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ABSTRACT

The project undertook a systematic study of chlorination of titanium oxycarbide and
oxycarbonitride with the aim to develop further understanding of kinetics and mechanisms
of the chlorination reactions. The project studied titania, ilmenite ores, and synthetic rutile
reduced by carbon in argon and nitrogen and chlorinated at different temperatures, gas
flow rates and compositions. Chlorination of titanium sub-oxides, iron and impurities in

ilmenite was also examined.

Chlorination of titanium oxycarbide Ti(O,C) or oxycarbonitride Ti(O,C,N) can be
implemented at 200 to 400 °C, while the commercial chlorination process in production of
titanium metal or titania pigment requires 800 to 1100 °C. This makes chlorination of

Ti(O,C) or Ti(O,C,N) an attractive technology in processing of titanium minerals.

Carbothermal reduction process was implemented under argon or nitrogen atmosphere at
1450 °C with carbon to titania molar ratio from 1.5 to 4.5. Titanium oxides reduced in
argon were converted to Ti(O,C); reduction in nitrogen produced Ti(O,C,N). When
C/TiO, molar ratio was below 2.5, reduction of titania was incomplete; at C/TiO, ratio
above 2.5, the reduced sample contained unconsumed graphite. In the reduction of
ilmenite ores and synthetic rutile, main phases in the reduced sample were Ti(O,C) or
Ti(O,CN), metallic iron, graphite (for high C/TiO, molar ratio), and unreduced impurity

oxides.

Chlorination was studied in a transparent quartz tube placed in a horizontal electric furnace
in temperature programmed experiments with temperature ramping from 100 °C to 400 °C
at the rate of 3 °C-min" and isothermal experiments in the temperature range 200 °C to 500
°C. Titanium tetrachloride vapour was absorbed in two scrubbers containing hydrochloric
acid solution. The extent and kinetics of chlorination were determined by analysing

periodically concentration of liquid samples by using ICP-OES.

Chlorination reaction is strongly exothermal that increased the sample temperature up to
200 °C above the furnace temperature. The chlorination of Ti(O,C) or Ti(O,C,N) was

ignited at 150 °C to 200°C depending on the sample composition. Their chlorination at 235
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°C to 400 °C was close to completion in less than 30 min. Chlorination in isothermal
experiments with chlorine flow rate of 50 mIL-min" was affected by the reactant gas
starvation. It was avoided when the chlorine flow rate was above 100 mlL-min’.
Chlorination of Ti(O,C) at 235 °C to 400 °C was close to completion in 30 min. In
chlorination of Ti(O,C,N), close to completion reaction was achieved in 30 min at 235 °C,

25 min at 300 °C and 20 min at 400 °C.

The effect of gas flow rate in the range of 100 to 500 mL-min" was studied at 300 °C using
the Cl,-N, gas mixture with constant chlorine partial pressure of 50 kPa. The chlorination
rate of Ti(O,C) or Ti(O,C,N) increased with increasing gas flow rate. With 100 mL-min™
gas flow, the extent of chlorination after 30 min was 93 pct. The extent of chlorination of
Ti(O,C) was close to 100 pct after 30 min of reaction when the gas flow rate was 200
ml-min’ and above. Sample composition had a significant effect on the extent of
chlorination. The optimum results were obtained for Ti(O,C) or Ti(O,C,N) that was
produced with carbon to titania molar ratio of 2.5; these samples contained no detectable
excess carbon or unreduced titanium suboxides. Chlorination of these samples was close to
100 pct. Chlorination of titanium suboxides in incompletely reduced samples with low

C/TiO, ratio was slow and had low extent.

In chlorination of reduced ilmenite ores and synthetic rutile, Ti(O,C) or Ti(O,C,N), metallic
iron, and T1,0; were chlorinated. The rate and extent of chlorination of titanium increased
with increasing carbon to TiO, ratio. Chlorination of Ti,0; was slow relative to Ti(O,C) or
Ti(O,C,N) and iron; chlorination of impurity oxides such as MgO, SiO, and Al,O; was not

observed.

The project also examined chlorination of Ti(O,C) or Ti(O,C,N) in ilmenite ore and
synthetic rutile after removal of iron, which was achieved by aerated leaching of reduced
samples in heated flask containing 0.37 M of ammonium chloride solution. Iron removal

from the ilmenite ores or synthetic rutile resulted in higher rate and extent of chlorination

of Ti(O,C) or Ti(O,C,N).

The project showed that titanium, iron and chromium in ilmenites could be extracted and
chlorinated at low temperature. Crude products of volatile halides such as FeCl; (boiling

point 315 °C), TiCl, (boiling point 136 °C), and CrO,Cl, (boiling point 117 °C) can be
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refined by distillation. TiCl, produced from low temperature chlorination can be employed
in a novel process based on the continuous reduction of TiCl, with magnesium producing a

titanium powder developed by the Light Metals Flagship of CSIRO, Australia.
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CHAPTER 1. INTRODUCTION

Titanium, silver white metallic transition element of group IVB, is broadly used in
manufacturing of metallic items, as a pigment, photocatalyst with numerous applications
such as brick coating, water purification, or as photoelectrode for production of solar
hydrogen (under development). It is the ninth most abundant element in the earth's crust,
at approximately 0.62 pct, which is commonly occurred in nature as ilmenite, FeTiO;; rutile
(tetragonal TiO,), anatase (tetragonal Ti0O,), brookite (thombic TiO,); perovskite, CaTiO;;
sphene, CaTiSiOs; and geikielite, MgTiO; [Donachie, 1988; Froes, 2001; Barksdale, 1949].

Rutile and ilmenite represent a major feedstock for commercial purposes [Dooley, 1975].

The mineral rutile consists mainly of TiO, (90 to 98 pct) with low content of iron
impurities, while commercial ilmenite has between 35 to 65 pct TiO, with iron as the main
impurity [Froes, 1997]. Ilmenite can be utilised directly in some processes although it is
often beneficiated to synthetic rutile containing 85 to 96 pct TiO, by separating the
titanium from impurities. Rutile world reserves are limited. Ilmenite, however, is more
abundant and its world supplies are estimated to meet the world demand until twenty

second century [Froes, 1997].

Australian deposits of ilmenite ore are among the largest in the world [Svoboda and
Wilson, 1985]. Australia produces about 40 pct of the world’s ilmenite and 25 pct of the
rutile [Lyday, 1997]. Growth of titanium dioxide production with an average rate of 5 pct
stimulates further increase in utilisation of Australian titanium resources. Processing of raw
ilmenite to titanium dioxide pigment increases its value by over ten times [Anonymous,

1993].

Further potential increase in value of Australian titanium minerals is associated with
production of titanium metal. Titanium metal has superior properties — high strength, low
density, excellent corrosion resistance, extreme mechanical and thermal loading capacity
and other. In 2008, the global titanium minerals market was estimated at approximately 5.9
million metric ton of TiO, units. Pigment industry is by far the largest consumer of
titanium minerals with an estimated total world pigment production of approximately 4.7

million metric ton of TiO, [TZ Mineral International, 2009]. Titanium sponge production,




which is used mainly in the aerospace industry, as well as other industrial applications, was
estimated at approximately 175 thousand metric ton in 2008 [TZ Mineral International,
2009]; what is a negligible amount in comparison with other light metals — aluminium and
magnesium. The application of metallic titanium is limited by its high production cost.
Most titanium metal goes into the aerospace industry. New opportunities for the use of
titanium exist and will grow in automotive/transport sector, computer, chemical and
electrical industries, recreational market if the production of titanium becomes cheaper
[Department of Industry Science and Resources, 2001]. Radical technological advances are
needed to cut the production cost by half — an issue remaining unresolved for more than

fifty years.

A novel direct titanium extraction process termed as FFC Cambridge process, recently
developed by Fray, Farthing, and Chen has provided impetus to the titanium research
activity [Chen ez a/, 2000]. As a result, several processes that enable titanium production
directly from oxide such as: Ono Suzuki (OS) process, BHP Biliton Polar process,
Electronically Mediated Reaction/Molten Salt Electrolysis (EMR/MSE) process, Preform
Reduction Process (PRP), MER process, and MIR Chem process are under development
[EHK Technologies, 2004]. The detailed explanations are given in Section 8 2.1.

In general, most of direct reduction processes of titanium from its oxide has several
drawbacks such as: requirement of expensive high grade titania feed, difficulties in scaling
up to large quantity production, contamination of electrolyte which leads to low purity of

titanium metal product, and low current efficiency.

A novel process based on the continuous reduction of titanium tetrachloride with
magnesium, producing a titanium powder, has been developed by the Light Metals
Flagship of the Australian Commonwealth Scientific and Industrial Research Organisation
(CSIRO), Australia. Drawing on CSIRO's expertise in fluidised bed technology, researchers
have developed the TiRO process, which cuts the cost of titanium metal production. This
process enables the reaction to occur at a lower temperature and continuously in fluidised
bed. The process occurred between the melting point of magnesium (650 °C) and the
melting point of MgCl, (712 °C). The first step of this process is the reduction of TiCl, with
magnesium metal in a fluidised bed to produce fine titanium particles. The particles are co-

deposited with MgCl, in composite pellets that form in the bed. The second step is




separating the titanium from the MgCl,. A laboratory scale fluidised bed has been built and
operated continuously for up to 60 h with a production rate of 5 kg-day"' [Brooks ez a,
2007].

Currently commercial titanium metal production solely relies on chlorination of rutile and
reduction of titanium tetrachloride, TiCl,. Chlorination of TiO, in the presence of coke or
other reducing agents such as graphite or CO at temperature 800 to 1100 °C in a fluidised
bed, leads to intermediate product TiCl,, which is subsequently reduced to titanium metal
via Kroll (using magnesium) or Hunter process (using sodium). Alternatively, it is oxidised
at 1000 °C to produce chlorine and pure TiO, as paint filler [Barksdale, 1949]. The chlorine

is recycled at the chlorination step.

The reduction of TiCl, is a lengthy and expensive process. Nevertheless, this conventional
method has several beneficial features. The TiCl, is in the liquid state at ambient

temperature and it can be purified by distillation due to its high vapour pressure.

Impurities in natural or synthetic rutile are also chlorinated in the process of production of
titanium tetrachloride at 800-1100 °C. These impurities could condense and clog the
chlorinator [Dooley, 1975; Perkins ¢f al., 1961; Nieberlein, 1960]. Chlorination of impurities

increases wastes generation, energy consumption, and production cost.

Chlorination of titanium oxycarbide Ti(O,C) or oxycarbonitride Ti(O,C,N), can be
implemented at much lower temperature between 200 and 500 °C [Nieberlein, 1957,
Moster ¢t al., 1992; Van Vuuren and Stone, 2006; Smillie and Heydenrych, 1997]. In the low
temperature chlorination, impurities do not chlorinate or chlorinate very slowly [Kanari ez
al., 1999; Hitching and Kelly, 1982; Hunter ¢f a/, 1973]. This permits selective chlorination
of Ti(O,C) or Ti(O,C,N), decreases the chlorine consumption and waste generation, and
makes the whole technology of ilmenite processing more efficient and environmentally

friendly.

No detailed investigation of kinetics and mechanisms of chlorination of Ti(O,C) or
Ti(O,C,N) under different operational conditions was reported in the literature. This
project undertook a systematic study of chlorination of Ti(O,C) and Ti(O,C,N) with the

aim to develop further understanding of kinetics and mechanisms of chlorination process.




The project studied titania, ilmenite ores, and synthetic rutile reduced by carbon in argon
and nitrogen and chlorinated at different temperatures, gas flow rates and compositions.

Chlorination of titanium suboxides, iron and impurities in ilmenite was also examined.

The structure of dissertation is as follows. A survey of relevant literature is presented in
Chapter 2. The experimental equipments and procedures employed in the study are
described in Chapter 3. Chapter 4 and 5 presents results of chlorination of Ti(O,C) and
Ti(O,C,N) produced from the carbothermal reduction of titania in argon or nitrogen
atmosphere. Chlorination of reduced ilmenite ores and impurities are presented in Chapter

6. Finally, conclusions and suggestions for further work are presented in Chapter 7.




CHAPTER 2. LITERATURE SURVEY

The objective of this chapter is to provide a background on chlorination of titanium and its
compounds. This chapter starts with the development of titanium production technology.
It presents thermodynamics, kinetics and mechanisms of chlorination reactions and factors

that influence the chlorination process.

2.1. Titanium Production Technology

2.1.1. Current Production Technology

Commercial titanium metal production relies on chlorination of rutile and reduction of
titanium tetrachloride, TiCl,. As titanium metal has high affinity for oxygen, the reduction
of titanium dioxide is not feasible as it requires high temperatures [Stwertka, 1998].
Titanium is therefore produced by chlorination of TiO, in the presence of coke or other
reducing agents such as graphite or CO at temperature 800 °C to 1100 °C in a fluidised bed.
This leads to intermediate product TiCl,, which is subsequently reduced to titanium metal
via Kroll process (by using magnesium metal) or Hunter process (by using sodium metal).
Alternatively, it can be oxidised at 1000 °C to produce chlorine and titanium dioxide
pigment [Barksdale, 1949]. Almost 94 pct of all titanium minerals are processed to titania

pigment [Froes, 2001].

2.1.1.1. Ores Refining

Ilmenite ore can be utilised for chlorination process although it is often beneficiated to
synthetic rutile containing 85 to 96 pct TiO, by separating the titanium from impurities.
Rutile wotld reserves are limited, ilmenite on the other hand is more abundant and its
wortld supplies are estimated to meet the world demand until twenty second century [Froes,
2001]. The content of TiO, in the ores determines further processing steps. High grade
ores such as rutile or synthetic rutile is refined to pigment-grade TiO, by chlorination,

while lower grade ores are processed by the sulphate process [Froes, 2001].

At the present time, the main commercial routes for upgrading ilmenite into synthetic rutile
are selective acid leaching (commonly known as a sulphate process), magnetic separation,

selective chlorination with or without a reducing agent, or preferential reduction of iron in




the liquid or solid state and its removal into a metallic phase or by leaching [Froes, 2001;
Van Deventer, 1998; Walker, 1967; Barksdale, 1949; Dooley, 1975; Town and Sanders,
1961; Graham, 1974; Becher e al, 1965; Walpole and Winter, 2002; Verhulst ez 4/, 2002].
Ilmenite ores containing 50 to 60 pct of TiO, content is beneficiated by partial reduction,

then leached with sulphuric or hydrochloric acid to yield synthetic rutile [Froes, 2001].

2.1.1.2. Sulphate Process
In the sulphate process, ilmenite ores are treated with sulphuric acid at temperature 150 to
180 °C [Froes, 2001]:

5 H,0 + FeTiO, + 2 H,SO,;, = FeSO,.7H,0O , + TiIOSO, 4 2-1)
The precipitated FeSO,.7H,O is filtered and titanyl sulphate is hydrolysed at 90 °C to form
insoluble titanyl hydroxide, TiO(OH), and sulphuric acid. TIO(OH), is then washed and
calcined at 1000 °C to form TiO, [Froes, 2001].

2.1.1.3. Chloride Process
In the chlorination process, a high grade of titanium oxide ore is chlorinated in a fluidised
bed reactor in the presence of coke at 800 to 1100 °C:

TiOyy +2C  +2Cly, =2COy, + TiCl,,  AG® g = -344.561 k] (2-2)
The non-volatile halides and unreacted solids are removed from volatile halides. TiCl, is
separated from the other halides by double distillation [Weast, 1982]. Vanadium
oxychloride, VOCL,, which has a boiling point close to TiCl,, is separated by complexing
with mineral oil or copper, or reducing with H,S to VOCI,. The TiCl, is finally oxidized at
985°C to TiO, and the chlorine gas is recycled [Haddeland and Morikawa, 1978; Minkler
and Baroch, 1981]

With the stringent environmental control, chloride process is more favoured because it
produces less waste. The sulphate process generates approximately six metric tonnes of
waste per metric tonne of TiO,; whereas only one metric tonne of waste is produced
through the chloride process [Slatnick, 1994]. The chlorination process, commercialised by
Du Pont in the early 1960s, produces a better quality pigment, requires less processing
energy than the sulphate process (1800 kWh-t' compared to 2500 kWh-t"), and has less
waste discharge [Haddeland and Morikawa, 1978; Anonymous, 1975]. However, the
chloride process is unsuitable for direct processing of ilmenite ores. The impurities in

ilmenites such as MgO and CaO can clog the chlorinator and cause high pressure drop




[Froes, 2001]. This condition could terminate the flow of fluid through the column, thereby

collapsing the fluidised bed.

2.1.1.4. Commercial Process for TiCl, Reduction

In the 1990s and until these day, nearly all sponge titanium has been produced by the
magnesium reduction process (commonly known as Kroll process), which is described by
the following [Froes, 2001]:

TiCl,, + 2 Mg, = Ti, + 2MgCly,  AG ) 4c = -301 kJ (2-3)

The distilled TiCl, vapour is metered into a carbon-steel reaction vessel that contains liquid
magnesium. An excess of 25 pct magnesium over the stoichiometric amount ensures that
the lower chlorides of titanium (TiCl, and TiCl;) are reduced to metal. The highly
exothermic reaction is controlled by the feed rate of TiCl, at temperature approximately
900°C. The reaction atmosphere is helium or argon. Molten magnesium chloride is tapped
from the reactor bottom and recycled using conventional magnesium-reduction methods
[Froes, 2001]. The production is in batches up to 10 metric tons of titanium. The product
is further processed to remove unreacted titanium chlorides, magnesium, and residual
magnesium chlorides. These impurities are removed by acid leaching, vacuum distillation at
960 to 1020 ‘C, or the argon sweep at 1000°C used by the Oregon Metallurgical Plant
[Froes, 2001]. After purification, the titanium sponge is crushed, screened, dried, and
placed in air-tight containers. The energy required to convert TiCl, to sponge by the
leaching route was reported to be 37 kWh per kg of sponge [Anonymous, 1975]; while
energy consumption using vacuum distillation was approaching 15 kWh per kg of sponge

[Tkeshima, 1984].

2.1.1.5. Emerging Direct Reduction Technologies of Titanium from Its Oxide

A novel FFC Cambridge process for titanium metal production has been developed by
Fray, Farthing, and Chen [Chen ez a4/, 2000]. In the FFC Cambridge process, metallic
titanium is produced by electrochemical reduction of titania. TiO, cathode is immersed into
a molten CaCl, electrolyte with a graphite anode. It was estimated that industrial titanium
production using this method would cost one-third of that using the Kroll process
[Freemantle, 2000]. A schematic diagram of experimental setup for FFC Cambridge
process is shown in Figure 2.1 (a). Chen, ¢ a/. (2000) reported that the removal of a small
amount of oxygen from electrically insulating rutile produced a highly conducting Magnelli

phase (TiO,,). The electrolysis process removes the oxygen from the cathode where it




dissolves in the electrolyte and is then removed as O,, CO or CO, at the anode. The
duration of the process is between 24 to 48 hours with resulting oxygen level below 1000
ppm and nitrogen of 5 to 20 ppm [Chen, ez 4/, 2000]. The simultaneous reduction of
several oxides allowed production of an alloy and intermetallic compound such as: Ti-6Al-
4V, TiAl, NbTi, and NiTi [EHK Technologies, 2004]. This process, however, has several
disadvantages. The long processes, the cost of manufacture of TiO, electrode, purity
control of titanium are the limitations for this process [EHK Technologies, 2004; Takeda
and Okabe, 2005].

A number of technologies for direct titanium production from oxide are also under
development, including Ono Suzuki (OS) process, BHP Biliton Polar process,
Electronically Mediated Reaction/Molten Salt Electrolysis (EMR/MSE) process, Preform
Reduction Process (PRP), MER process, and MIR Chem process [EHK Technologies,
2004.

In OS process (Figure 2.1 (b)), TiO, is reduced calciothermicaly in Ca-CaO-CaCl, solution
baths. The reductant calcium is produced by the electrolysis of molten CaCl, salt. Titania
powder is supplied to the molten CaCl, salt, and TiO, is reduced by calcium. Ca™ is
reduced to Ca at the cathode and oxygen is produced at the anode, combining with carbon
to form CO or CO, [Suzuki and Inoue, 2003]. It was found that when TiO, particles are in
contact with the cathode, low oxygen content in titanium could be achieved, whereas if the
particles are electrically isolated, only sub-oxides are produced. This is attributed to the
high concentration of Ca on the cathode. As low as 2000 ppm of oxygen was achieved in 3
hours and 420 ppm in 24 hours [Suzuki and Inoue, 2003]. Although the production of
titanium with low content of oxygen in reasonable times and moderate cost with this
process appears feasible, the separation of the titanium product from the bath constituents
and purification to very low chloride level is still to be addressed. Calcium is soluble in
molten CaCl,, which increases electrical conductivity of the melt. This however, decreases

the current efficiency of the process.




