milling of 80 g of ilmenite with 30 agate balls of net weight 320 g at a mill
speed of 200 rpm)of Chavara ilmenite, which was most altered was 6193
kJ/mol (11,340 wh/kg). It was observed that the energy transferred to the
material varied in the range of 3 to 8.0 % in 4 hours of milling in a planetary
mill depending on the degree of alteration of the ilmenite. The specific energy
transferred derived from milling with material and a blank run under identical
conditions was found to be 162 kJ/mol in 4 hours of milling for Chatrapur
ilmenite and 360 kJ/mol for Manavalakurichi ilmenite. It was deduced that
more than half of this measured difference in energy was actually expended in
the breakage of the bonds in the material, which was released mainly as heat
and only the remaining energy was truly stored within the material. This energy

was found to be stored in additional surfaces and interfaces, point, line and

149



volume defects, high energy structures and non-uniform strain. A large part of
the stored energy was reflected as strain energy (24 and 127 kJ/mol
respectively for the Chatrapur and Manavalakurichi ilmenite samples) and
structural disorder (34 and 25 kJ/mol respectively for the Chatrapur and
Manavalakurichi ilmenite samples respectively). Part of the defect energy
stored in the activated ilmenite samples was found to relax much faster. This
component determined from calorimetric studies was found to be 19 kJ/mol for
Chatrapur ilmenite and 12 kJ/mol for Manavalakurichi ilmenite sample
subjected to 4 hours of mechanical activation. The energy stored through
additional surfaces and grain boundaries was found to be much lesser. The
surface energy increased from 19 mJ/m? ( 2 J/mol) to 37 mJ/m? ( 15 J/mol) in
the Chatrapur ilmenite and from 25 mJ/m? (11 J/mol) to 48 mJ/m? (40 J/mol)
for the Manavalakurichi ilmenite in 4 hours of planetary milling. The grain
boundary energy varied in the range of 8-15 mJ/m? (5-25 J/mol) in Chatrapur

ilmenite and 10-19 mJ/m? (9-33 J/mol) in Manavalakurichi ilmenite sample.

7.1.3 The effect of mechanical activation on dissolution characteristics of

ilmenite

Mechanical activation had a large effect on the dissolution kinetics of
ilmenite. Although mechanical activation considerably enhanced the
dissolution kinetics for both Fe and Ti, it was observed that the Ti and Fe in the
ilmenite dissolves incongruently and not according to their stoichiometry in the
ilmenite phase. The maximum dissolution of Fe and Ti in the Chatrapur
ilmenite was restricted to 20-65% in the unmilled condition whereas, in excess
of 90% Fe and % Ti could be dissolved (120°C, 4 h leaching) from ilmenite
samples subjected to 240 minutes of milling. For Manavalakurichi ilmenite,
the maximum dissolution Fe and Ti in unmilled condition was restricted to 20-
30% and 25-50% respectively, whereas, in excess of 80-90% Fe and 50-65% Ti
could be dissolved (120°C, 4 h leaching) for ilmenite samples milled for 240
minutes. The dissolution kinetics of ilmenite in hydrochloric acid was
marginally favorable compared to that in sulfuric acid. However, the enhanced

dissolution of Ti in HCI for the activated sample is affected by the hydrolysis
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and precipitation reactions that set in at higher temperatures and lower acid
concentrations for prolonged periods of leaching. The dissolution kinetics HCI
(prior to significant hydrolysis) and in H,SO, is found to conform to the
reaction rate control model for the initial leaching period and thereafter to the
shrinking core model where product layer diffusion is rate controlling. The
activation energy for dissolution of Fe and Ti (in Manavalakurichi ilmenite)
was higher in H,SO, (68 and 70 kJ/mol respectively) compared to HCI (64 and
68 kJ/mol respectively). The activation energies for dissolution of Fe and Ti

also showed a monotonic increase with time of milling.

7.14 A comparative study of natural weathering and mechanical

activation of ilmenite

In terms of the physico-chemical characteristics, mechanical activation
found to have a similar effect as natural weathering on ilmenite. The ferric to
ferrous ratio increased with both extent of alteration and time of mechanical
activation, alteration resulted in the formation of new Fe*® and Ti-rich phases
whereas mechanical activation was found to result only in partial
amorphization of some of the existing phases. Both, alteration and mechanical
activation resulted in a higher surface area and pore size and a decrease in
specific gravity and crystallite size. However, mechanical activation also
resulted in non-uniform strain in the crystallite introduced due to the large
concentration of defects. The acid dissolution behavior was completely
different between naturally altered ilmenite samples and mechanically activated
samples. Despite an increase in surface area and porosity and decrease in
crystallite size with increased alteration, the sulfuric acid dissolution of both
iron and titania in the naturally weathered samples decreased with an increase
in the Fe**/Fe*” ratio, the dissolution being highest for the Chatrapur ilmenite
which is least altered and lowest for the Chavara sample which has the highest
alteration. The activation energy for dissolution of Fe and Ti increased with the
extent of alteration. The decrease in the rates of dissolution in naturally
weathered samples despite an increase in surface area (exemplified by the

behavior surface area normalized rate constant) was found to be directly related
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to the difficulty in acid leaching of the oxidized phases pseudorutile and

leucoxene. For the mechanically activated samples, the dissolution rates of both

Fe and Ti increased (activation energies decreased) significantly with time of

activation despite the partial oxidation of Fe™ to Fe™. The enhanced

dissolution of the mechanically activated ilmenite samples despite the partial

oxidation was attributed to the large concentration of defects introduced during

the activation process.

7.2 Suggestions for future work

The following future work on mechanical activation has to be carried

out in order to resolve the outstanding issues in this area:

1.

Effective dissolution kinetics of ilmenite was observed in mechanically
activated samples in a laboratory scale. However the dissolution studies
have to be carried out in a pilot scale and industrial scale to find out the

commercial feasibility of the present work.

The presence of minor phase constituents with ilmenite grains and their
transformation during milling has to be studied with high resolution
electron microscopy. The effect of these minor phase constituents on
dissolution characteristics of ilmenite has to be evolved out to develop a
better processing method.

The studies on mechano-chemical leaching of ilmenite ( i.e. wet milling
with acids) are to be carried out to investigate the extent of leaching at room

temperature milling.

The roasting of ilmenite samples should be carried out to enhance the
magnetic properties and dissolution characteristics of ilmenite samples. The
effect of low temperature roasting on mechanically activated ilmenite
samples has to be studied to appreciate the enhancement in magnetic

separation and dissolution kinetics of ilmenite samples. .

A part of the energy stored in the material gets relaxed with time. The

relaxation process of mechanically activated ilmenite samples has to be
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studied with time to find out the efficient period of energy storage in the

activated material.

6. Only part of the stored energy was been used to enhance the dissolution
kinetics of Fe and Ti in ilmenite samples. The investigation has to be
carried out to find out the actual fraction of stored energy used in reduction
of activation energy of dissolution process to develop efficient processing
method.

7. An attempt had been made to study the energy transferred to the material
and stored as various forms in the material subjected to mechanical
activation. The investigations on energetics has to be carried out in detail
and a theoretical model has to be developed to find out the actual energy
required for disordering of a crystal lattice, crystalline phase

transformations, amorphization and for various chemical reactions.
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