Figure 2.1. Schematic diagram of: ( 2)) FFC Cambridge process [Chen ez al., 2000],
( ) OS process [Suzuki and Inoue, 2003], ( ¢ ) BHP Biliton Polar process [BHP
Biliton, 2005], ( d ) EMR/MSE process [Abiko et al, 2003], ( e ) PRP process
[Okabe er al., 2003], ( £) MER process [Withers and Loutfy, 2003]




BHP Biliton Polar process (Figure 2.1 (¢)) is claimed to work in the same way as the OS

process where CaCl, is reduced to calcium which acts as a reductant. Its pilot plant has a

capacity of producing 2 kg-day”’ of titanium [BHP Biliton, 2005]. As reduction reactions
proceed, the titania progressively attains final product specifications, moving through a

setries of transitions to titanium metal.

The EMR/MSE process utilises an electronically mediated reaction in the metallothermic
reduction. A schematic diagram of experimental setup for EMR/MSE process is shown in
Figure 2.1 (d). Titania powder or a preform is placed in a holder. An alloy of calcium with
18 mass pct of nickel is placed on the bottom of the reactor with carbon as the anode. This
forms an electrochemical cell between TiO, cathode and Ca alloy. During this stage, TiO,
is reduced and Ca ions are formed. With duration 2 to 4 hours, titanium was produced
with impurity levels on the order of 0.15 to 0.2 wt pct Ca, 0.2 to 0.5 wt pct Fe, 0.04 to 0.16
wt pct Ni and 0.35 to 0.65 wt pct O,. The overall reaction of the FFC, OS, and EMR/MSE

processes are identical.

In PRP process (Figure 2.1 (€)), TiO, and a flux of either CaO or CaCl, are formed into a
pre-form and held with minimal contact in the space above a bath of molten Ca metal.
The Ca metal vapour reacts with titania, forming Ti and CaO. Leaching and washing of the
product produces titanium with oxygen content on the order of 2800 ppm. This process is
essentially resistant to contamination and has flexible scalability since it is based on the

metallothermic reduction using metal vapour.

In MER process (Figure 2.1 ( £)), titania powder is mixed with carbonaceous material and
binder, moulded into electrode form and heat treated to form a composite anode. Ilmenite
can be used for iron containing alloys if the other impurities are tolerated. The composite
anode contains a reduced TiO, as titanium oxycarbide. Ti" ions are released into the
electrolyte, are further reduced and deposit as solid titanium on the cathode. Both CO and
CO, are released at the anode. The form of titanium deposit is determined by salt
composition and operating conditions. Powder with particle size from 1 to 125 pUm has

been produced.
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In MIR-Chem process, TiO, is reacted with I, and CO gas forming Til, and CO,. In the
formation of Til,, the process time is on the order of four days. Following this reaction,

Til, is thermally dissociated to titanium metal and I, and the iodine is recycled.

In general, most of direct reduction processes of titanium from its oxide has several
drawbacks such as requirement of expensive high grade titania feed, difficulties in scaling
up to large quantity production, contamination of electrolyte which leads to low purity of

titanium metal product, and low current efficiency.

2.1.1.6. Emerging Reduction Technologies of Titanium from TiCl,

A number of technologies that use TiCl, as a feedstock have also been under development,
including Armstrong/International Titanium Powder process, SRI International process,
Idaho Titanium Technologies process, Vartech, CSIR, Ginatta, and CSIRO TiRO process
[EHK Technologies, 2004; Brooks ez al., 2007].

In Armstrong/International Titanium Powder process, titanium metal is produced by the
reduction of TiCl, with sodium. Liquid sodium is pumped through a cylindrical chamber
containing a centreline second tube. TiCl, vapour is injected into the sodium stream
through this nozzle. Reaction occurs immediately downstream with titanium powder being
carried out in the excess sodium stream. Titanium, sodium, and sodium chloride are
separated by filtration, distillation and washing. The powder produced has a purity level
near to that of commercially pure Grade 1, including chlorine content of less than 50 ppm.
The pilot plant with a full-scale reactor has achieved oxygen levels less than 1000ppm
[EHK Technologies, 2004].

SRI International process utilises a high temperature fluidised bed to convert TiCl, and
other metal chlorides to titanium or alloy that is deposited on a particulate substrate of the
same material. This substrate is produced by crushing about 1 pct of the product to a
smaller size and feeding back into the reactor. The feasibility of the alloy production has

been demonstrated [EHK Technologies, 2004].

Idaho Titanium Technologies, Vartech, and CSIR process involves the thermal dissociation
and reduction of TiCl, by hydrogen gas. It passes TiCl, through an electric arc in a vacuum

chamber, which heats the vapour to over 3727 °C forming a plasma. A stream of

11



hydrogen carries the gas through the nozzle, where it expands and cools. The combined
effect of rapid cooling (quenching), the reducing effect of hydrogen, and the formation of
hydrochloric acid, prevent reversal reaction of titanium and chlorine. A very fine hydride

powder is produced [EHK Technologies, 2004].

The Ginatta process utilises electrolytic process in which TiCl, vapour is injected into a
molten halide electrolyte where it is absorbed. A multilayer cathodic interphase separates
the molten titanium cathode from the electrolyte. This multilayer phase consists of ions of
potassium, calcium, titanium, chlorine, and fluorine. The technology allows liquid titanium

to be tapped continuously from the reaction vessel into a separate chamber [EHK

Technologies, 2004].

A novel process based on the continuous reduction of titanium tetrachloride with
magnesium, producing a titanium powder, has been developed by the Light Metals
Flagship of the Australian Commonwealth Scientific and Industrial Research Organisation
(CSIRO), Australia. Drawing on CSIRO's expertise in fluidised bed technology, researchers
have developed the TiRO process, which cuts the cost of titanium metal production. This
process enables the reaction to occur at a lower temperature (650-712 °C) and continuously
in fluidised bed. The process occurred between the melting point of magnesium (650 °C)
and the melting point of MgCl, (712 °C). The first step of this process is the reduction of
TiCl, with magnesium metal in a fluidised bed to produce fine titanium particles. The
particles are co-deposited with MgCl, in composite pellets that form in the bed. The
second step is separating the titanium from the MgCl,. A laboratory scale fluidised bed has
been built and operated continuously for up to 60 h with a production rate of 5 kg-day"

[Brooks ez al., 2007].

Currently commercial titanium metal production solely relies on carbochlorination of rutile
and reduction of titanium tetrachloride. Chlorination of TiO, in the presence of coke or
other reducing agents such as graphite or CO at temperature 800 to 1100 °C in a fluidised
bed, leads to intermediate product TiCl,, which is subsequently reduced to titanium metal
via Kroll (using magnesium) or Hunter process (using sodium). At these temperatures
impurities are also chlorinated. Chlorination of titanium oxycarbide Ti(O,C) or

oxycarbonitride Ti(O,C,N), can be implemented at much lower temperature in the range
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200 to 400 °C. At these temperatures, impurities do not chlorinate or chlorinate slowly

[Kanari ez al., 1999; Hitching and Kelly, 1982; Hunter ez a/., 1973].

2.2. Thermodynamics and Kinetics of Chlorination Reactions

When a metal oxide exposed to an atmosphere with a sufficient chlorine partial pressure at
elevated temperature, the metal reacts producing a metal chloride [Manukyan and

Martirosyan, 2003].

Xz y
Me O+ 7 Cloy = ¥ MeClyy + 5 Oy (2-4)

where x; y are the stoichiometric coefficients, and g is the valence of the metal, Me.

In order to promote further reaction, oxygen must be continuously removed as soon as it is
formed. This can be achieved by adding reductant carbon to the reaction mixture
[Manukyan, Martirosyan, 2003]. When carbon is employed, the oxygen is removed as CO,

or CO depending on the temperature of the reaction.

Xz B y
MeXOy@ + ? Clz&) — XMCCIZ(S’LQ + E 02®
c.+20, =yCO 25
J L 2 20 —J ©® (2-5)
Xz B
MOy + =~ Clyy + C = ¥ MeCly, + CO,, 2-6)

The most common chlorinating agents for rutile or ilmenite in industrial application are Cl,
and HCl [Kanari e al., 1999; Habashi, 1986]. The other possibilities include COCI,, CCl,,
hexachloroethane and trichloroethylene that are produced in methane chlorination
processes, as well as some by-products of processes for the synthesis of chloroprene and

chloroparaffins [Lavecchia ez a/., 1993].

Chlorination processes for extraction of valuable metals from mineral ores generally
divided into: (@) Direct chlorination in which all the components of the ore are chlorinated
and then separated in the gaseous state. In this process, most impurities are also
chlorinated. (b) Selective chlorination in which only one or more components of the ore are
chlorinated based upon the different forming affinity, leaving behind an enriched metal
residue [Habashi, 1986]. Selective chlorination process is considered to be more

economical and environmental friendly given that it operates at lower temperature,

13



produces less waste, and further separations of its gaseous products are generally not
necessary. Attempts have been made to suppress the total chlorination by adding a
controlled amount of reducing agents, by proper choice of a chlorinating gas, or by

operating at specific temperature [Athavale and Altekar, 1971].

Nowak (1969) patented a process for extractive metallurgy based on chlorine affinity series
tabulated in Table 2.1. This process involved chlorination of metal oxide using other metal
chloride with lower affinity for chlorine. Nowak used SiCl, to purify ore of Fe,O; by

converting Fe,O; to FeCls; he also studied reaction of SiCl, with alumina.

Table 2.1. Comparison of chloride forming affinity for various metal elements at

600-1300°C [Nowak, 1969”; Medynski, 1976™]*

1300 °C > | 950 °C "’ | 800 °C > | 600 °C **’
Pb Ca Cu Cu
Zn Cu Zn Ca
Co Pb Co Pb
N1 Zn Sn Zn
Sn Mn Ni Mn
Fe Bi Fe Bi
Ti Ni Ti Ni
Ge Fe Ge Mg
Al Sn Al Sn
Si Mg Si Fe

Ti S Cr
P Cr Zx
Zx P Ti
Al Al

* The elements are listed in order of decreasing chloride affinity

Figure 2.2 and Table 2.2 show standard Gibbs free energy and enthalpy changes of
various reactions as functions of temperature. The Gibbs free energy change itself does not
give an indication for the reaction rate, as it is strongly dependent on the kinetic factors. It
is quite common that chlorination reactions are thermodynamically feasible at low

temperatures; the chlorination temperature is dictated by the kinetics of the reaction. This
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is seen for carbochlorination of TiO,; the Gibbs free energy change of the chlorination
reaction is negative even at 0 °C (Figure 2.2); however, TiO, carbochlorination

temperature is above 800 °C.
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Figure 2.2. Standard free energy and enthalpy changes of various reactions as a

function of temperature [Patel and Jere, 1960]
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Table 2.2. Standard Gibbs free energy change and enthalpy change for various

chlorination reactions [Patel and Jere, 1960]

AG$=(AH _aTInT -2y +£+ITJ><4184 k]
2 2T
AH? = (AH 0 1 paT + 2072 ACJ 4.184 K
2 T
Ab Calculated Range
Na. Reaction AHY A 7 %10 Aex10” | of Temperature °K
A) Chiorine as chlorinating agent
a) Carbon (graphite) as reducing agent
1) 3/2Ti0,(c)+3CL, (5)+3/2C=3/2TiCL (g) +3/2C0, (g) -73989  —-5.57  +0.735  -5.115 63.57 573 to 873
D 3/27Ti0,(c)+3CL (g)+3C = 3/2 TiCl, (g)+3C0 (g) 9720 S0 008 -10995 -140,8 sbove 873
3)  2Fe0(e)+3CL, ()+C = Fe,C1, () +CO, (g) 122079 -10.77  -LM4 -2.86 ~59.7 573 to 873
4)  2Fe0(c)+3CL (g)+2C = Fe,Cl, (5)+2C0(g) 0179 1184 -L75 -5.78 -111.6 873 to 1273
5)  2Fe0(e)+3CL (g)+2C = IFeCl, (g)+2C0(g) 4707% 984 -L75 478 -1511 above 873
5A)  2Fe0(c)+3C, (g)+C=2FeCl, (g)+CO, (g) 89975 877 -Lu4 -2.86 -99.17 873 to 1273
%) 3Fe0(c)+3CL, (£)+3C = 3FeCl, (g)+3C0(g) 829 21353 -8 0,15 -181.1 1323 to 1773
) Fe,0,(c)+3CL (g)+3/2C=Fe,Cl, (g)+3/2CO, g) 99181 751 105 6364 -T401 573 to 873
8)  Fe,0,(c)+3CL (g)+3C=Fe,Cl () +3C0(g) 912 901 807 -2 1512 873 to 1273
9 Fe,0(c)+3CL (g) +3C = 2FeCl, (gh 3CO(g) -2808 AL 817 <1224 -1906 above §73
98)  Fe,0,(c)+3CL (g) +3/2C= 2FeCl, (g) +3/2C0, g) 67077 <551 1055 -6364 -1135 873 to 1273
410)  3/2Fe,0,(c)+3CL (5)+9;20=3Fe01,(gj+ 9/2C0(5) 65571 943 -122 -17.346 <2405 1323 to 1773
b) Sulfur as reducing agent
1) 3/2Ti0(c)+3CL(g)+3/45,(g)=3/2TiCL(g)+3/250,(g) 63432 -5.09 1.68 -3.488 -31.86 673 to 1273
12)  2Fe0(e)+3CL (g)+ 1/28, (g) =Fe,Cl, (g)+50, (g) (14818 1L 0] LTS 4382 673 to 1273
13)  Fe,0,(c)+3CL (g)+3/45,(g)=Fe,Cl, () +3/250,(5)  -88326 803 631 473 4896 673 t0 1273
c) CO(g) as reducing agent
4)  3/2Ti0,(e)+3CL, (g)+3C0 ()=3/2TiCL () +3C0, () -138414 -39  +L65 0765 414.9 673 to 873
15)  Fe,0,(c)+3CL(g) +3C0(e)= Fe,Cl, (1)+3C0, (g) -163606 <59 6.3 -0.484 .54 673 to 873
B) COCI,(g) s Chlorinating agent
16)  3/2Ti0,(c)+3COCL, (5)=3/2TiCL, () +3C0, (g) 59690 066  +3.21 #4135 5508 673 to 873
17)  Fe,0,(c)+3COCL (g) = Fe,Cl, (¢)+3C0,(g) 84883 26 478 +1.88  -p5.48 673 to 873
C) CCl,(g) as Chlorinating agent
18)  3/2Ti0,{c)+3/2CCl,(g) = 3/2TiCl, ()+3/2C0, (g) -34877 -1.97 =014 =5.325 -131.6 673 to 873
19)  Fe,0,()+3/2CCL (g) = Fe,Cl, () +3/2€0, (g) 50068 -9.91 8135 6574 -1420 673 to 873

*lypothetical, FeCl, (g) as ﬁmduct of teaction.
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2.2.1. Chlorination of TiO,
Chlorination of titania (which is a refined form of rutile) is exothermic reaction; it has been
intensively investigated in the high temperature range of 800 to 1500 °C [Rao, 1988;
Habashi, 1986; Froes, 2001]. At temperature below 800 °C, the rate of the chlorination
reaction was found to be too slow [Medynski, 1956]. The standard Gibbs free energy
change, AG” at temperature 1000 °C indicates that chlorination of TiO, in Reaction (2-7) is
not thermodynamically feasible without the addition of a reducing agent such as carbon
shown in Reaction (2-8):

TiO, + 2 Cl,, = TiCl,, + O, AG® 50 = 89.540 kJ 2-7)

TiO,, + 2 Cl, + 2 C =TiCl,, + 2CO,  AG’jc = -344.561 k] (2-8)
In the absence of carbon, Zverev and Barsukova (1960) reported that the reaction started
at 800 °C only with continuous removal of gaseous products. Rapid reaction was observed
at 1200 °C [Zverev and Barsukova, 1960]. Introducing a reducing agent as in the case of
Reaction (2-7), will reduce oxygen potential favouring chloride formation, prevent the
reversal reaction, and reduce initiation reaction temperatures and energy consumption
[Barksdale, 1949; Gamboa et al, 1999]. Zverev and Barsukova (1960) reported that

carbochlorination of titania was initiated at 500 °C and achieved rapid reaction at 700 °C.

Jena ez al. (1998) studied kinetics of carbochlorination of TiO, using graphite powder in the
temperature range of 500 °C to 1000 °C. In this temperature range, Jena e al. (1998)
suggested that of the reaction of TiO, chlorination followed a topochemical reaction
model, 1-(1-0)"”* = kt. He presented the chlorination reaction at temperature below 700 °C
by equation 2-9 [Jena 7 al., 1998; Chase, 1998]:

TiO,, + Cy + 2 Cl,, = TiCl,, + CO,, AGc = -262.607 k] 2-9)

(@) (b)
Figure 2.3 Phase stability diagram for Ti-O-Cl at (a) 500 °C and (b) 900°C
[Kubaschewski er al., 1993]
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Based on the kinetic results and phase stability diagram for Ti-O-Cl shown in Figure 2.3,
Jena et al. (1998) suggested that Reaction (2-9) could proceed through the following
reactions [Jena ez al, 1998; Chase, 1998]:

TiO,+ Cy + Clyy, — TiCl,, + COyy AG° e = 18.102K] (2-10)
TiCly, + 0.5 Cly, — TiCly AG°40 = -161.150 k] 2-11)
TiCly, + 0.5 Cl,, — TiCl, AG® o = -119.559 K] (2-12)

At 500 to 600 °C, Jena ez al. (1998) suggested that Reaction (2-10) is the rate-controlling
step. However, the standard Gibbs free energy change for Reaction (2-10) shows that the
formation of TiCl, is not favourable at 500 °C. The boiling points of intermediate chlorides
are also high (1500 °C and 960 °C for TiCl, and TiCl,, respectively) and may not be easily
removed by flowing gas as previously suggested by Jena ef a/ (1998). This could indicate
that chlorination of titania could proceed only through Reaction (2-8) without the

formation of intermediates TiCl, and TiCl,.

Noda (1955) investigated the carbochlorination of rutile briquettes using solid carbon. He
discovered that the reaction is a first order surface reaction that depends heavily on
chlorine concentration. The rate determining factors are the chemical reaction at

temperature under 900 °C and the laminar film diffusion above this temperature.

Lin and Chiu (1988) studied kinetics of carbochlorination of rutile pellet using petroleum
coke, amorphous graphite, and crystallised graphite in the temperature range 655 °C to
1130 °C. It was found that the chlorination rate was increased by increasing reaction

temperature, carbon to TiO, molar ratio, and increasing chlorine partial pressure.

Morris and Jensen (1976) investigated carbochlorination of rutile using CO and carbon
using fluidised bed. They found that temperature has appreciable influence on the reaction
rate. CO and Cl, partial pressures also affect the rate. Fluidising gas velocity and the bed

height have small effect on the reaction rate.

2.2.2. Chlorination of Ilmenite

Perkins ez al. (1961) investigated carbochlorination of Idaho ilmenite ore in a moving bed at
temperature 1000 °C. They found that when ilmenite ores with high iron contents are
chlorinated, the following additional reactions become significant [Perkins ez a/., 1961]:

2 FeO,, + Cy + 2 Cly, = 2 FeCl,, + CO,, (2-13)
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For temperature below 1000 °C, the reactions favoured the formation of ferric chloride
[Perkins ez al., 1961]:

2FeOy + Cy + 3 Cly, =2 FeCly, + CO,, (2-14)
Kanari et al. (1999) studied carbochlorination of wistite and hematite with CO by
thermogravimetric analysis using non-isothermal conditions up to 1000 °C. The wistite
started to react with CO and Cl, at temperature lower than 250 °C, producing ferric
chloride and hematite (wistite reacting with ferric chloride formed ferrous chloride and
hematite; ferrous chloride then reacted with chlorine to form ferric chloride).
Carbochlorination of hematite began at temperature of 550 °C with ferric chloride as main
product. Kanari ez al. (1999) observations were corroborated by the work of Okahara and

Iwasaki (1970) and Fruehan and Martonik (1973).

Fruehan and Martonik (1973) investigated chlorination of Fe,O,, NiO, and NiFe,O, at 800
°C to 1200 °C. They indicated that chlorination of Fe,O; leads to several products such as

FeCl,, Fe,Cly , , and FeCl; . For the temperature range in their investigations, formation

92
of FeCl, is thermodynamically most favoured thermodynamically [Fruehan and Martonik,
1973]. At temperature higher than 414 °C, FeCl; decomposes with formation of FeCl,
[Patel and Jere, 1960]. FeCl, has melting point of 674 °C and boils at 1024 °C [Aylward and
Findlay, 1994]. Thus, the FeCl, presence in the state of liquid in the reactor can cause a

collapse of the fluid bed. The boiling point of FeCl; is 315 °C, lower than that of FeCl,.

The solid impurities formed in the condensate when ilmenite is directly chlorinated may be
as much as 50 pct by weight [Perkins ez a/, 1961]. Therefore TiCl,-FeCl, mixture is not
fluid and cannot be handled by conventional condensing systems, thus either a trap for
FeCl,, or a special condensing system is necessary. With the differences in the boiling point
between TiCl, and impurities, distillation is generally used for purification of TiCl,. Figure
2.4 and Figure 2.5 present vapour pressure and boiling temperatures of common
impurities of halides, respectively. The volatility of the halides and the difference in their

vapour pressure can be employed in separating the halides.
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Boiling Temperature, °C

Figure 2.4. Vapour pressure of common impurities of halides [Gupta, 2003]
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Figure 2.5. Boiling temperature of common impurities of halides [Aylward and

Findlay, 1994]
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Impurities such as manganese oxide, silica, and alumina were carbochlorinated.
Carbochlorination of MnO was reported to start at 250 °C, Si0, at 1200 °C, and AL,O; was
reported to start at 800 °C. [Zverev and Barsukova, 1960; Titi-Manyaka and Iwasaki, 1973].

3 MnO,, + 1.5 C, + 3 Cly, = 3 MaCl,, + 1.5 CO,, (2-15)
1.5 S0, + 1.5 C, + 3 Cl, = 1.5 SiCl,, + 1.5 CO,, (2-16)
ALO,, + 1.5 C + 3 Cl,, = 2 AICL, + 1.5 CO,, 2-17)

At temperature of 1000 °C during carbochlorination of TiO,, the presence of TiCl, vapour

could further chlorinate other impurities that have higher chlorine affinity as indicated by
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Noda (1950), Habashi (1986), and Nowak (1969). The ignition temperatures for Reactions

(2-18) to (2-21), however were not reported.

2 FeO,, + TiCl,, = 2 FeCly, + TiO, (2-18)
2/3 Fe, Oy, + TiCl,, = 4/3 FeCly, + TiO, (2-19)
2 MnO,, + TiCl,, = 2 MnCl,, + TiO, (2-20)
2 CaO,, + TiCly, = 2 CaCly, + TiO,, (2-21)

The AICL, and SiCl, formed from AlL,O, and SiO, are able to chlorinate TiO, and other
impurities that have higher chloride affinity. However, the content of these chlorides at
temperatures of titania chlorination is small and these reactions have no practical
significance. Constant removal of gaseous products from the reactor also ruled out the

possibilities of chlorination of impurities by TiCl,, AICl,, or SiCl,.

2.2.3. Selective Chlorination of Ilmenite
Selective chlorination is a process in which one or more components of the ore are
chlorinated leaving behind an enriched metal residue. In iron selective chlorination, iron is

extracted as volatile iron chlorides leaving behind enriched TiO, residues.

Titanium can be also selectively chlorinated from ilmenite. However, this requires two
steps process which involves carbothermic reduction followed by low temperature
chlorination. Selective chlorination which is generally employed in ilmenite beneficiation,
has been extensively studied. Smillie ez 2/ (1997) investigated process developed for
selective chlorination of low-grade titanium-containing ores. The ore is first subjected to
carbothermal reduction under nitrogen in which the titanium oxide is converted to
carbonitride. Titanium carbonitride chlorinates at much lower temperature of 350 °C. At
this temperature, the other oxides are not reactive and therefore a relatively pure titanium
tetrachloride product can be obtained. A study of chlorination of ilmenite in this project

does not support this finding.

Mostert et al. (1992) and Van Vuuren and Stone (2006) developed processing of titanium
minerals using reduction and nitridation of titanium oxides. Titanium oxide in titanium
ores and slags can be nitrided at temperatures of 1000 to 1800 °C. Optimal chlorination
temperature was found between 200 and 500 °C. At these temperatures, Van Vuuren and
Stone (2006) had indicated that only the reduced metal oxides such as titanium, iron, and

vanadium were selectively chlorinated leaving residues of CaO, MgO, SiO, and Al O;.
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Brandstatter (1985) developed a technology, in which titanium in ilmenite ore and slag was
carburised at 1700-2000 °C. The process described by Nanjo ef a/. (1988) is similar to that
suggested by Brandstatter (1985), but used anatase as a raw material and lower
carburisation temperature (1200-1300°C). Anatase is one of the three mineral forms of
titanium dioxide, the other two being brookite and rutile [Donachie, 1988; Froes, 2001;
Barksdale, 1949]. Iron or iron carbide formed during the carbothermal reduction were
separated from titanium carbide by crushing and magnetic separation [Brandstatter, 1985;
Nanjo ¢t al, 1988]. Brandstatter (1985) and Nanjo (1988) found that the chlorination
temperature was 200 to 500 °C. The process described by Brandstatter (1985), carburised
ilmenite ore at much higher temperature than the work in this project, which was at 1450

OC.

Rhee and Sohn (19904, 1990¢) investigated the kinetics of selective chlorination of ilmenite
ore in a fluidised bed by CO-Cl, gas mixture in the temperature range 650 °C to 850 °C.
The experiments were conducted in a shallow fluidised bed to minimise heat and mass
transfer resistance. For selective chlorination of iron, they suggested that the partial
pressure of oxygen should be in the range 107 to 10~ atm while the chlorine partial
pressure in the range of 107 to 1 atm. This could be achieved by using high chlorine flow
rate or by vacuum treatment. The reaction mechanism for selective chlorination of iron
from ilmenite ore was represented by [Rhee and Sohn, 19904]:
6 FeTiO; + Cly, + 2 (FeCl;) — 4 FeCly + 2 Fe,O5 + 6 TiO, (2-22)
2 Fe,05 + 3 Cl,, + 2 (FeCly) — 6 FeCl, + 3 O, (2-23)
FeCly, + 0.5 Cl,, — FeCly, (2-24)
Oy +2 COy — 2CO,, (2-25)
Fouga et al. (2007) also proposed a mechanism of selective iron or manganese chlorination
of ilmenite ores based on thermogravimetric analysis at 600 °C to 850 °C. It is described by
Reactions (2-26) to (2-29). Unlike Rhee and Sohn (19904), their reaction mechanism did

not take into account the effect of ferric chloride on chlorination of ilmenite.

3(Fe,Mn)TiO; , + Cl,, — [ FeCl, , , MnCl, | + Fe,Ti,0, (2-26)
FeCl, ,, + 0.5 Cl, , — FeCl, (2-27)
Fe,Ti;0, , — 3 TiO, ,, + Fe, 0 (2-28)
Fe, 0, + 3 Cl,, — 2FeCly, + 1.5 0, (2-29)
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Kelley ¢ al. (1954) showed that ilmenite is stable even up to its melting point (1367 °C) and
does not decompose into constituent oxides. Most of the reaction products of chlorination
of ilmenite in the presence of reducing agents will be in equilibrium with their dissociation

products depending on the temperature.

The experimental work by Rhee and Sohn (19904) was used to model carbochlorination of
ilmenite [Rhee and Sohn, 19904]. They calculated activation energy of 37.2 kJ-mol" in the
temperature range of 650 °C to 850 °C [Rhee and Sohn, 19904]. Yang and Hlavacek (1998)
found that activation energy for chlorination of TiO, was 54.4 - 73.4 k]-mol” by CL-CO
and 6.9 - 19.3 kJ-mol" by CL,-C. The activation energy calculated by Yang and Hlavacek
(1998) is comparatively low for chemically controlled process and could indicate pore
diffusion limitation. Low activation energy was also found in chlorination of other metal
oxides: 58.2 kJ-mol’ for ZnO [Matsuura and Tsukihashi, 2006], 49 kJ-mol' for MgO
[Kanari and Gaballah, 1999], 18.3 kJ-mol" for ZrO, with petroleum coke as reductant [Jena
et al., 1999], 23.81 k]-rnol"l for Ga,0O; [Gonzalez ef al., 2005], 57-115 k]-rnol"1 by CCl, for
Nb,O; [Jena ez al, 1997], 110 kJ-mol” by CL,-CO for Ta,O [Allain e# a/, 1997], 74 kJ-mol’
by CL-CO for Nb,O; [Allain e¢# a/, 1997], 83 k]'mol’ by CL-CO for MoO, [Allain ez 4/,
19954], 100 kJ-mol”" by CL-CO for V,0O; [Allain e al, 19954]. Jena et al. (1999) described
that dissociation of unstable intermediates produced by adsorption of chlorine atom on

metal oxide as rate determining step could lead to relatively low activation energy.

Figure 2.6. Predominance area diagram for the Ti-Fe-O-Cl system at 927 °C [Van
Deventer, 1988]. The symbols © and ® indicate the condition for direct chlorination and selective

chlorination of iron from ilmenite ores respectively.
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The conditions for direct chlorination and selective chlorination of iron from ilmenite ores
are shown on the predominance area diagram for the Ti-Fe-O-Cl system at 927 °C in
Figure 2.6. Van Deventer (1988) experimentally investigated the kinetics of the selective
carbochlorination of ilmenite using graphite in horizontal tube furnace in the range of 915

to 970 °C. He discovered that preferential iron chlorination could occur (Figure 2.7).
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Figure 2.7. Kinetics of selective chlorination of ilmenite for different experimental

conditions [Van Deventer, 1988]

Both direct and selective chlorination required relatively high chlorine partial pressure
(approaching 1 atm) with very low oxygen partial pressure. A reductant such as carbon is
required to obtain these conditions. At 927 °C and 1 atm pressure, Van Deventer (1988)
suggested that chlorination of ilmenite in the presence of carbon should produce both iron
and titanium chlorides. Selective chlorination of ilmenite will occur if the partial pressure of

oxygen is greater than 10"* atm. In the presence of carbon this is not theoretically possible,
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but may occur by limiting the amount of carbon and by using carbon with low reactivity

[Van Deventer, 1988].

Fuwa ¢t al (1978) also investigated the selective chlorination of iron oxide of
pseudobrookite, Fe,TiO;, in roasted or preoxidised ilmenite ore, using fluidised bed
reactor. The reaction is described as:

Fe,TiO;, + 3 Cly,, + 1.5 Cy — 2 FeCly, + 1.5 CO,, + TiO, (2-30)
It was found that preferential iron chlorination is dependent on roasted product
morphology; nevertheless it is necessary to roast the raw ilmenite ore at 950 °C to convert
ferrous iron to the ferric state [Fuwa ez a/, 1978]. Ores that roasted below 900 °C were
unsuitable for preferential chlorination especially in the case where hematite was
precipitated as a roasted product. Fuwa ez a/. (1978) claimed that pre-oxidation of ilmenite
to pseudobrookite leads to a better selective iron chlorination. Van Deventer (1988) and
Misra and Bhatnagar (1968), on the other hand, found that preoxidation did not enhance
selective iron carbochlorination significantly. Van Deventer (1988) roasted ilmenite in air at
1000 °C for 4 h followed by carbochlorination in a static bed. The roasting yielded little or
no benefit at chlorination temperature of 935 °C (Figure 2.7). The differences in Fuwa e/ a/
(1978) and Van Deventer (1988) observations on the effect of preoxidation could be from
the dissimilarity of reactor type and the origins of ilmenite ores. Fuwa ez al. (1978)
employed fluidised bed to study Australian ilmenite while Van Deventer (1988) used fixed
bed reactor to examine ilmenites ores from South Africa. In fluidised bed, Fuwa ez a/ (1978)
achieved uniform particle mixing and temperature gradients within the bed. This however
created distances between TiO, and carbon. The close packing of TiO,-C is crucial for
mass transfer between solid particles (through the gas phase), which is shown on Section
2.3.1. Australian ilmenite ore used by Fuwa e a/. (1978) had lower iron content compare to

South African ilmenite ore, which was used by Van Deventer.

Van Deventer (1988) observed a significant change in composition of a grain of ilmenite
after 5, 15, and 25 min of carbochlorination at 915 °C shown in Figure 2.8. He suggested
that the conditions within the bed of ilmenite in the sample boat were not uniform. Grains
on the surface were more accessible to chlorine and were converted to a greater extent than

those below the surface.
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Figure 2.8. Composition of a grain ilmenite after carbochlorination at 915 °C for 5,

15, and 25 minutes [Van Deventer, 1988]

Based on these findings, Van Deventer (1988) concluded that carbochlorination of ilmenite

at 915 °C can be described by shrinking core model. This conclusion is also in agreement

with Fuwa e al. (1978).

Van Deventer (1988) found that the rate controlling step is diffusion of iron through a
product layer of TiO, which formed on the particle surface. This finding was based on
satisfactory fit of his experimental data to the spherical shrinking core model. The extent of
chlorination X as a function of time for the diffusion through the reacted layer control is

described by the equation:
L= £ (X)=1- 30— X)"* +2(1- X) (2-31)
T

where T is the total time required for full conversion X = 1.0

Van Deventer (1988) did not discuss in which form iron was diffusing. However, it can be
concluded from his paper, that Van Deventer meant diffusion of gaseous FeCl; through
TiO, shell. This was corroborated with Fuwa ez a/. (1978) findings, which also indicated that

gaseous diffusion FeCl; through solid product layer TiO, was rate controlling.
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Fuwa et al. (1978), suggested that selective carbochlorination of Fe,TiO; is controlled by
chemical reaction at the early stage when the outer product layer of TiO, is thin. Gradually,
the reaction moves into the state where gaseous diffusion through the thickening product
layer takes control. Fuwa e# a/. (1978) also suggested elementary reaction steps along the

chlorination reaction which are shown below [Fuwa ez a/., 1978]:

Aldsorption step: 6 + Cl, — o - Cl, (2-32)
Elementary chemical reaction step:

2/36-Cl,+1/3 Cly, — 2/3 FeCly, + 1/2 O, + 1/3 TiOy (2-33)
where o is the active site of the pseudobrookite on which chlorine is adsorbed and is being

consumed by the chlorination, i.e., 6 = 1/2 (Fe,TiO.)

Then, the overall reaction is given by:
adsorption step + 3/2 x (elementary chemical reaction step)

G +3/2 Cl,, — FeCly , +3/4 O, , + 1/2 TiO, (2-34)

2.2.4. Chlorination of TiO, TiC, and TiN

The reduction of TiO, to TiC is difficult and some amount of oxygen always exists in the
final product leaving solid solution of TiC-TiO [Zhang and Ostrovski, 2000]. Meerson e? al.
(1968), on the other hand suggested that complete reduction to TiC is not essential as the

solid solution of TiC-TiO is quite suitable for chlorination.

Lower titanium oxides can be chlorinated without the addition of carbon [Vasyutinskii and
Berezhko, 1967], what indicates that titanium sub-oxides chlorinate at lower temperatures
compared to titania. Reactions (2-35) to (2-40) showed that the chlorination reaction
thermodynamically is more favourable with decreasing the oxygen content in titanium
oxide. This can be illustrated by the standard Gibbs free energy change for the following
reactions at 1000 °C [Chase, 1998; Suzuki ez a/., 1993]:

TiCy1Opoy + 2 Clyy, = TiCly, + 0.1 COy + 0.4 Oy AG ¢ = -164.181 K] (2-35)
TiCy3007 + 2 Clyy, = TiCly, + 0.3 COy + 0.2 Oy AG g = -271.579 K] (2-36)
TiCysOys + 2 Clyy, = TiCl,, + 0.5 CO,, AG® o0 = -379.591 k] (2-37)
TiCy Oy + 2 Clyy, = TiCly, + 03 COy + 04 Cy AG 0 = -398.713 K] (2-38)
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TiC\ Oy + 2 Cly, = TiCly, + 0.1 COy, + 0.8 Cy AGjy50c = -419.377 k] (2-39)
TiCy + 2Cl,, = TiCl,, + C AG® o = -434.310 kJ (2-40)
Chlorination of titanium oxycarbide (TiC,;O,;) produced no carbon residue as it is
continuously removed in the form of CO. This could shift the reaction to the right by
removal of TiCl, vapour and CO. Commercially this would be advantageous as there will

be no downtime required for removal of unreacted product in the fluidised bed.

Chadwick and Rao (1988) calculated carbon and energy requirements for chlorination of
titanium oxides in the systems Ti;O5-Cl,,-Cy, T1,05-Cly,-Cyy, TiO -Cl,,-C, and found
that less carbon was consumed in the chlorination of lower oxides. They concluded that
this is due to smaller oxygen content in comparison with titania. Chadwick and Rao (1988)
also computed the enthalpy changes that accompany the chlorination of these oxides.
Chlorination of lower titanium oxides in the range of 827 to 1227 °C at 1 atm is

exothermic.

The heat released in the chlorination process increases with the declining oxygen to
titanium ratio of the oxide. Sponge titanium metal starts chlorinating at temperature as low
as 120 °C, while the vatious titanium compounds such as TiN, TiCN, TiOC, or TiS, will
react vigorously with chlorine at the temperature ranging from 250 to 400 °C; titania is
carbochlorinated at 500 °C and achieves high chlorination rate at 700 °C [Rowe and Opie,
1955; Zverev and Barsukova, 1960].

Table 2.3. Enthalpy and Gibbs free energy of formation of various titanium

compounds at 25 °C [Chase, 1998]

Compound | AH°, k] AG®, K]
TiO, -944.747 -889.406
TiCl, -804.165 -737.219
TiO -542.665 -513.278
TiN -337.649 -308.929
TiC -184.096 -180.438

Table 2.3 shows standard enthalpy and standard Gibbs free energy of formation of various

titanium compounds at 25 °C [Chase, 1998]. Based on the standard Gibbs free energy of
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formation of various titanium compounds at 25 °C, Rowe and Opie (1955) suggested that
TiO, TiN and TiC under standard conditions are less stable than TiCl, and therefore will
chlorinate readily. The more stable titania can be chlorinated only in the presence of a
reducing agent such as carbon or CO. It is apparent that TiO, TiN or TiC are by far the

most efficient charge materials for chlorination than TiO, [Rowe and Opie, 1955].

Nieberlein (1957) investigated the process of low temperature chlorination of titanium
carbide and suboxides produced by carbothermal reduction at 1500 °C. He found that
temperature of 250 °C was sufficient to ignite the reaction; chlorination was performed at
400-500 °C. The ignition temperature means the temperature when the chlorination starts
while chlorination temperature is the temperature at which the process proceeds with
acceptable rate. Meerson e# al. (1968) proposed a technology combining carburisation and
low temperature chlorination for the production of titanium tetrachloride from titanium-
iron concentrates and titanium slags. They found that carbothermal reduction at 1350-1450
°C and 150 - 200 mmHg pressure converted titania to titanium oxycarbide with 50-60 pct
TiC and 50-40 pct TiO during 30 - 120 min. The chlorination rate of titanium oxycarbide
at 600-700 °C was greater than that of titanium slag at 700-900 °C, but no detailed kinetic
examination was reported. Zelikman and Leonova (1978) investigated the chlorination of
titanium carbide in the form of compact briquettes at 600-900 °C. The reaction rate was
controlled by the chlorine diffusion in the layer of carbon residue formed in the process of

titanium chlorination.

Hunter ez al. (1975) developed technology for processing of calcium-containing titanium
ores and slags. The materials reacted with solid carbon at high temperature between the
melting points of CaC, and TiC (2160 °C to 3160 °C), and formed TiC distributed in the
matrix of CaC,. After cooling down, CaC, was removed by the reaction with water, and
TiC was chlorinated at temperature above the boiling point of TiCl, and below chlorination
temperature for impurities; high purity TiCl, was obtained without distillation. This
technology was also applied to titaniferous ores [Elger ez al, 1980]. In general, CaC, is
produced commercially by reaction of high purity quicklime and petroleum coke in an
electric furnace at 2000 °C to 2200 °C and is formed in the liquid state [Cameron, 2001].
The technology developed by Hunter ef a/. (1975) is similar to the existing CaC, smelting

production process that operates at temperature higher than CaC, boiling point (2300 °C).
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2.2.5. Synthesis of Titanium Oxycarbide and Oxycarbonitride

In the synthesis of titanium oxycarbide by carbothermal reduction, TiO, is reduced through
the Magnéli phases to Ti,0O; and Ti,0;, and then a TiO-TiC solid solution is formed
[Dewan ez. al, 2009]. The carbothermal reduction reactions can be presented as follows

[Dewan et. al, 2009]:

2 TiO,, + Cy, = Ti,Oy, + COy, (2-41)
Ti,0, , + Cy = 2 [TiO] + CO, (2-42)
Ti,05 4 + 5 Cy = 2 [TiC] + 3CO,, (2-43)

In argon and helium, Reactions (2-42) and (2-43) proceed through the following reactions
[Dewan et. al, 2009]:

Ti,05 , + CO, = 2 [TiO] + CO,, (2-44)

Ti,05, + 7 COy = 2 [TiC] + 5 CO,, (2-45)
The CO, formed in Reactions (2-44) and (2-45) is then converted to CO by the Boudouard
reaction [Dewan e a/, 2009]:

CO,, + Cy, =2CO,, (2-40)
The standard Gibbs free energy for Reactions (2-41) to (2-46) was calculated using NIST-
JANAF Thermochemical Tables in the temperature range of 1027-1527 °C [Chase, 1998;
Dewan ez. a/, 2009]. The equilibrium partial pressure of CO for these reactions is presented
in Figure 2.9 (a). The reduction of TiO, to Ti,0; thermodynamically is much easier than
Ti1,0, further reduction to TiO and TiC.

10000 //
1000+ o ///.

1004 7:\’\01*01/2’/,/&0*'1"‘0”00
10_ D/‘-// -“0

70+ P
1 | '.\/ / /-“c’ C ﬂ

0.1
oot "
1E-3
1E-4 5 Ti,0,+760 =2(TiC] + 560,
1E-51 —_—— —

—

1E-6 e, Ot —
E7{ T A
1E-8

1000 1100 1200 1300 1400 1500 1600

Temperature, °C
(@) (b)
Figure 2.9. Equilibrium partial pressure of CO for: (a) Reactions 2-41 to 2-46
[Dewan et al., 2009], (b) Reactions 2-47 to 2-50 [Rezan et al., 2007]
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Dewan et. a/ (2009) reported that formation of titanium oxycarbide started at 1200°C in
hydrogen, argon or helium atmosphere. The reduction in argon reached 90 to 95 pct after
300 min reduction at 1400-1500 °C [Dewan ez a/, 2009]. In the process of formation of
titanium oxycarbonitride, T1,0; is not detected by XRD [Berger and Gruener, 2002; White
et. al, 1992; Rezan et. al, 2007]. The carbothermal reduction of TiO, to Ti;O5 can be
presented by Reaction (2-41) [Rezan ez. a/, 2007]. Titanium oxycarbonitride (solid TiO-TiC-
TiN solution) formation proceeds through Reactions (2-47) to (2-49) [Rezan ez. a/, 2007]:

Ti;0,, + 2C,, = 3 [TiO] + 2 CO,, (2-47)
Ti;O,, + 8C,, = 3 [TiC] + 5 CO,, (2-48)
TisO4 + 5C,, + 1.5 N, = 3[TiN] + 5CO,, (2-49)

The standard Gibbs free energy for Reactions (2-47) to (2-50) was calculated using NIST-
JANAF Thermochemical Tables in the temperature range of 1027-1527 °C [Chase, 1998;
Rezan ez. al, 2007]. The equilibrium partial pressure of CO for these reactions is presented
in Figure 2.9 (b). The highest equilibrium pressure of CO is for reduction of TiO, to T1;0;
(Reaction 2-47), followed by [TiN] formation from Ti,O; (Reaction 2-49). This explains the
reason of TiN became the main component in titanium oxycarbonitride. Formation of TiC
by Reaction (2-48) is thermodynamically more favourable than formation of TiO by
Reaction (2-47). Very low content of TiC in titanium oxycarbonitride can be explained by
kinetic constraint of carbon transfer to the solid solution and consumption of carbon in
removing oxygen from titanium oxides. Reactions (2-47)-(2-49) can be summarised as the

following:

TisOs + (5-3x+3y)C,, + 1.5 2Ny, = 3[TIO] +y[ TiC]+2[ TiN]) + (5-3x)CO,,  (2-50)

Rezan et al. (2007) suggest that formation of titanium oxycarbonitride is spontaneous when
CO partial pressure is less than 10 kPa. In the final stage of reduction when titanium oxides
are consumed, the reduction progresses slowly with conversion of TiO and TiC to TiN in
the solid solution [Rezan e a/, 2007]:

[TiO] + Cyy + 0.5 Ny, = [TiN] + CO, (2-51)

[TiO] + [TiC] + N, = 2 [TiN] + CO,, (2-52)
Rezan et. a/ (2007) reported that complete conversion of titania to titanium oxycarbonitride
in N,-H, (50 vol. pct N,) gas mixture was achieved in 180 min at 1150 °C, 90 min at 1200
°C, and 30 min at 1300 °C. Figure 2.9 presents predominance area diagram for stable

phases at 1300 °C in the Ti-O-C-N system [Jha and Yoon, 1999].
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2.3. Factors Influencing Chlorination of Rutile and Ilmenite

The rate and extent of rutile and ilmenite chlorination depend on reductant, duration of
reaction and its temperature, particle size, ore composition, reactor type, and chlorinating

agent.

2.3.1. Effect of Reductant

As mentioned previously, chlorination of TiO, requires low oxygen potential which can be
achieved by the addition of carbon or CO as oxygen sink. Sulphur might also be used as
reducing agent, although thermodynamically it is inferior to carbon and CO as shown by
Patel and Jere (1960). By employing CO, carbochlorination proceeds at lower rates in
comparison with solid carbon as reported by many authors [Barin and Schuler, 1980;
Dunn, 1979; Chadwick and Rao, 1988; Bergholm, 1961; Takimoto and Hattori, 1955; Yang
and Hlavacek, 1998]. Solid-solid contact has an effect on the initial stage of reaction. Solid-
solid reactions proceed through the gas phase; actual reducing agent is CO which reacts
with oxygen of oxide forming CO,. In the presence of graphite, CO, partial pressure is held
low by the Boudouard reaction (Reaction 2-46). This makes solid carbon more efficient in

titania chlorination than CO.
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For solid-solid reactions Tamhankar and Doraiswamy (1979) has summarised the following
reaction mechanisms:
* Type 1: Product layer diffusion control
A continuous product layer is formed during the initial stages of the reaction, and
further reaction takes place by bulk diffusion of mobile reactant species through this
product layer, which is the rate-controlling step.
* Type 2: Phase boundary reaction control
When the diffusion of the reactant species through the product layer is fast compared to
reaction, the kinetics is controlled by phase boundary reactions.
* Type 3: Nuclei formation and growth control
Two steps are considered for the formation of the nuclei of the product phase at the
active sites and the growth of these nuclei.
According to Yang and Hlavacek (1998) only type 2 (Phase boundary reaction control) is
relevant to the carbochlorination of TiO, using carbon. These were in agreement with
Yang and Hlavacek’s thermodynamic analysis and the results from SEM analysis that
showed that direct surface contact between two solid reactants remains until one solid

reactant disappears [Yang and Hlavacek, 1998].

Carbochlorination of TiO, using CO can be summarised by the following steps [Yang and

Hlavacek, 1998]:

* St 1: Diffusion of gaseous reactants, Cl, and CO, from the bulk of the gas stream
through the gas film to the surface of the TiO, solid particle. It assumed that each
individual particle is nonporous.

* Step 2: Reaction of gaseous reactants (Cl, and CO) with the solid TiO, particle on the
solid surface.

* St 3: Diffusion of reaction products, TiCl,, and CO,, from the surface of the solid
through the gas film back into the bulk of the gas stream.

Yang and Hlavacek (1998) studied carbochlorination kinetics of rutile and anatase with
catbon and CO in a fixed bed reactor at temperatures ranging from 800 to 1000 °C. They
observed that the activation energy with carbon was lower than with CO. Takimoto and
Hattori (1955) found that the efficiency of carbochlorination of titania and ilmenite was

reduced by nearly 30 pct when CO was used instead of carbon.
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Barin and Schuler (1980) studied chlorination of rutile gravimetrically and found that the
chlorination rate at temperature above 900 °C raised by a factor of 40 to 50 by employing
solid carbon in comparison with chlorination without carbon. Van Deventer (1988) also
reported that carbochlorination was more effective at higher graphite content especially in

the range of 4 to 6 mass pct graphite.

Gennari et al. (1997) suggested that carbon affects carbochlorination of Fe,O,-TiO, in three

ways:

1. It removes oxygen in direct chlorination through the formation of CO or CO, avoiding
the reverse reaction.

2. Carbon forms the reaction intermediates in the gas phase which act as chlorinating
agents for the oxides.

3. Chlorine interacts with carbon through a complex mechanism.

Bergholm (1961) investigated the chlorination of a pelletised rutile-coke mixture by Cl,-Ar
in the temperature range of 680 to 860 °C and loose mixture of rutile and coke at 710 to
1020 °C. Chlorination rate of dense tablets of fine-grained rutile and coke at 700 °C was
ten times higher than that of loose stationary mixtures of rutile and coke. However, at 850
°C the difference between those two was less pronounced. In tablet chlorination, the
reaction rate was found to be proportional to the chlorine concentration and independent
to the CO concentration in the furnace atmosphere [Bergholm, 1961]. Bergholm (1961)
experiment could indicate that close packing between TiO, and C is crucial for mass
transfer between solid-solid particles through the gas phase. This is justified by the
experiments from Barin and Schuler (1980). They also reported that the influence of solid
carbon on the chlorination rate decreases with increasing TiO,-C distance [Barin and
Schuler, 1980]. This is shown in Figure 2.11, in which the chlorination rate of TiO, is

plotted as a function of TiO,-C separation distance with different reactant gas mixtures.

The activation energy for chlorination of titania with ClL,-Ar and CO-CO,-Cl,-Ar mixtures
with carbon and in the absence of carbon at temperatures over 900 °C was calculated to be
80.8 and 146.4 kJ-mol" respectively [Barin and Schuler, 1980]. In the presence of carbon,
lower activation energy was required due to dissociation of chlorine at the carbon surface
[Barin and Schuler, 1980]. The investigations by Robson ez a/. (1968), Blackwood and Cullis

(1970), and Kol’'tsov ez al (1973) indicated that chlorine was chemisorbed at active sites of
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the carbon surface mainly by forming C-Cl complexes. This according to Kol'tsov ez al.
(1973), were dissociated and desorbed in the gas phase at temperature above 400 °C.
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Figure 2.11. (a) Chlorination rate of TiO, as a function of TiO,-C separation, (b) rate
of chlorination of TiO, with Cl,-Ar and CO-CO,-Cl,-Ar mixtures with carbon (I, II)
and in the absence of carbon (IIT) [Barin and Schuler, 1980]

Kol'tsov et al. (1973) also suggested the formation of volatile C.Cl. compound. On the
other hand, Barin and Schuler (1980) found that there was no gravimetrically measurable
reaction between chlorine and graphite at temperature in the range of 750 to 1050 °C
provided no impurities were present. Barin and Schuler (1980) also observed that
chlorination of titania was accelerated by carbon even when titania and carbon were
separated by the gas phase. This indicated that activated chlorine species might be formed
on the carbon surface and desorbed into the gas phase. Figure 2.12 shows electron

micrograph of titania surface before and after chlorination.
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Figure 2.12. Electron micrographs of titania surface: ( a2 ) After sintering; ( b ) After
grinding (before reaction); ( ¢ ) After reaction at 1000 °C with P, of 40 kPa for
titania-carbon contact; ( d) After reaction at 1000 °C with P, of 40 kPa and total

P, and P, of 27 kPa in the absence of solid carbon [Barin and Schuler, 1980]

The possible reactions for carbochlorination of titania using carbon at temperatures of 800-

1000 °C were suggested by Yang and Hlavacek (1998) as the following:

TiO,, + Cy + 2 Cly, — TiCl,, + CO,, (2-53)
TiO,, + 2 Cy + 2 Cly, — TiCly, +2 CO, (2-54)
TiO,, + 2 CO,, + 2 Cly, — TiCly, + 2 COyy, (2-55)

Yang and Hlavacek (1998) investigated carbochlorination of rutile and anatase using carbon
in fixed bed at temperature ranging from 800 to 1000 °C at 1 atm. Figure 2.13 shows
carbochlorination of TiO, conversion rate as a function of chlorine partial pressure and

time at 800 °C and 1000 °C with carbon as reductant.

36



Conversion rate (1/s) * 10°

20 L B EE | T T 1.0 LR L A R A L S S I R R
F Reaction temperature 1000°C 1 09 | Reaction temperature 1000°C J
TiOp#C+Cl, -» TIC|+CO €O, Ti0,+C+Cl, -> TiCl,+CO/CO, | -
15 “ 08 -
2 o7} J
.}
L - g
10 £ 06} E
: T sk -
TIOAR) 1 ! ]
5F o TiO,A b > o4k 4
I O TIO,R), Y = 1.02574 - 0.03243 " t |
A 03k | © TIOHA)LY=0.99771-0.04854 1 i
0 i 1 e 1 1 1 i L I 1 o [ 1 r E
0.5 1.0 15 2.0 25 3.0 35 4.0 0ttt s d e
2 4 6 8 10 12 14 16

v qpd
Py, (Pa) " 10 t = raaction time (min)

(a) (b)

1.0 T ————— Tt —— T
0.9 Reaction temperature 800°C |
' TIOH+C+Cly>TIC! 1+ COKCO,
) 0.8 i
g
-
> 07 4,
iy
n
> 08 "
O TiO, R}, ¥ = 1.01542 - 0.02868 " t
I O TiOu{A), Y = 0.99850 - 0.03445" 1 1
05 1
1 L 1 M 1 " L 1 i " 1
2 4 6 8 10 12 14 18

1 = reaction time {min)
(¢)
Figure 2.13. ( a ) Chlorine partial pressure vs TiO, conversion rate with carbon as
reductant. TiO, conversion rate as a function of time at: ( 5) 800 °C; ( ¢) 1000 °C

[Yang and Hlavacek, 1998]

37



Conversion rate (1/s) * 10 4

0.95

0.75

8.70
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Figure 2.14. Carbochlorination of TiO, using CO as a function of time at ( 2 ) 800

°C; ( b) 1000 °C; ( ¢ ) effect of chlorine partial pressure on TiO, conversion rate

with CO; ( d) effect of CO partial pressure on TiO, conversion rate [Yang and

Hlavacek, 1998]

Table 2.4 show the effect of carbon content on conversion for carbochlorination of

titania. Tables 2.5 and 2.6 summarise Yang and Hlavacek (1998) results for kinetics of

carbochlorination of titania using carbon and carbon monoxide, respectively.
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Table 2.4. Effect of carbon content on conversion for carbochlorination of titania

[Yang and Hlavacek, 1998]

Ti0,.C Conversion of W Conversion of Ti0,(A) (Reacted)
(Weight Ratio) TiO,(R) (Pet) C (Reacted) TiO(A) (Pet) C (Reacted)
3l 23.65 2.06:1 41.08 2551
21 26.94 1851 - 46.36 22111
Il 35.00 1711 56.45 2211

(R) and (A) indicates rutile and anatase respectively

Table 2.5. Summary of kinetic data for carbochlorination of titania [Yang and

Hlavacek, 1998]
Data of Data of
Symbols Descriptions Unat TiO,(R) TiO,(A)
effective particle radius of . '
R, (=ry) TiO, from BET ocm 2.49 X 10~ 7.87 X 10~
P density of solid TiO, glem? 423 3.90
P partial pressure of Cl, Pa 34,994 34,994
K000 °c constant min~! 0.0324 0.0485
Kavo-c constant min ! 0.0287 0.0345
g
K000 c constant ¢ ¢ min 3.42 X 10-¢ 1.49 X 10-¢
g
koo c constant cm? - min 3.02 X 10-¢ 1.06 X 10-¢
-8
B pseudofrequency factor cm? - min * Pa 1.87 X 10710 2.65 X 10-1w
E, activation energy J/mole 6.90 X 10° 1.93 X 10¢

(R) and (A) indicates rutile and anatase respectively

Table 2.6. Summary of kinetic data for TiO, + Cl, + CO reaction system [Yang and

Hlavacek, 1998]

(R) and (A) indicates rutile and anatase respectively

Yang and Hlavacek (1998) found that the activation energy for carbochlorination of rutile

and anatase using carbon were 6.90 and 19.3 kJ-mole" respectively at 800 °C to 1000 °C.

Carbochlorination of rutile and anatase using carbon monoxide were 73.4 and 54.4 kJ-mole’

!, respectively at 800 °C to 1000 °C. Yang and Hlavacek (1998) argued that at high
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temperature, an activated C-TiO,-Cl complex was formed on the TiO,-C-Cl, interface,
which was proportional to the surface area of TiO, particle and became the controlling
step. This means that carbochlorination of rutile and anatase was controlled by phase
boundary reaction. The activated complex which was responsible for high reactivity was
then decomposed into CO and TiCl,. In carbochlorination of rutile and anatase using
carbon, TiO, particle was shrinking and no solid product layer exist and were in agreement
with their thermodynamic and SEM analysis. However, chemical reaction control requires

much higher activation energy (on the order of 160 to 320 kJ-mole™).

Activation energy for carbochlorination of rutile and anatase which was determined by
Yang and Hlavacek (1998), was much lower than that found by Barin and Schuler (1980)
(ie. 80.8 kJ.mol-1). In Barin and Schuler’s work, TiO, powder was pressed into tablets and
sintered for three days at 1400 °C. They also pressed graphite powder into tablets.
Carbochlorination of TiO, was investigated by Barin and Schuler by placing TiO, and
carbon tablets closed together on silica clamp, while Yang and Hlavacek investigated
carbochlorination of TiO, intimately mixed with graphite in a fixed bed reactor. The
differences in experimental set-up between Yang and Hlavacek and Barin and Schuler led
to different conditions for oxygen transfer from oxide to graphite and different activation
energies. It can be expected, that chlorination of titania in experiments by Barin and

Schuler proceeded under higher oxygen pressure than in work by Yang and Hlavacek.

With the increasing of reaction temperature, the rate should increase exponentially and
diffusion limitations dominate the observed overall reaction kinetics. A low activation
energy could indicate mixed control of mass transfer (diffusion of gaseous reactant and
reaction products) and chemical reaction control for carbochlorination of rutile and anatase
using carbon. For carbochlorination of rutile and anatase using carbon monoxide, Yang
and Hlavacek (1998) argued that chemical reaction was the only rate limiting step as mass

transfer limitations were eliminated by using high gas flow rate.

Bergholm (1961) indicated that the mechanisms of carbochlorination with carbon and CO
are different. Barin (1980) suggested that for the TiO,-C-Cl, system, the reaction occurs
even though carbon and oxide particles are not intimately mixed together. Consequently
several authors have argued that carbochlorination might involve the evolution of gaseous

intermediates during reaction [Manukyan e a/, 2003; Gamboa ¢z al., 1999; Pasquevich ez al.,
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1992]. These are mainly phosgene [Stefanyuk and Morozov, 1965], chlorine atoms
[Amorebieta and Colussi, 1985; Pasquevich and Amorebieta, 1992; Landsberg and
Hoatson, 1972] and oxychlorides [Manukyan and Martirosyan, 2003; Dunn, 1979;
Zelikman and Segarchanu, 1956; Medynski, 1976]. The formation of both phosgene and
chlorine atoms may take place on the carbon surface [Gamboa ef @/, 1999]. Phosgene
perhaps formed by heterogeneous reaction of Cl, with CO, since CO is always initially
adsorbed on carbon [Stefanyuk and Morozov, 1965]. This is shown by the following
reactions [Stefanyuk and Morozov, 1965]:

CO,, + Cl,, = COCL, (2-56)
MeO,,, + 2 COCly, — MeCl, + 2 CO,, (2-57)
Cy + CO,, —2CO,, (2-58)

Phosgene is generally found in the product gases at low temperatures [Zelikman and
Segarchanu, 19506], however, phosgene completely dissociates at 700 °C; its presence was
not detected at elevated temperatures. Table 2.7 shows the degree of dissociation of
phosgene at different temperatures.

Table 2.7. Degree of dissociation of phosgene [Morozov, 1966]

Temperature, °C

300 400 500 800
Degtree of dissociation of COCL,, pct 3.9 19.8 55.0 100.0

Chlorine atoms, on the other hand, could be formed by Cl, dissociation in the C-Cl,
interaction, the oxygen is then replaced by chlorine [Gamboa ez @/, 1999].
1/2 MeO, + 1/2 MeCl, — MeOCl, (2-59)
MeOCl, + C + Cl, — MeCl, + CO (2-60)
Consequently, either in phosgene formation or in chlorine atom generation, the carbon
surface is involved. Gamboa ¢f /. (1999) suggested that the overall reaction rate may be
proportional to carbon content in the sample since the carbon area increases and the

intermediate concentration in the gaseous phase is enhanced.

2.3.2. Effect of Chlorinating Agents

Neuschuetz ¢f al. (1974) studied the rate of chlorination of titania with Cl,, HCI, COCl,,
and mixtures of Cl, and CO. The COCI, actually decomposed at temperature higher than
430 °C. At 850 °C, they suggested that the COCI, behaved like a mixture of CO and Cl,.
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The activation energies were calculated to be: 136.8 kJ-mol” for COCL, 123 kJ-mol" for
CO + Cl,, 29.3 kJ-mol" for HCI, and 184.1 kJ-mol" for Cl, [Neuschuetz et al, 1974].

However employing CCl, or COCI, is costly and poses no marked advantages [Athavale
and Altekar, 1971].

2.3.3. Effect of a Reactor Type

Impurities in the ilmenite ore may cause problems in the chlorination process associated
with fluxing or sintering in a static bed during chlorination and in condensation of the
volatile chlorides [Van Deventer, 1988]. Athavale and Altekar (1971) found that
chlorination in the static bed using a briquetted charge have the usual difficulties of
channelling, sintering, hanging, stratification, and poor temperature distribution which in
the end might affect the process. In addition, the binding agent may consume a certain
amount of chlorine, and the briquettes have a tendency to disintegrate in the reactor with

the loss of binder.

These difficulties can be largely overcome by the application of a fluidised bed. Several
advantages can be realised by the use of the fluidised solids process. The excellent heat
transfer and lack of channelling permits a three to fourfold production rate per unit area.
The feed and discharge can be made continuous, thus eliminating the frequent shutdowns

required for discharging the static bed units.

However, Bergholm (1961) reported that the carbochlorination rate in the fluidised bed
decreased in comparison to compact briquette composed of rutile and carbon. In the
fluidised bed, carbon and rutile could not be intimately mixed together inside the reactor
since specific particles sizes are required in order to make the bed fluidised. Noda (1955)
suggested that the uniformity of mixing and the homogeneity and accuracy of the

briquettes proved to be vital for improved chlorination.

The main problems encountered in design of a chlorinating unit were found in the
condensing and collecting of the reaction products rather than in the formation of the

chloride. These difficulties arise from [Rowe and Opie, 1955]:
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1. Carry over of very fine dust and solid reaction products that can be only partially
removed by cyclones.

2. Plugging of condenser lines with mixtures of dust, liquid tetrachloride, and titanium
oxychloride.

3. Clogging of the off gas lines by hydrolysis of un-condensable tetrachloride fogs and
mists which pass through the condensers.

4. Corrosion of the condensing system with Cl, and HCL.

The air leakage into the system, especially near the reaction zone, causes oxidation of TiCl,
and FeCl; to produce very fine TiO, and Fe,O; particles, while moisture leakage will
produce solid titanium oxychloride. These effects can be minimised by thorough drying of
the charge and by maintaining the system under a slight positive pressure [Rowe and Opie,
1955]. Handling the large amounts of FeCl, and FeCl; produced during the chlorination of
ilmenite was notoriously difficult. Complete selective chlorination of either titanium or iron
values is practically impossible, although FeCl, production can be minimised by proper
control of the reaction conditions. The large difference between the boiling points of FeCl,
(315 °C) and TiCl, (136 °C) should permit readily separation of the two phases. In practice,
however, the separation is only partially effective, and considerable amounts of very fine
FeCl, are carried along with the gas stream. When the two components condense together,
a heavy mud is produced which is very difficult to handle. Furthermore, this condition
could collapse the fluidised bed. In a continuous operation, the process is a slow
cumulative one, with gradual build-up of FeCl,, at points in the system where wall friction
causes a lowering of gas velocity. Air leaks can aggravate the problems by causing a

deposition of Fe,O;, along with FeCl,.

2.4. Summary and Project Objectives

In general, most of direct reduction processes to produce titanium metal require expensive
high grade titania feed; they have difficulties in scaling up to large quantity production;
contamination of electrolyte leads to low purity of titanium metal product, and low current
efficiency. Therefore commercial titanium metal production solely relies on

carbochlorination of rutile and reduction of titanium tetrachloride.
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Introducing a reducing agent for chlorination of titania reduces oxygen partial pressure
favouring chloride formation, prevents the reversal reaction, and reduces initiation reaction
temperatures with less energy consumption. Carbon reductant may react with chlorine to
form reaction intermediates that enhance reaction degree and rate. However, it may also

assist chlorination of impurities.

The heat released in the chlorination process increases with the declining oxygen to
titanium ratio of the oxide. Chlorination of reduced titanium oxide has higher rate in
comparison with titania and it may undergo chlorination even without the addition of
carbon. Titanium carbide and sub-oxides produced by carbothermal reduction at 1500 °C,
can be chlorinated at as low temperature as 250 °C. Titanium carbonitride can also be
chlorinated at low temperature of 350 °C. At these temperatures, only the reduced metal
oxides such as titanium, iron, and vanadium were selectively chlorinated leaving residues of
MgO, SiO, and AL O;. The other oxides are not reactive and titanium tetrachloride product

can be obtained. The optimal chlorination temperature was found between 200 to 500 °C.

In the low temperature chlorination, impurities chlorinate very slowly. This permits
selective chlorination, decreases the chlorine consumption and waste generation, and
smaller chlorinator reactor volumes. This makes the technology of ilmenite processing to

be more efficient, sustainable, and environmentally friendly.

Currently no detailed investigation of kinetics and mechanisms of chlorination of Ti(O,C)
or Ti(O,C,N) under different operational conditions was reported in literature. This project
undertook a systematic study of chlorination of Ti(O,C) and Ti(O,C,N) with the aim to
establish effect of operational parameters on their chlorination, optimal chlorination
conditions and develop further understanding of chlorination reactions. The project
investigated titania, ilmenite ores, and synthetic rutile reduced by carbon in argon and
nitrogen and chlorinated at different temperatures, gas flow rates and compositions.

Chlorination of titanium sub-oxides, iron and impurities in ilmenite was also examined.
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CHAPTER 3. EXPERIMENTAL

This chapter presents chemicals and gases employed in the research project, characteristics
of raw materials, description of the experimental set-up, methodologies, and the calculation
of the extent of chlorination. Titania, ilmenite ores, and synthetic rutile were reduced by
carbon in argon or nitrogen atmosphere and chlorinated at different temperatures, gas flow
rates and compositions. Chlorination of titanium sub-oxides, iron and impurities in

ilmenite was also studied.

3.1. Materials

3.1.1. Gases

The gases were provided by BOC and Linde Gases, Australia. Pure argon was employed in
synthesis of titanium oxycarbide, while nitrogen was used in conversion of titanium oxides

to titanium oxycarbonitride. Table 3.1 displays gases, their grade and specific application.

Table 3.1. Gas specification

Gas Specification Application

Ultra high purity, > 99.999 pct
Argon (Ar) Inert gas for reduction
Linde Gases, Australia

(CAS: 7440-37-1)

of titania or ilmenite

Ultra high purity, > 99.999 pct Reactant gas for
Linde Gases, Australia reduction of titania or
Nitrogen (N,) (CAS: 7727-37-9) ilmenite

High purity, > 99.99 pct
& Pury P Gas diluents for
Linde Gases, Australia

chlorination
(CAS: 7727-37-9)
Ultra high purity, > 99.999 pct Reactant gas for
Hydrogen (H
ydrogen (H) Linde Gases, Australia reduction of titania or
(CAS: 1333-74-0) ilmenite

Ultra high purity, > 99.999 pct
Chlorine (Cl,) BOC Gases, Australia
(CAS: 7782-50-5)

Reactant gas for

chlorination
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3.1.2. Chemicals

The chemicals are presented in Table 3.2; they were supplied by Sigma-Aldrich Chemicals
Australia. Distilled water was generated by Labec Water Still, Australia. Ilmenite ores of
three different grades identified as primary ilmenite, secondary ilmenite and HYTI 70 were

supplied by ILUKA, Australia. Their chemical composition is shown in Table 3.3. The
primary ilmenite was examined in the size range of 75 - 212 Um, while the size of
secondary ilmenite and HY'TT 70 was in the range 75 - 250 Um; for the synthetic rutile it

was 75 - 300 hm.

Table 3.2. Chemicals specification

Chemicals Specification Application

) _ Powder size < 20 Um, purity > )
Synthetic graphite (C) Reducing agent
99.9 pct (CAS 7782-42-5)

o Powder size < 5 Um, purity > 99.9
Titania (T1iO,) Reactant
pct (CAS 22422-7)

NBS 372. Package No.: 2229
Stearic acid (C,(H,,0O,) Sample binder
(CAS 57-11-4)

Carboxymethyl cellulose Dispersant and
(CAS 9000-11-7)
(CMC) emulsion stabiliser
Titanium
Concentration 32 wt pct tetrachloride absorber
Hydrochloric acid (HCI)
(CAS 7647-01-0) Removal traces of
metal iron
Sodium hydroxide Concentration 10 wt pct
Chlorine absorber
(NaOH) (CAS 1310-73-2)
Ammonium chloride
Concentration of 0.1 M Catalyst to oxidise
(NH,CI)
(CAS: 12125-02-9) metallic iron

Purity > 97pct
Drierite (CaSO,) (CAS: T778.18.9) Moisture absorber
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3.2. Experimental Procedures and Setup

This section describes experimental procedures and setup for synthesis of titanium
oxycarbide or oxycarbonitride, chlorination, and removal metallic iron from reduced

ilmenite.

3.2.1. Synthesis of Ti(O,C) or Ti(O,C,N)

3.2.1.1. Procedures

Titanium oxycarbide or oxycarbonitride was produced by carbothermal reduction of pure
titania or ilmenite ore. Titania or ilmenite ore were mixed with synthetic graphite powder.
The mixture was ball milled with 0.3 pct of carboxylmethyl cellulose and 40 pct water
(based on solid weight) for 24 h and then dried in an oven at 150 °C for another 24 h. The
dried mixture of rutile and graphite was then pressed uniaxially into cylindrical pellets of 3.2
g each with 15 mm in diameter and 10 mm in height. The pressing was carried out at a
pressure of 141.5 MPa (25 kN) for 1 min. For ilmenite ores and synthetic rutile, the dried
powder was pressed into cylindrical shape of 2.5 g each with 15 mm in diameter and 5 mm

in height. The pressing was carried out at higher pressure of 226.4 MPa (40 kN) for 2 min.

The sample was heated to 1450 °C in horizontal electrical furnace equipped with alumina
tube under argon or nitrogen atmosphere at 1 L:min". Temperature was raised with
ramping rate of 5 °C'min" and held for 180 min. Finally, the sample was cooled down to

room temperature also in the same gas atmosphere to prevent re-oxidation.

Analysis of the reduced samples proved that titanium oxycarbide or oxycarbonitride
prepared by this manner was uniform and consistent which was crucial to the reliability of
chlorination experiments. The variation in oxygen content of reduced samples with the
same carbon to titania ratio produced in parallel reduction experiments was within the

error of LECO analysis.
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Table 3.3. Chemical compositions of ilmenite ores, wt pct

Primary limenite |Secondary limenite HYTI 70 Synthetic Rutile
MSR 1245 MSR 1246 MSR 1247 MSR 1248
TiO, 53.9 58.20 66.57 92.46
Ti,O3 - - - 12.1
Total Fe 30.5 25.89 18.75 2.75
MnO 1.63 1.15 0.86 0.86
FeO 18 11.22 2.38 -
SiO, 0.27 0.75 0.66 0.91
VA(ON 0.09 0.16 0.11 0.09
Fe,O3 43.6 37.01 26.80 0.02
Al,O3 0.4 0.51 1.1 0.97
P,Os 0.01 0.033 0.045 1.57
S 0.004 0.01 0.09 0.63
Nb,O5 - - - 0.23
Nb,Os 0.1 0.14 0.23 -
Cr,03 0.047 0.05 0.084 0.072
CaO <0.01 <0.01 0.006 0.02
CeO, - - - 0.04
MgO 0.18 0.22 0.13 0.36
V,05 0.17 0.18 0.19 0.28
FelTi 0.79 0.66 0.46 0.04

3.2.1.2. Reduction Equipment

The reduction experiments were conducted in a molybdenum disilicide horizontal furnace

(Ceramic Engineering, Australia) with a re-crystallised alumina tube. The furnace had

maximum operating temperature of 1700 °C. A schematic of experimental apparatus is

shown in Figure 3.1. Mass flow controller (Brooks Instruments, Hatfield USA, model

5850E) was used to control the flow rate of gas. It was calibrated for argon, nitrogen, and

hydrogen gas using bubble flow meter. A gas purifier was used to remove moisture from

the gas. The calibration was performed under room temperature at 101.3 kPa. Figure 3.2

shows calibration curves of the controllers for argon, nitrogen, and gas, respectively.
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Figure 3.1. Schematic experimental setup for carbothermal reduction or nitridation.
1-2 way valve; 2—gas purifier; 3—mass flow; 4-mass flow controller; 5—pressure
gauge; 6—cooling fan; 7-horizontal furnace; 8—alumina boat; 9-horizontal tube

reactor; 10—sample

Figure 3.2. Calibration curves of the mass flow controller for reduction of titania
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3.2.2. Chlotination of Ti(O,C) or Ti(O,C,N)

3.2.2.1. Procedures

The pellet of titanium oxycarbide or oxycarbonitride was attached to the tip of a type K
thermocouple, which was inserted into the hot zone of the quartz tube. The location of the
hot zone was determined by inserting thermocouple into quartz tube under constant flow
rate of nitrogen at 1 L'min". The measurements were taken after 2 min for every 50 mm

increments. Figure 3.3 shows the temperature profiles across the reactor furnace.

Figure 3.3. Temperature profiles across the reactor tube with flow rate nitrogen of

1 L'min™

In experiments with particles of a small size, a sample was contained in an alumina boat in
the furnace hot zone. Nitrogen gas was used for purging and in mixture with chlorine to
control the chlorinating gas composition. Titanium tetrachloride vapour was absorbed in
two scrubbers which contained 230 and 130 mL of 32 pct HCI, respectively. The third gas

scrubber filled with 10 pct NaOH solution was used to absorb and remove un-reacted
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chlorine from the off gas before it was vented. In order to prevent titanium tetrachloride
vapour from condensing, a heat gun was used to heat up the connection between reactor
tube outlet and scrubber. Temperature was raised above the boiling point of titanium

tetrachloride.

In isothermal experiments, the furnace was heated to the experimental temperature. A
sample was loaded as described above, and the reactor was purged with nitrogen at 500
mL-min". After 10 min of purging, nitrogen was stopped and chlorine or its mixture with
nitrogen was introduced into the reactor. 1.00 mL sample was taken from TiCl, scrubber
every 10 min using syringe for titanium analysis. In some experiments, the venting gas was

analysed by the CO-CO, infrared sensor.

In temperature programmed experiments, the furnace temperature was ramped from 100
to 400 °C at the rate of 3 °C'min"'. After chlorination completed, chlorine was stopped and
the reactor was purged by nitrogen to remove any remaining chlorine and titanium
tetrachloride vapour. The purging was maintained until the furnace was cooled below 100

°C. Finally the sample was taken out, weighed and subjected to further analyses.

3.2.2.2. Chlorination Equipment

Isothermal and temperature programmed experiments were carried out in a transparent
quartz tube of 22 mm internal diameter and 495 mm long placed in a horizontal electric
furnace (Ceramic Engineering, Australia). The furnace had maximum operating
temperature of 1000 °C. Eurotherm BTC 9090 programmable temperature controller was
used to regulate the power to the heating element. The experimental setup is shown in

Figure 3.4.

Teflon rotameters (Cole-Palmers, USA) were calibrated for nitrogen and chlorine gas at
room temperature and ambient pressure. The calibration for chlorine gas was performed by
Cole-Palmers. Figure 3.5 shows calibration curves of the rotameters for chlorine and

nitrogen gas, respectively.
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Figure 3.4. Schematic experimental setup for chlorination of titanium oxycarbide.
1-rotameters; 2—gas purifier; 3—quartz tube reactor; 4-horizontal tube furnace; 5-
sample; 6-thermocouple; 7-temperature data logger; 8-TiCl, scrubbers; 9-Cl,

scrubber; 10—magnetic stirrer; 11-sampling syringe; 12-heat gun

Figure 3.5. Calibration curves of the rotameters for chlorination experiment
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Quartz tube reactor and glass scrubber flask were washed and rinsed thoroughly with
distilled water after each run. They were then dried in the oven prior experiment to remove

moisture which could cause blockage in chlorination experiments.

The sample temperature during chlorination was recorded with Comark Diligence EV
N2014 data logger with a time interval of 1 sec. The temperature measured at the same
conditions was reproduced with maximum standard deviation of 2.6 °C. Figure 3.6 shows

reproducibility of temperature measurements.

Figure 3.6. Sample temperature for reduced titania with molar ratio carbon to

titania of 3.3 exposed to 50 mL.min" chlorine with furnace temperature at 235 °C

3.2.3. Removal of Metallic Iron from Reduced Ilmenite

3.2.3.1. Procedures

A sample of reduced primary ilmenite with total weight of 22.5 g was crushed with rock

mill into fine particles. Then it was transferred into a flask containing 0.372 M ammonium
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chloride solution with the volume of 1000 mL and heated to 70 °C. The air was introduced
into the slurry at flow rate of 2.5 L'min". With the presence of ammonium chloride
catalyst, the air facilitates removal of metallic iron from reduced ilmenite. The oxygen in
the air caused metallic iron to oxidise and precipitate from titanium oxycarbide or

oxycarbonitride in the form of iron oxide slime. The experiment was conducted for 5 h.

The slurry was then cooled and filtered. The filtrate was washed with distilled water and
with 3.2 M of HCI to remove any traces of iron. The filtered cake was then dried in an

oven at 150 °C for 24 h. The cake was then crushed into fine powder.

3.2.3.2. Aeration Equipment
The stirred aeration flask with volume of 2.0 L was used to facilitate removal of metallic
iron from reduced ilmenite. Air for aerating the solution was generated by a compressor.

The experimental setup is shown in Figure 3.7.

Vent ¢&—

Figure 3.7. Schematic experimental setup for removal of metallic iron. 1-air
compressor; 2-rotameter; 3—stirrer motor; 4-heating element; 5—temperature

controller; 6—glass flask; 7—water bath; 8—magnetic stirrer
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The rotameter was calibrated for air flow rate under ambient temperature and pressure.

Figure 3.8 shows the calibration curve of the rotameter.

Figure 3.8. Calibration curves of the rotameter for removal of metallic iron from

reduced ilmenite

3.3. Sample Characterisation

3.3.1. LECO Analysis

Oxygen and carbon contents in titanium oxycarbide or oxycarbonitride synthesised by
reduction of titania or ilmenite were determined using LECO oxygen-nitrogen analyser

(TC-436) and carbon-sulphur analyser (CS-444).

For carbon-sulphur analyser, a sample of 0.1 gram was weighed and placed into an alumina
crucible with addition of a combustion catalyst. The sample was heated by induction
furnace and was burnt with CO and CO, formation. This was then carried into infrared

detector to measure the exact amounts of CO and CO, evolved from the combustion.
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For oxygen analysis, a sample of 0.2 gram was loaded into a tin capsule, weighed, and
placed into a nickel basket. The capsule and basket were loaded into a graphite crucible
which was electrically heated as heating element. After purging the system with high purity
helium, the crucible was preheated to remove the adsorbed oxygen on the sample and
crucible. Then the crucible was heated to the combustion temperature. The oxygen in a
sample combined with crucible carbon to form CO and CO, which were detected by
thermal conduction detectors. The machine has the capacity to measure oxygen and

nitrogen contents simultaneously.

3.3.2. X-Ray Diffraction Analysis

X-Ray Diffraction analysis is generally used for phase analysis of a multiphase crystalline
material. By employing this analysis, the mean crystallite size ranging from 3-50 nm is

estimated [Cullity, 1978].

In this study, phase composition of samples was measured by powder diffraction method
and was carried out using XRD Siemens D5000 instrument. A sample was ground into
small crystals (preferably of size less than 1 pm to 10 pm) to promote random orientation
of the ground up crystals. This was then closely packed into 10 mm aperture of an
amorphous plastic sample holder. The surface of the powder was pressed to ensure flat

surface and close packing. The sample was then mounted into the instrument.

The X-Ray Diffractometer has a monochromators and a copper Ko X-Ray source with
wavelength, A = 1.541838 A. The voltage and current in the X-Ray emission tube were 30
KV and 30 mA, respectively. The scanning angle, 20, changed from 20 to 80°. The
scanning rate was set at 0.6°.min" with a step size of 0.01°. X’Pert HighScore Plus version
1.0 b by Philips Analytical B.V. was used to identify the peaks and the phases present in the
sample. This phase identification is based on Bragg’s law [Cullity, 1978]:

ni=2dsné (3-1)

where, 7 is the order of reflection (integer); 4 is the wavelength of X-Ray (1.541838 A); 4is

interplanar distance of the crystal (A); and 0 is the angle of incidence (degrees).
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3.3.3. Surface Area Measurement

The specific surface area of the samples was measured with a single point Brunauer-
Emmett-Teller (BET) technique using Micromeritics 2000 surface area analyser. Analysis
was based on the adsorption of nitrogen at the boiling temperature of liquid nitrogen. The
instrument utilised liquid nitrogen at the boiling temperature with 30.2 vol pct nitrogen in
helium as adsorption agent. The principle of the specific surface area measurement is based
on the physical adsorption of gaseous adsorbate by porous materials [Brunauer e a/, 1938].
The BET equation was derived by Brunauer e a4/ (1938) based on Langmuir’s
monomolecular model [Langmuir, 1916]. The following equation was used for the

calculation of specific surface area [Brunauer ez /., 1938]:

P _ 1 ,(C-D)P
V(P°-P) Vv.C VCP°

(3-2)

where P and P’ are the equilibrium pressure in the gas phase and saturation pressure of
adsorbate, respectively. 17 and 17, are the adsorption volume of adsorbate at pressure P
and that adsorbed for a complete single layer of adsorbate on sample surface. C is a model
parameter related to the adsorption energy. The specific surface area was calculated

according to the following equation:

Sg :[valo\loja (3_3)

Where V, = 22400 ml'-mol" is the volume of 1 mol gas at 1 atm and 0 °C
N, = 6.032 x 10* mol is the Avogadro number;

(o]
a = 15.8 A’is the area occupied by a single molecule of nitrogen.

3.3.4. ICP-OES Analysis

Inductive Coupled Plasma-Optical Emission Spectrometer, ICP-OES (also known as
Inductive Coupled Plasma-Atomic Emission Spectrometer, ICP-AES) is used for the
determination of trace concentrations of elements in samples. It uses plasma to evaporate

any solids that were dissolved in the liquid. It then vaporised the liquid and atomised it into
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atoms. These emit electromagnetic radiation at specific wavelengths which characterise a
particular element. The intensity of its emission indicates concentration of specific element

within the sample [Skoog, ef al., 1996].

3.3.4. Extent of Reaction

3.3.4.1. Titania Carbothermal Reduction

The extent of reduction of titania to titanium oxycarbide, X, o, defined as percentage of
oxygen removed from titania in a sample, was calculated according to Zhang (2000). The
initial sample (titania-graphite mixture) consists of three elements: titanium, oxygen and

carbon. The weight fractions of titanium, oxygen, and carbon in a sample are:

o _ MW, _ 47.% _
f0= W, - 9.9 = 0-5995

0 _ ZMWO _ 3}/ _
f0= MW, = Frg.9 = 04005

. 3.3MW, _39.6

; MW 9.9 = 0-4956

where MV, is the molecular weight of component 7 (carbon, oxygen or titanium). The

coefficient “3.3” for fé) indicates the molar ratio of carbon to titania. The initial sample

was made of TiO, and carbon with C/TiO, molar ratio 3.3. The fiO is the ratio of the mass
of component i (carbon, oxygen or titanium) to the mass of titania in the titania-graphite

sample. Therefore, fo+ 2 + 3 >1.

The weight fractions of oxygen and carbon in the reduced sample were measured by
LECO analysis as f, and .. The weight fraction of titanium was calculated as:

f, =1-f,— 1. (3-4
In the case of conversion of titania to titanium oxycarbonitride:

fo=1-f —f -1, (3-5)
The initial mass of titania prior to reduction was W’ after reduction it became IW.

According to the mass balance of titanium, the equations can be written as the following:

W, =Wt

w _

W, &9
Ti
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The extent of reduction is defined as the fraction of oxygen removed by the reduction

reaction as:

W
X o0 =1-—n
(Ti,0,C) WP foo

Xmoo) { (-t f), }doo% (3-7)

@, —f)fs

where f,” and f, are weight fractions of oxygen before and after reduction; /" and f are

weight fractions of carbon before and after reduction, respectively.

The extent of reduction for conversion of titania to titanium oxycarbonitride, X;; o cn) Was

calculated using the following equation:

(1 fo— 1)1,
Xmocn) = x100% (3-8)

(1 fo— fo = fu)fs

where £, is the weight fraction of nitrogen after reduction.

When titanium sub-oxides were not detected in a reduced sample by XRD analysis, all the
oxygen was assigned to TiO, which allowed calculation of fractions of TiO and TiC in the
TiC-TiO solid solution ot fractions of TiO, TiC, and TiN in the TiC-TiO-TiN solid

solution.

3.3.4.2. llmenite Carbothermal Reduction

The extent of reduction of ilmenite ores was calculated from the fraction of reducible
oxygen removed according to Zhang (2000). The total fraction of oxygen in raw material is
defined as f;,,’, while for the reducible part is £, ;" . The reducible oxygen (f;’) is associated
from titanium, iron, and manganese oxides. The reducible oxygen is defined as oxygen in
titanium, iron and manganese oxides which are reduced in the carbothermal reduction
process. The fractions of carbon and oxygen obtained from LECO analysis after the
reduction are defined as f, and /.. The mass balance for all the elements with the exception

of oxygen and carbon is the following:

W(- f - f)=W°(1-f5,) (3-9)
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w 1- fC())T

- = (3_10)
we 1 f - f,

The reducible oxygen left in a sample was calculated by the following equation:
WO,R =\M:o _Wo(foO,T - fOO,R) (3-11)

Based on the oxygen removed from initial mixture, the extent of reduction was calculated

as the following:

0/ 0 0
Xmioc) =1~ (Who =W (for = fO'Ry (3-12)

wotg,

or

fc())T fo (1_ fOO,T)
>((Ti,O,C) - fO - fO (1_ f _ f ) (3_13)
OR 'OR o~ 'c
The extent of reduction conversion of titania in ilmenite to titanium oxycarbonitride was
calculated using the following equation:

X _ for fo (1_ fg'T) (3-14)
(moeem C()),R fC()),R(l_ 1:o_ fc - fN)

3.3.4.3. Chlorination Reaction

Liquid samples with extracted titanium which were taken from the gas scrubbers at
different intervals were diluted and then analysed by ICP-OES (Perkin Elmer Optima
3000). Based on titanium content in the solution, the extent of chlorination was calculated
as:
oy =101 %100 pet (3-15)
Ly
where 7, and ;] are the masses of titanium in TiCl, solution and in original titania-

graphite pellet, respectively.

Based on iron content in the solution, the extent of its chlorination was calculated as:
m
o, =—2=x100 pct (3-16)
e
where 2, and my’ are the masses of iron in TiCl, solution and in original

ilmenites/synthetic rutile — graphite samples, respectively.
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The accuracy of the ICP-OES analysis of titanium content in a solution (up to 100 ppm)
was 1 ppm. Better precision can be obtained with the trade-offs in speed. The
concentration of titanium in the solution was targeted in the range of 50-100 ppm, what
was achieved by appropriate dilution. The overall error of the ICP-OES analysis was within
2 pct. The overall accuracy of calculated extent of chlorination was within 3 pct.
Examination of reproducibility of chlorination experiments at the same conditions showed
maximum standard deviation in the extent of chlorination of 1.2 pct. Figure 3.9 show the

reproducibility for the extent of chlorination.

Figure 3.9. Extent of chlorination for reduced titania with molar carbon to titania

ratio of 3.3 exposed to 50 mL.min" chlorine with the furnace temperature at 235 °C
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CHAPTER 4.

CHLORINATION OF TITANIUM OXYCARBIDE

This chapter presents results of study of chlorination of titanium oxycarbide. The effects of
temperature, chlorine partial pressure, gas flow rate, particle size and suboxides on the rate
of chlorination of titanium oxycarbide were examined. The experimental results of

conversion of titania to titanium oxycarbide are also presented.

4.1. Reduction of Rutile

Mixtures of titania and graphite with different carbon to titania molar ratio were pressed
into pellets and heated under argon atmosphere at 1450 °C (see Chapter 3). Composition of
samples produced by carbothermal reduction of rutile with different carbon to rutile molar
ratio is presented in Table 4.1. Their XRD spectra are shown in Figure 4.1. Samples A
and B consisted of titanium oxycarbide and sub-oxides Ti;0; and Ti,0,, sample C was
titanium oxycarbide, samples D and E included titanium oxycarbide and excess carbon,
which amount was higher in sample E. The measurement of BET surface area for sample

E was 6.38 m*g"' with average porosity of 45.6 A.

Table 4.1. Composition of reduced samples of rutile subjected to chlorination

Sample A B C D E

Carbon content, 418 8.17 13.5 23.7 35.2

wt pct
Oxygen content, 27.0 18.2 8.13 0.63 3.09

wt pct
Extent of 41.4 60.0 84.5 98.8 92.5
reduction, pct
Phase o Ti30s5, Ti30s5, T1C0'9CSOO'02’ TiCo.8500.15,
composition Ti20s3, Ti,0s3, TiCo.6900.31 C/Ti = C(C/Ti=

TiC,O, TiC,O, (0 ) 1.84)

* CITi represents free carbon to titanium molar ratio.
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Figure 4.1. X-ray diffraction patterns of titanium oxycarbide for samples A to E

4.2. Effect of Temperature

The effect of furnace temperature on chlorination of titanium oxycarbide in samples A to
E was studied in the temperature range of 235 to 400 °C at chlorine flow rates of
50 mL-:min" and 250 mlL-min". Chlorination curves for samples A to E at different
temperatures with chlorine flow rate of 50 mI-min" are presented in Figure 4.2 (a) - (e).
The rate and extent of chlorination tended to increase with increasing furnace temperature,
however the effect was minor. The extent of chlorination of sample A was below 70 pct.
This sample contained titanium suboxides (extent of titania reduction was 41.4 pct), of

which chlorination was slow in comparison with titanium oxycarbide and incomplete.
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Figure 4.2. Extent of chlorination of titanium oxycarbide at temperatures from 235
to 400 °C with chlorine flow rate 50 mL-min” for sample: (a) A, (b) B, (¢) C, (d) D,
and (e) E
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Sample B also contained titanium sub-oxides, but in much smaller amount than sample A.
The extent of chlorination of this sample reached 85 pct. Extent of chlorination of sample
C, which contained no other phases but titanium oxycarbide, was close to 100 pct. The
extent of chlorination decreased with increasing carbon phase in a sample to below 95 pct
for sample E. Most chlorination occurred during the first 30 min, and stopped after about

50 min.

Chlorination of titanium oxycarbide is highly exothermic. The change in sample
temperature during chlorination of sample C at chlorine flow rate of 50 mlL-min" is
presented in Figure 4.3. After a short period, generally less than 1 min, the sample
temperature started to increase rapidly and reached maximum in about 5 min. Similar

temperature change was observed for other samples.

The residues of chlorinated samples of titanium oxycarbide were examined by XRD
analysis. Figure 4.4 shows the XRD patterns of samples A to E after chlorination at 400
°C for 60 min in pure chlorine with flow rate of 50 mL-min". Similar XRD patterns were
obtained for the residues after chlorination at 235 °C and 300 °C. Unconsumed graphite
was observed in chlorinated samples D and E. Residual carbon was not detected by XRD
for samples A to C, although the presence of free carbon in the residue was expected in
sample C because of its higher content of TiC than TiO in titanium oxycarbide. In fact, up
to 91.5 pct of carbon in a residue of sample C was detected by LECO carbon analysis. This

carbon was amorphous and was not sensitive to XRD analysis (Avila-Brande ez 4/, 2000).

The mass balances of titanium, oxygen and carbon based on results of reduction and
chlorination experiments showed that sub-oxides in samples A and B were partly
chlorinated; degree of their chlorination was low relative to chlorination of titanium
oxycarbide. In the residue of chlorination of samples A and B, strong peaks for T1,0, and
Ti,05 were detected. Weak XRD peaks for Ti,0; and Ti;O; were also observed in the
residue of chlorination of samples D and E, indicating that formation of titanium
oxycarbide by carbothermal reduction was incomplete, even when up to 50 pct extra

carbon was used.
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Figure 4.3. Change in sample temperature during chlorination of titanium
oxycarbide with chlorine flow rate 50 mL-min” for sample: (a) A, (b) B, (c) C, (d) D,
and (e) E
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Figure 4.4. X-ray diffraction patterns of residues of titanium oxycarbide for samples

A to E after chlorination with 50 ml-min” of chlorine at 400 °C for 60 min

At higher chlorine flow rate, 250 mL:min”, the effect of furnace temperature on

chlorination of titanium oxycarbide was much stronger. This is seen in Figure 4.5 which

presents chlorination curves for sample C at 235, 300 and 400 °C.
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Figure 4.5. Extent of chlorination of sample C at temperatures from 235 to 400 °C

with chlorine flow rate 250 mL-min™

The rate of chlorination increased with increasing temperature and was close to completion

at 235 and 300 °C after 30 min and at 400 °C after 20 min. The chlorination was faster than

that at chlorine flow rate of 50 mI.-min™.

The ignition temperature was determined in non-isothermal experiments. Figure 4.6
shows the change of the pellet’s temperature for a sample A for chlorine gas flow rate in
the range of 50 to 300 mL-min". During the initial 25 to 30 min, the sample was heated up
in line with the furnace temperature. Then, the rise of pellet’s temperature started to speed
up, indicating the ignition of the chlorination reaction. After achieving maximum
temperature, the reaction slowly faded away and the sample temperature began to approach

the furnace temperature. The ignition temperature was 150 °C for all three chlorine flow
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rates; however, the maximum temperature was reached faster and was higher for the higher

gas flow rate. The entire reaction period was also shorter.

Figure 4.7 compares the sample temperature for samples A to E in the temperature-
programmed experiments with chlorine flow rate 300 ml-min”. The chlorination of

samples A to C was ignited at 150 °C, while samples D and E had ignition temperatures

higher than 200 °C.
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Figure 4.6. Change in the sample temperature during temperature programmed

chlorination of titanium oxycarbide with ramping rate of 3 °C'min” for sample A

under chlorine flow rate from 50 to 300 mL-min’
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Figure 4.7. Change in the sample temperature during temperature programmed
chlorination of titanium oxycarbide with ramping rate of 3 °C:min™ for samples A to

E under chlorine flow rate of 300 mL-min™

4.3. Effect of Gas Flow Rate

The effect of gas flow rate on chlorination was studied with samples C and D at 300 °C
using the CL,-N, gas mixture with constant chlorine partial pressure of 50 kPa. The flow
rate of the gas mixture was in the range of 100 to 500 mL-min". The progress of
chlorination of samples C and D is shown in Figures 4.8 and 4.9, respectively. The
chlorination rate increased with increasing gas flow rate. Its effect was more significant for

sample C compared to sample D. The extent of chlorination of sample C was close to 100
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pct after 30 min of reaction when the gas flow rate was 200 mL-min" and above. With 100

ml-min" gas flow, the extent of chlorination after 30 min was 93 pct. In comparison, the

extent of chlorination achieved by sample D was in the range of 77 to 83 pct after 30 min

of chlorination.
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Figures 4.8. Effect of N,-Cl, gas flow rate on the extent of chlorination at 300 °C

with 50 kPa chlorine partial pressure for sample C
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Figures 4.9. Effect of N,-Cl, gas flow rate on the extent of chlorination at 300 °C

with 50 kPa chlorine partial pressure for sample D

The effect of gas flow rate on chlorination of sample C was also studied at 235 °C in pure
chlorine. The gas flow rate was in the range from 30 to 300 mL-min". Figure 4.10 shows
that the chlorination rate increased with increasing chlorine flow rate until 200 mL-min",

beyond which the effect of the gas flow rate was minor. The extent of chlorination of

sample C was close to completion after 30 min of reaction when the gas flow rate was 150
ml-min" and above. With 300 mL-min" gas flow, the extent of chlorination was 98.4 pct

after 60 min.
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Figure 4.10. Effect of Cl, gas flow rate on the extent of chlorination of sample C at

235°C

The change in sample temperature during chlorination of titanium oxycarbide in the Cl,-N,
gas mixture (50 vol pct Cl,) for samples C and D is presented in Figures 4.11 and 4.12.
The change in the sample temperature during chlorination of sample C was notably higher
than that of sample D. The change in temperature during chlorination of sample C in pure
Cl, gas is presented in Figure 4.13. At chlorine flow rate of 200 ml-min’, a sample
temperature raised rapidly to 600 °C in 5 min and the thermocouple started to react with
chlorine, elevating its recorded temperature to 770 °C. Consequently, the samples were
chlorinated in an alumina boat for flow rate of 200 mL-min"' and above. The change in the
sample temperature with increasing flow rate of pure chlorine was more significant than in

experiments with Cl,-N, gas mixture.
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Figure 4.11. Change in sample temperature during chlorination of sample C in 50

pct N, - 50 pct Cl, mixture at 300 °C
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Figure 4.12. Change in sample temperature during chlorination of sample D in 50

pet N, - 50 pct Cl, mixture at 300 °C
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Figure 4.13. Change in sample temperature during chlorination of sample C in pure

Cl, at 235 °C

4.4. Effect of Chlorine Partial Pressure

The effect of partial pressure of chlorine in the Cl,-N, gas mixture on chlorination was

examined using samples C and D at 300 °C. The partial pressure of chlorine was changed

in the range of 20 to 100 kPa by adjusting the flow rate of chlorine and nitrogen. Total gas

flow rate was maintained at 450 mI-min". As shown in Figure 4.14, the initial chlorination

rate significantly increased with increasing chlorine partial pressure. Its effect was more

significant for sample D (Figure 4.15) than for sample C (Figure 4.14). The final extent of

chlorination of sample C was close to 100 pct even for P, of 20 kPa, although the initial

chlorination was slower. The extent of chlorination of sample D with P, of 20 kPa was 92

pct; it approached 100 pct when P, increased to 30 kPa.
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Figure 4.14. Effect of chlorine partial pressure on the extent of chlorination at 300 °C

with Cl,— N, total flow rate 450 mL-min" for sample C
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Figure 4.15. Effect of chlorine partial pressure on the extent of chlorination at 300 °C

with Cl,— N, total flow rate 450 mL-min" for sample D
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4.5. Effect of Particle Size

Samples C and D were crushed into different particle size ranges, placed in an alumina boat
and chlorinated at 300 °C in the Cl,-N, gas mixture with chlorine partial pressure of 40 kPa
and total gas flow rate of 450 mL-min"'. The progress of the chlorination reaction is
presented in Figures 4.16 and 4.17. Decreasing particle size increased the chlorination rate,

but the effect was minor, especially for sample C.
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Figure 4.16. Effect of particle size on extent of chlorination at 300 °C for sample C

with chlorine partial pressure 40 kPa and total gas flow rate 450 mL-min™
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Figure 4.17. Effect of particle size on extent of chlorination at 300 °C for sample D

with chlorine partial pressure 40 kPa and total gas flow rate 450 mL-min.

4.6. Chlorination of Titanium Suboxides

Chlorination of titanium suboxides was studied in additional experiments. T1,0O; was
prepared by reducing titania powder in hydrogen at 1400 °C for 180 min. XRD analysis
confirmed that Ti,0; was the major phase, although a small amount of Ti;O; was also

detected.

In some experiments, a sample was chlorinated without graphite; in others titanium
suboxide was mixed with graphite with C/Ti,0; molar ratio of 2.25. 60 min-exposure of a
sample without graphite at 400 °C to pure chlorine with flow rate of 50 mL-min"', produced

no reaction. 4.2 pct chlorination was detected in the experiment with Ti,O;—graphite
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powder mixture. Chlorination was observed only during the initial of 10 min. A higher
extent of chlorination was achieved in experiments with titanium suboxides—graphite
pellets. These results show the importance of carbon-suboxide contacts. Further

experiments were carried out with titania-graphite pellets.

The pellets with carbon to titania molar ratio of 1.5 were heated at 1250 °C. XRD analysis
shown in Figure 4.18 indicated that the reduced sample contained titanium suboxides
T1,0; and Ti;0,, while titanium oxycarbide was undetectable. The reduced sample was
chlorinated at 400 °C in pure chlorine with the flow rate of 50 mL-min" for 60 min. The
chlorination was mainly occurred in the initial of 25 min, with a final extent of chlorination
of 18 pct. Another sample with carbon to titania molar ratio of 4.5 was produced by the
reduction at 1200 °C, and chlorinated under the same conditions. Although the extent of
titania reduction was less than in the previous case, the degree of chlorination increased to
32 pct. This increase was attributed to improved contact between titanium suboxides and
carbon powder. Further chlorination was also observed when the residual pellets of
partially reduced samples were crushed and then pressed into new pellets to improve

contacts between carbon and titanium suboxide phases.

Figure 4.18. X-ray diffraction patterns of titanium suboxide sample before and after
chlorination. The sample was prepared with carbon to titania molar ratio 1.5 and

was chlorinated at 400 °C for 60 min, with chlorine flow at 50 mL-min”
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The XRD spectra in Figure 4.4 indicate the presence of rutile in the residue of samples A
and B, although it was not observed before chlorination. Rutile was also detected in the

residue of samples of titanium suboxides after chlorination (Figure 4.18).

In the process of chlorination, titanium suboxides in the reduced sample could be
reoxidised to titania by CO formed by the chlorination reaction. This was studied using a
sample of titanium suboxide obtained by reduction of titania in hydrogen. This sample was
exposed to a 10 vol pct CO-90 vol pct Ar gas mixture a with flow rate of 1 L:min” at 380
°C for 60 min. Figure 4.19 presents the XRD spectra of the titanium suboxide (T1,0;,
Ti,0;) before and after the exposure. Before exposure the sample contained mainly T1,0;
with a small amount of Ti;O;. Both suboxides were converted into titania after exposure to
the gas mixture, with appearance of a strong graphite peak. Although in the chlorination
experiment, the CO content in the gas was much smaller than 10 vol pct, these
experiments support suggested interpretation of experimental observations in chlorination

of suboxides (see Discussion).
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Figure 4.19. X-ray diffraction patterns of titanium suboxide before and after

exposed to a 10 vol pct CO-90 vol pct Ar gas mixture at 380 °C for 60 min
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4.7. Discussion
4.7.1. Thermodynamic Analysis and Mechanisms of Chlorination Ti(O,C)

Titanium oxycarbide Ti(O,C) prepared by carbothermal reduction of rutile, is a solid
solution of TiC and TiO. Chlorination of TiC proceeds by Reaction (4-1), where ss

indicates that the chemical in the square bracket is in the solid solution:

[TiC], + 2 Cl,, = TiCl, , + C (4-1)
AG® = - 578.816 + 0.1089T (k])

Chlorination of TiO may occur by Reactions (4-2) or (4-3):

[TiO], + 2 Cl,, + 1/2C = TiCl,, + 1/2 CO,, (4-2)
AG® = —418.344 + 0.0242T (S)!
[TiO], + 2 Cl, ,+ C , = TiCl, , + CO (4-3)
AG® = -332.009 — 0.0644T kJ)

The standard Gibbs free energy change for Reactions (4-1) to (4-3) calculated using NIST
JANAF Thermochemical Tables [Chase, 1998] is shown in Figure 4.20. All three
chlorination reactions have very high equilibrium constants; equilibrium partial pressure is
in the order of 10" to 10* kPa for CO, (Reaction 4-2) and 10 to 10* kPa for CO

(Reaction 4-3) in the temperature range 150 to 700 °C.

The analysis of the venting gas by the CO — CO, infrared sensor indicated that the
chlorination of TiO followed Reaction (4-3). The detected CO, concentration in the
venting gas was less than 3 pct of that of CO. Furthermore, it was determined by a titration
method that the amount of CO, dissolved in the NaOH solution in the chlorine scrubber
was negligible. Equilibrium CO/CO, partial pressure ratio in the presence of carbon is
defined by the Boudouard reaction [See Section 2.25; Reaction (2-46)]. Equilibrium constant
for this reaction for the sample temperature in the range 400 - 600°C it changes from
7.35%10”° to 8.58x107 Therefore, equilibrium CO,/CO partial pressure ratio in this
temperature range is expected to be (13605 -12)P,. CO partial pressure measured by IR
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sensor was 1.97 vol pct, while CO, was 0.047 vol pct. This explains a low CO, partial
pressure observed in the chlorination experiments. Obviously, chlorination proceeded
under non-equilibrium conditions, the gas-carbon equilibrium was not achieved and the

Boudouard reaction was very slow.

At temperature below 800 "C, carbon could catalyse the formation of phosgene gas, COCI,
which also acts as chlorinating agent [Stefanyuk and Morozov, 1965]. However at
temperature above 200 °C, phosgene starts to revert to carbon monoxide and chlorine
[Bodenstein, 1924]. Chlorination of titanium oxycarbide and oxycarbonitride was

performed above 200 °C, at temperatures at which phosgene is unstable.

Figure 4.20. Standard Gibbs free energy changes of Reactions (4-1) to (4-3) in the
temperature range from 100 to 700°C [Chase, 1998]
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4.7.2. Effect of Temperature and Gas Flow Rate

Chlorination for reactions (4-1) and (4-3) are highly exothermic and the actual samples
temperature was appreciably higher than the furnace temperature. It is an essential
characteristic of an exothermic reaction that the heat released in the reaction increased the
samples temperature and amplified the chlorination rate. At the maximal samples
temperature, the heat generated from the chlorination reaction was balanced by the heat
dissipation to the gas phase. Ti(O,C) was gradually consumed and the reaction rate
altogether with its samples temperature was slowly reduced. Finally, when the reaction was
close to completion, the chlorination became slow and the samples cooled down to the

furnace temperature.

In chlorination experiments with chlorine flow rate of 50 mLmin’, the furnace
temperature had a minor effect on the reaction rate as shown in Figures 4.2 (a) - (e). This
could be attributed to starvation of reactant chlorine. This was also supported by
experiments with varied chlorine flow rate. Increasing chlorine flow rate to 200 mL-min
increased the chlorination rate, while further increase in the flow rate to 300 mI-min" had
a relatively minor effect. It can be concluded that at the chlorine flow rate 200 mL-min’

and below, the reaction was chlorine starved and controlled by chlorine supply.

At the flow rate of 250 mL-min", the chlorination rate was clearly affected by the furnace
temperature. In experiments with pure chlorine, maximum sample temperature raised
considerably with increasing flow rate. At chlorine gas flow rate of 200 mL-min", the
sample temperature reached 600 °C when the furnace temperature was only at 235 °C

shown in Figure 4.11 and 4.12.

The ignition temperature for the chlorination reaction was determined in temperature
programmed chlorination experiments, in which the furnace temperature ramped from 100
to 400 °C at 3 °C-min”" (Figure 4.7). During the initial 25 to 30 min, the sample was heated
up in line with the furnace temperature. Afterwards the rise of pellet’s temperature started
to speed up, indicating the ignition of the chlorination reaction. After achieving maximum
temperature, the reaction slowly faded away and the sample temperature began to approach

the furnace temperature. The ignition temperature was 150 °C for all three chlorine flow
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rates; however, the maximum temperature was reached faster and was higher for the higher

gas flow rate. The entire reaction period was also shorter.

Figure 4.12 compares the sample temperature for samples A to E in the temperature
programmed experiments with chlorine flow rate of 300 mI-min". The chlorination of
samples A to C was ignited at 150 °C, while samples D and E had ignition temperatures
higher than 200 °C. The change in ignition temperature is related to the residual carbon in
samples D and E, which could deprive the heat build-up needed for igniting the reaction.
Carbon was not chlorinated and this was proved by chlorinating graphite powder in
alumina boat at a furnace temperature 235 °C. There was no weight change observed. This
is in agreement with Bergholm (1961) who also concluded that carbon is not chlorinated at

low temperatures.

It should be noted that the temperature change in chlorination experiments did not always
follow the trend in the reaction rate. This is demonstrated by temperature curves obtained
in experiments with varied flow rate of Cl,-N, gas mixture (Figure 4.11) in comparison
with chlorination curves (Figure 4.8). Although the rate of chlorination increased along
with increase in gas flow rate, the maximal sample temperature changed in the opposite
direction. This can be explained by the heat balance; increasing heat removal with

increasing gas flow rate prevails over the increasing rate of heat generation.

In a number of experiments, chlorination residues were combusted in air in order to burn
off carbon and to oxidise the residual titanium to TiO,. Chemical analysis of products of
combustion detected rutile which confirmed incomplete chlorination of titanium in
samples A to E. Extension of the duration of reaction to 120 min unable to yield a visible
increase in the extent of chlorination; titanium suboxides were still detected in the residues

by XRD analysis.

Chlorination of titanium suboxides T1,0; and Ti;O, which were present in reduced
samples was slow even at the furnace temperature of 400 °C. This contradicts to Nieberlein
(1957) who argued that titanium suboxides can be chlorinated at low temperatures. This
discrepancy could arise from different raw materials used by Niebetlein (1957), which

contained Fe, Al, SiO,, and Nb.
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XRD spectra indicate the presence of rutile in the residue of samples even though it was
not observed before chlorination. It was also detected in the residue of samples of titanium
suboxides subsequent to chlorination. Chlorination of T1,0; and Ti;O; by Reactions (4-4)
and (4-5) is thermodynamically feasible under experimental conditions and proceeds as the

following:

2 T,Oy, + 2 Cly, = TiCl, , + 3 TiO, (4-4)
AG® = - 567.802 + 0.1206T  (k])

2 Ti,0, , + 2 Cl,, = TiCl, , + 5 TiO, 4-5)
AG® = — 576.546 + 0.1162T (k)

Chlorination of suboxides T1,0;, and Ti;0; was not observed in chlorination experiments
with titanium suboxides without carbon. In the presence of carbon this reaction can

proceed through Reactions (4-6) and (4-7):

Ti,05 + 4 Cly, + 3 C = 27TiCL, , + 3 CO (4-6)
AG® = — 345.839 — 0.2988T (k)
TisO5 ) + 6 Clyy + 5 C =3 TiCl, , + 5CO @-7)
AG® = - 391.503 - 0.5403T 3)

The appearance of TiO, in the chlorination residues could be attributed to the oxidation of

titanium suboxides by CO:

Ti,05  + CO , = 2TiO, , + C 4-8)
AG® = — 263.255 + 0.1800T )
Ti;0, , + CO , = 3 TiO, , + C 4-9)
AG® = - 267.627 + 0.1778T )

At a temperature below 800 °C, the equilibrium CO partial pressure for Reactions (4-8) and
(4-9) is below 2.03 x 10° kPa. Thermodynamically, these reactions are feasible and were

confirmed by the experiments described above. Before exposure to CO, the samples
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contained mainly T1,0;, with small amount of Ti;0;. Both suboxides were partly converted
into titania by reacting with CO, released in chlorination of titanium oxycarbide with
appearance of a graphite peak. The standard Gibbs free energy change for Reactions (4-4)
to (4-9) calculated using NIST-JANAF Thermochemical Tables [Chase, 1998] is presented
in Figure 4.21.

According to Reactions (4-1) and (4-3), the ideal titanium oxycarbide of which complete
chlorination theoretically can be achieved with no residue carbon is TiC\ O, In the
experiments, titanium oxycarbide produced with molar ratio of carbon to titania of 2.5, did
not contain titanium suboxides and had minimum titanium carbide content in titanium
oxycarbide, 69 pct (with 31 pct TiO). Under the conditions investigated in this project, a
carbon to titania molar ratio of 2.5 is considered to be the optimal for production of

titanium oxycarbide for chlorination.

Figure 4.21. Standard Gibbs free energy changes of Reactions (4-4) to (4-9) in the
temperature range from 100 °C to 700 °C [Chase, 1998]
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4.8. Summary

Titanium oxycarbide prepared by carbothermal reduction was chlorinated in the
temperature range of 235 to 400 °C. Due to strong exothermic reaction, the sample
temperature during chlorination was up to 200 °C higher than the furnace temperature. The
chlorination was ignited at 150 to 200 °C. The effect of furnace temperature on
chlorination in isothermal experiments with chlorine flow rate of 50 mL-:min" was not
observed due to gas reactant starvation. Above the chlorine flow rate of 200 ml-min’, the
effect of furnace temperature was significant; chlorination at 235 to 400 °C was close to
completion in 30 min. Sample composition had a significant effect on the extent of
chlorination. The best results were obtained for sample C which was produced with carbon
to titania molar ratio of 2.5 and contained no detectable excess carbon or unreduced
titanium suboxides. Chlorination of this sample was close to 100 pct. When carbon to
titania ratio was low, the reduced samples contained titanium suboxides of which
chlorination was slow (samples A and B). Chlorination of samples E and D was affected by
the excess carbon in the samples. Increasing gas flow rate and chlorine partial pressure
enhanced the reaction rate. The effect of particle size was insignificant. Titanium suboxides
were chlorinated at low temperatures only when they were well mixed with graphite and

pressed into pellets. The rate and extent of their chlorination were low.
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CHAPTER 5.

CHLORINATION OF TITANIUM OXYCARBONITRIDE

This chapter presents results of conversion of titania to titanium oxycarbonitride and its
chlorination. Effects of temperature, chlorine partial pressure, gas flow rate, particle size on
the rate of chlorination of titanium oxycarbonitride were examined. Chlorination of
titanium oxycarbonitride was compared with chlorination of titanium oxycarbide and pure

chemicals of titanium carbide, nitride, and carbonitride.

5.1. Reduction and Nitridation of Rutile

Mixtures of titania and graphite with different carbon to titania molar ratio were pressed
into pellets and heated under nitrogen atmosphere at 1450 °C (see Chapter 3). The
composition of samples produced by carbothermal nitridation of rutile with different
carbon to rutile molar ratio is presented in Table 5.1. Their XRD spectra are shown in
Figure 5.1. Samples A and B consisted of titanium oxycarbonitride and suboxides (T1;0;
and Ti,0;); sample C was titanium oxycarbonitride with small amount of free carbon;
samples D and E included titanium oxycarbonitride and excess carbon, which amount was
higher in sample E. The measurement of BET surface area for sample E was 8.31 m*g’

with average porosity of 51.2 A.

Table 5.1. Composition of nitrided samples of rutile subjected to chlorination

Sample A B C D E F
Carbon content, 0.54 1.19 6.44 20.40 31.31 13.5
wt pct
Oxygen content, | 5, g 7.76 2.02 0.91 1.51 8.13
wt pct
Nitrogen content, 10.12 10.64 16.69 15.79 14.03 -
wt pet
Extent of 48.44 | 85.56 95.96 97.84 95.75 84.5
Reduction, pct
Phase %zg:’ Ezgz’ T1C0.1600.08No0.76/ T1C0.1000.04N0.86{ T1C0.01300.00N0.90 TiCocoO0 31
composition* TIC.ON, | TICON, | C (C/Ti: 0.29)|, C (C/Ti: 1.57)|, C (C/Ti: 2.59)

* C/'Ti represents free carbon to titaninm molar ratio. Free carbon in samples A, B and I was negligible.
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Sample I prepared by carbothermal reduction of titania in argon under otherwise the same
conditions as sample C, is also presented in Table 5.1. The only phase in sample F
identified by XRD analysis was titanium oxycarbide. This sample was chlorinated for

comparison purpose.

Figure 5.1. X-ray diffraction patterns of titanium oxycarbonitride for samples A to E

5.2. Effect of Temperature.

The effect of furnace temperature on chlorination of samples A to E was studied in the
temperature range of 235 to 400 °C at chlorine flow rates of 50 mIL-min" and 250 mL-min";
it was also studied in the Cl,-N, gas mixture with gas flow rate 450 mL-min" and chlorine
partial pressure of 20 kPa. Chlorination curves for samples A-E at different temperatures

with chlorine flow rate of 50 mI-min" are presented in Figure 5.2 (a) — (e).
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(€)

Figure 5.2. Extent of chlorination of titanium oxycarbonitride at temperatures from
235 °C to 400 °C with chlorine flow rate at 50 mL min™ for samples (a) A, (b) B, (¢
C,(d) D, and (¢) E
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The rate and extent of chlorination increased with increasing furnace temperature, but the
effect was minor. The extent of chlorination of sample A was below 70 pct. This sample
contained titanium suboxides of which chlorination was slow in comparison with titanium
oxycarbonitride and incomplete. Similar results were obtained in chlorination of samples of
titanium oxycarbide with titanium suboxides as described in Section 8 4.6. Sample B also
contained titanium suboxides, but in a much less amount than sample A. The extent of
chlorination of this sample reached 83 pct. Extent of chlorination of samples C and D,

which contained no other phases but titanium oxycarbonitride and carbon, was above 95

pct.

The extent of chlorination slightly decreased with increasing content of excess carbon in
sample E. Most chlorination occurred during the first 40 min, and stopped after about 50
min. Chlorination of titanium oxycarbonitride is highly exothermic. The change in sample
temperature during chlorination of samples A through E at chlorine flow rate of 50
mlL-min" is presented in Figure 5.3. After a short period, generally less than 1 min, the
sample temperature started to increase rapidly and reached maximum in about 5 min. After
completion of chlorination reaction the sample temperature was close to the furnace
temperature. The change of temperature for samples A through D reached 550 °C and
above, whilst sample E only reached maximum temperature of 520 °C. With higher carbon
content, the increase of sample temperature was slightly less and at shorter period before

its temperature went back to furnace temperature.

The residues of chlorinated samples of titanium oxycarbonitride were examined by XRD
analysis. Figure 5.4 shows the XRD patterns of samples A to E after chlorination at 400
°C for 60 min in pure chlorine with flow rate of 50 mL-min". Similar XRD patterns were
obtained for the residues after chlorination at 235 °C and 300 °C. Unconsumed graphite

was observed in chlorinated residues for samples C, D and E.

Samples A and B contained titanium suboxides, which were also observed in the residues
of these samples. XRD analysis of samples C, D and E before chlorination did not detect
any titanium suboxides. However, weak XRD peaks for T1,0; and Ti;0; were observed in
the residues of chlorination of these samples, indicating that conversion of titania to

titanium oxycarbonitride was incomplete.
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Figure 5.3. Change in sample temperature during chlorination of titanium
oxycarbonitride with chlorine flow rate at 50 mL-min" for samples (a) A, (b) B, (¢

C,(d) D, and (¢) E
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Figure 5.4. X-ray diffraction patterns of residues of titanium oxycarbonitride for

samples A to E after chlotination with 50 ml-min™ of chlorine at 400 °C for 60 min

Previous study on chlorination of titanium suboxides and titanium oxycarbide (Section 8
4.6) showed that suboxides Ti,O; and Ti;O, were pattly chlorinated. Their extent of
chlorination was relatively low in comparison to titanium oxycarbonitride. In a chlorination

experiment at 400 °C, the suboxides were still present even after 180 min.

Some of chlorinated residues for samples A to E were combusted in air at 1000 °C for 720

min in order to burn off carbon and to oxidise the residual titanium to TiO,. XRD analysis
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of the combustion residues detected rutile, which confirmed incomplete chlorination of

titanium in samples A to E.

At higher chlorine flow rate, 250 ml-min’, the effect of furnace temperature on
chlorination of titanium oxycarbonitride was stronger. This is seen in Figure 5.5 which
presents chlorination curves for sample C at 235 °C, 300 °C and 400 °C. The rate of
chlorination increased with increasing temperature and was close to completion after 30
min at 235 °C, 25 min at 300 °C and 20 min at 400 °C. The chlotrination was faster than that

at chlorine flow rate of 50 mIL-min’.
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Figure 5.5. Extent of chlorination of sample C at different temperatures with pure

chlorine at a flow rate of 250 mL-min™

The effect of furnace temperature on chlorination of titanium oxycarbonitride was also
observed in experiments with Cl,-N, gas mixture with total flow rate of 450 ml-min" and

chlorine partial pressure of 20 kPa. This is presented in Figure 5.6 which shows the extent
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of chlorination for sample C at 250, 300, 350, 450 and 550 °C. The rate of chlorination
increased with increasing temperature and reached 90 pct at 250 °C and 350 °C after 60

min. The maximum extent of chlorination reached at 450 °C and 550 °C was 95 pct.
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Figure 5.6. Extent of chlorination of sample C at different temperatures with CL,-N,
gas mixture with chlorine partial pressure of 20 kPa and total flow rate of 450

mL-min™

The ignition temperature was determined in non-isothermal experiments. Figure 5.7
compares the sample temperature for samples A to E in the temperature-programmed
expetiments with chlorine flow rate 300 mL-min"". The chlorination of samples A to C was

ignited at 150 °C, while samples D and E had ignition temperatures higher than 200 °C.
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Figure 5.7. Change in the sample temperature during temperature programmed
chlorination of titanium oxycatbonitride with a ramping rate of 3 °C-min” for

samples A to E with chlorine flow rate at 300 mL-min™

5.3. Effect of Gas Flow Rate

The effect of pure chlorine gas flow rate on chlorination of sample C was studied at
235 °C. The gas flow rate was changed in the range from 30 to 300 mI-min". The progress
of the chlorination is presented in Figure 5.8 It is shown that the chlorination rate
significantly increased with increasing chlorine flow rate until 100 mI-min". Beyond that,
the effect of the gas flow rate was minor. The extent of chlorination of sample C was close

to completion after 40 min of reaction when the gas flow rate was 100 mL-min" and above.
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Figure 5.8. Effect of Cl, gas flow rate on the extent of chlorination at 235 °C for

sample C

The effect of gas flow rate on chlorination was further studied with sample C at 300 °C
using Cl,-N, gas mixture with constant chlorine partial pressure of 50 kPa. The flow rate of
the gas mixture was changed in the range of 100 to 500 mL-min". The progress of the
chlorination of sample C is shown in Figure 5.9. The chlorination rate increased with
increasing gas flow rate. However, this increase became less significant at higher gas flow
rate. With 100 mI-min" gas flow rate, the extent of chlorination after 30 min was 85 pct. It
increased to 95 pct when the gas flow rate was increased to 300 mL-min" and practically

did not change with further increase in the gas flow rate to 500 mL-min™.
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Figure 5.9. Effect of N,-Cl, gas flow rate on the extent of chlorination at 300 °C with

50 kPa chlorine partial pressure for sample C

The change in the sample temperature during chlorination of titanium oxycarbonitride in

sample C in pure Cl, gas as presented in Figure 5.8 is shown in Figure 5.10, while that in

the Cl,-N, gas mixture (Figure 5.9) is shown in Figure 5.11.
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As shown in Figure 5.10, along with increase in the flow rate of pure chlorine, the sample
temperature increased more rapidly and reached higher maximum temperature. At 30
mlL-min" the sample temperature increased to 390 °C in 10 min. At chlorine flow rate of
300 mL-min", the sample temperature rose rapidly to a maximum of 550 °C in 4 min.
However, the increased temperature was maintained for only 30 min when the chlorine
flow rate was 100 mI-min" and above. After this period, the sample temperature went back
to the furnace temperature because the chlorination reaction had become insignificant due

to depletion of titanium oxycarbonitride.

According to Figure 5.11, the maximum sample temperature reached during chlorination
with 50 pct N,-50 pct Cl, mixture at 300 °C actually decreased with increasing gas flow rate,
which is opposite to the case of pure chlorine. It was 532 °C with 100 mL-min"' and 460 °C
with 500 mL:min" gas flow rate. Also different from the case of pure chlorine, the
maximum temperature was reached in about 5 min for all the gas flow rates when the gas

mixture was used.

5.4. Effect of Chlorine Partial Pressure

The effect of partial pressure of chlorine in the Cl,-N, gas mixture on chlorination was
examined using samples C and D at 300 °C. The partial pressure of chlorine was changed
in the range of 20 to 60 kPa by adjusting the flow rate of chlorine and nitrogen while the

total gas mixture flow rate was maintained at 450 mL-min.

As shown in Figure 5.12, the initial chlorination rate significantly increased with increasing
chlorine partial pressure. The extent of chlorination with P, 20 kPa and 30 kPa was 91 pct

and 94 pct respectively; it approached 100 pct when P, increased to 40 kPa and above.
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Figure 5.12. Effect of chlorine partial pressure on the extent of chlorination at 300 °C

with Cl,— N, total flow rate 450 mL-min" for sample C

Figure 5.13 presents the temperature change of pellets during chlorination experiments
with the changing chlorine partial pressure. The maximum temperature was reached in 4
min after chlorination reaction started. This maximum temperature also increased with
increasing chlorine partial pressure: at higher chlorine partial pressure, 60 kPa, the sample

temperature reached 533 °C; at lower chlorine partial pressure, 20 kPa, it was 421 °C.

101



600 T I T I T I T l T l T

550

500

450

400

350

Temperature, °C

300

250 |- =

200 1 ] 1 ] 1 ] 1 | L ] L

Time, min

Figure 5.13. Change in sample temperature during chlorination of sample C at

furnace temperature of 300 °C with Cl,-N, total flow rate of 450 mL-min™

5.5. Effect of Particle Size

Samples C were crushed into different particle size ranges, placed in an alumina boat and
chlorinated at 300 °C in the Cl,-N, gas mixture with chlorine partial pressure of 40 kPa and
total gas flow rate of 450 mL-min". The progtess of the chlorination reaction is presented
in Figure 5.14. Decreasing particle size increased the chlorination rate, but the effect was

not as significant as the effect of chlorine partial pressure and gas flow rate.
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Figure 5.14. Effect of particle size on extent of chlorination of sample C at 300 °C

with chlorine partial pressure 40 kPa and total gas flow rate 450 mL-min™

5.6. Chlotination of Ti(O,C), Ti(O,C,N), TiC, and TiN

The comparison of chlorination of sample C (titanium oxycarbonitride), sample F (titanium
oxycarbide), and pure chemicals titanium carbide TiC, nitride TiN, and carbonitride
TiC,:N,; is shown in Figure 5.15. LECO analysis showed that oxygen content in the
chemicals was below 0.1 wt pct. The chlorination was carried out at 235 °C in the Cl,-N,

gas mixture with flow rate 450 mL-min" and chlorine partial pressure 20 kPa.
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Figure 5.15. Extent of chlorination of titanium oxycarbide, oxycarbonitride,
titanium nitride, carbide, and carbonitride at 235 °C with total flow rate of 450

mL-min" and P, of 20 kPa

As shown in Figure 5.15, chlorination of titanium oxycarbide (TiC\;0,;) was the fastest
and close to completion in 60 min. The rate of chlorination of titanium oxycarbonitride
was close to that of oxycarbide in the first 20 min, although the final extent of chlorination
was slightly lower and reached 89 pct. Pure samples of titanium nitride, carbonitride, and
carbide chlorinated significantly slower. The extent of chlorination after 60 min reaction

reached 86, 67 and 63 pct for titanium nitride, carbide and carbonitride, respectively.

The rate of chlorination of TiN in the first 10 min of reaction was slightly lower in
comparison with TiC and TiC ;N ;, however, the degree of chlorination of TiN after 60
min was higher than that of TiC and TiC ;N ;. Such chlorination behaviour was reflected
in the sample temperature curves in Figure 5.16; at the beginning of chlorination of

titanium nitride, the sample temperature reached maximum of 375 °C in 10 min, and
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decreased slowly afterwards. Although the chlorination curves for titanium carbide and

carbonitride were close, the temperature of titanium carbide reached maximum of 395 °C

in 5 min, while a maximum temperature of titanium carbonitride of 336 °C was reached in

7 min. This difference can be explained by different enthalpies of chlorination reactions,

which is higher for TiC than for TiN and TiC,;N ;. High chlorination rate of TiN was

maintained for longer time in comparison with TiC and TiC ;N ;. This elucidates position

of the temperature curve in chlorination of TiN.
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Figure 5.16. Change in sample temperature during chlorination of titanium

oxycarbide, oxycarbonitride, titanium nitride, carbide, and carbonitride at furnace

temperature of 235 °C with total flow rate of 450 mL-min" and P, of 20 kPa
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5.7. Discussion

5.7.1. Thermodynamic Analysis of Chlorination of Ti(O,C,N)

Titanium oxycarbonitride, Ti(O,C,N) prepared by carbothermal reduction of titania under
nitrogen atmosphere, is a solid solution of TiC, TiO and TiN. Chlorination proceeds by
Reactions (4-1), (4-2) (See Section 4.7.7) and (5-1):

[TiN], + 2 CL,, = TiCl, , + 1/2N, (5-1)
AG® = - 425.607 + 0.0261T )

The standard Gibbs free energy change for reaction (5-1) is calculated using NIST JANAF
Thermochemical Tables [Chase, 1998]. Thermodynamically, reaction (5-1) proceeds in
preference to chlorination of titania (Reaction (2-1), Section 8§ 2.2) and TiO (Reaction (4-3),
Section 8 4.7.1). In terms of standard Gibbs free energy change, the stability decreases from
Ti0, to TiN, and TiC. Chlorination of Ti(O,C,N) has very high equilibrium constants; the
equilibrium partial pressure is in the order of 10*" to 10" for N, (reaction (5-1)) in the

temperature range of 150 to 700 °C.

5.7.2. Effect of Temperature and Gas Flow Rate

Chlorination by reaction (5-1) is highly exothermic and the actual samples temperature was
appreciably higher than the furnace temperature which is similar to the conditions

observed in chlorination of Ti(O,C).

In general, the effect of temperature on the chlorination of titanium oxycarbonitride in the
expetiments with chlorine flow rate of 50 mL-min" was minor. It was more prominent in
experiments with chlorine flow rate of 250 mL-min" and with Cl,— N, gas mixture at gas
flow rate of 450 mL-min". It follows from Figure 5.2 that at flow rate of 50 mL-min" pure
chlorine, in the initial stage of chlorination when the rate of reaction was fast, up to 75 pct
of chlorine supplied to the reactor was consumed. Considering that the cross-section area
of the sample pellet occupied less than 50 pct of the reactor tube cross-section area, it can

be suggested that the chlorine partial pressure in the CL—TiCL,—CO gas mixture at the pellet
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surface and interior was low at all temperatures and was insufficient for adequate
chlorination. This was confirmed by experiments with varied chlorine flow rate. Increasing
chlorine flow rate to 100 mL-min" increased the chlorination rate, while further increase to
300 mL:min" had a relatively minor effect. It can be concluded that at the chlorine flow
rate of 100 mI-min" and below, the reaction was chlorine-starved and controlled by

chlorine supply.

Comparing chlorination curves for sample C at 300 °C, it can be noticed that chlorination
with flow rate of 50 ml'min"' pure chlorine (Figure 5.2 (¢)) had a higher rate than that with
450 ml'min" CL-N, gas flow rate and 20 kPa chlorine partial pressure (Figure 5.6),
although the actual chlorine supply rate was higher in the latter case. In chlorination
experiments with CL,—N, gas mixture, the diffusion of Cl, in the gas phase could offer
additional mass transfer resistance which resulted in lower chlorination rate. This is
consistent with the results shown in Figure 5.12. The diffusion of chlorine in nitrogen at

235 °C, D¢pn, Was calculated to be 3.219x10° m*s™.(See Appendix B).

The ignition temperature for the chlorination reaction was determined in temperature
programmed chlorination experiments, in which the furnace temperature ramped from 100
to 400 °C at the rate of 3 °C-min" (Figure 5.7). In the course of initial heating prior to
chlorination stage, the sample was heated up in line with the furnace temperature. A
significant increase in the sample temperature corresponded to the beginning of the
chlorination reaction. After achieving maximum temperature, the reaction rate gradually
decreased and the sample temperature decreased correspondingly (Figure 5.7). The
chlorination of samples A to C was ignited at 150 °C, whereas samples D and E had
ignition temperatures higher than 200 °C. This difference is attributed to the residual
carbon in samples D and E, which could decrease the rate of heat generation and increase

the heat dissipation; as a result the ignition temperature was increased.

Chlorination is strongly exothermic and the rate of heat generation is proportional to the
rate of reaction. The maximum sample temperature was determined by the balance of heat
generation and its dissipation by the gas stream. There is a different effect of gas flow rate
on the maximum sample temperature as shown in Figures 5.10 and 5.11. In experiments
with pure chlorine (Figure 5.10), increasing heat generation prevailed over increasing heat

dissipation with increasing chlorine flow rate. The maximum sample temperature increased
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and chlorination time decreased with increasing chlorine flow rate. In contrast, in the
experiments with 50 vol pct CL-50 vol pct N, presented in Figure 5.11, increasing heat
dissipation due to increasing heat transfer coefficient with increasing gas mixture flow rate
had a more profound effect than increasing heat generation. In this case, increasing flow
rate of chlorine-nitrogen gas mixture decreased maximum sample temperature, although
the chlorination rate increased. As a result, sample’s temperature profile in experiments
with 50 vol pct Cl,-50 vol pct N, gas mixture (Figure 5.11) is different from that in

experiments with pure chlorine (Figure 5.10).

Titanium nitride thermodynamically is more stable than titanium carbide. Conversion of
titanium nitride to titanium tetrachloride requires more energy than chlorination of
titanium carbide. However, chlorination of titanium nitride did not generate a residual
carbon layer which formed resistance to the diffusion of chlorine. Chlorination of titanium
carbide and carbonitride had higher initial rate (Figure 5.15), however the carbon residue
formed in the process of chlorination had a negative effect on the rate and extent of
reaction. Both initial chlorination rate and final extent of chlorination of titanium
oxycarbide (sample F) were higher than those of titanium oxycarbonitride (sample C). It
should be mentioned that sample F contained no free carbon, while sample C was
composed of titanium oxycarbonitride and free carbon. Although carbon content in
titanium oxycarbide was much higher than in titanium oxycarbonitride, free carbon present
in sample C could offer more significant resistance in the mass transfer of gaseous reactant
and products than residual carbon formed in the chlorination process. Chlorination of pure
chemicals was incomplete after 60 min of reaction, and slower in comparison with titanium
oxycarbide and oxycarbonitride. This can be explained by low porosity of samples of TiC,
TiN, and TiC ;N ;. Samples C and F prepared by carbothermal reduction of titania under
nitrogen and argon atmosphere, respectively, contained pores that were developed
throughout the reduction process. Samples of titanium carbide, nitride and carbonitride
were directly pressed from powders of chemicals to produce pellet, and had less porosity in

comparison to samples C and F.
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5.8. Summary

Chlorination of titanium oxycarbonitride prepared by carbothermal nitridation of rutile was
investigated in a laboratory horizontal furnace. The exothermic chlorination reaction raised
the sample temperature significantly higher than the furnace temperature. Temperature
programmed chlorination experiments showed that chlorination of oxycarbonitride was
ignited at low temperature between 150 °C to 200 °C, depending on the sample
composition. With chlorine flow rate at 50 mIL-min”, changing furnace temperature from
235 to 400 °C caused insignificant effect on the progress of chlorination due to gas reactant
starvation. Above 100 mL:min" of chlorine, the effect of furnace temperature became

significant.

Sample C, which was prepared from rutile-graphite mixture with carbon to titania ratio of
2.5, had titanium suboxides and excess carbon below the detectable by XRD level. This
sample was optimum for chlorination. The reaction of sample C was completed in 30 min
with chlorine flow rate at 250 mI-min'. Samples A and B had low final extent of
chlorination due to incomplete reduction and containing significant amount of titanium

suboxides.

Increasing chlorine partial pressure, gas flow rate and decreasing particle size had a positive
effect on the extent of chlorination, the latter effect was not as significant as chlorine

partial pressure and gas flow rate.

The rate of chlorination of titanium oxycarbonitride was comparable to that of titanium
oxycarbide, both being faster than that of pellets of titanium nitride, carbide and

carbonitride.
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CHAPTER 6.

CHLORINATION OF REDUCED ILMENITE ORES AND
SYNTHETIC RUTILE

This chapter presents results of examination of chlorination of titanium oxycarbide and
oxycarbonitride produced by carbothermal reduction of ilmenite ores in argon or nitrogen
atmosphere. This also includes a study of chlorination of titanium oxycarbide produced by
leaching of iron from reduced ilmenite, and the behaviour of impurities in the process of

chlorination.

6.1. Reduction of Ilmenite Ores and Synthetic Rutile

The project studied reduction and chlorination of primary, secondary, and HY'TI 70 grade
ilmenites and synthetic rutile, all supplied by Iluka Resources Limited. Their chemical
composition is presented in Table 3.3 (See Experimental Section 8 3.2.1.1). Figure 6.1 shows

the XRD spectra for ilmenite ores and synthetic rutile.

XRD analysis of unreduced ores indicates that primary and secondary ilmenites consisted
predominantly of pseudorutile, Fe,T1,0,, and ilmenite, FeTiO;. HYTI 70 ilmenite had
higher titanium content, which existed in the form of pseudorutile, ilmenite, and rutile
(Figure 6.1). Impurities in ilmenites were present in relatively small amount, below the
detectable level by XRD analysis. Synthetic rutile was produced by Iluka Resources Limited
from ilmenites by reduction and iron removal. XRD analysis indicates that synthetic rutile
consisted of titania and suboxides (T1,0,, Ti,0,, Ti,0,) (Figure 6.1). Iron oxides or
metallic iron were not detected by XRD, however analysis by XRF indicated 2.8 pct of iron

in synthetic rutile.

Primary grade ilmenite ore containing 53.9 pct of titania was mixed with graphite with
carbon to TiO, (C/TiO,) molar ratio of 3.3 to 4.5. Figure 6.2 shows the XRD spectra for
reduced primary ilmenite in argon atmosphere with C/TiO, molar ratio of 3.3 to 4.5. The
XRD spectra indicated that primary ilmenite with C/TiO, molar ratio of 3.3 was reduced in
argon atmosphere to Ti(O,C) and metallic iron with traces of suboxides (T1,0;, Ti,0;)

(Figure 6.1). Suboxide peaks receded with increasing C/TiO, molar ratio. Ti,O, peak was
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still observed in samples with C/TiO, molar ratio of 4.5 which suggests that the reduction
was incomplete. The reduced samples with higher molar C/TiO, ratio were observed to be

harder and sintered.

Primary, secondary, HYTI 70 ilmenite and synthetic rutile mixed with graphite with
C/TiO, molar ratio of 4.5 had molar ratio of carbon to reducible oxygen 2.94, 3.14, 3.46,
and 4.04 respectively. Samples of ilmenite — carbon mixtures were pressed uniaxially and

exposed to argon ot nitrogen atmosphere at 1450 °C (See Experimental Section 8 3.2.1).

Figure 6.1. X-ray diffraction patterns of primary, secondary, HYTT 70 ilmenite ores

and synthetic rutile
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The composition of samples produced by carbothermal reduction of ilmenite in argon and
nitrogen with C/TiO, molar ratio of 4.5, are presented in Tables 6.1 and 6.2 respectively.
Figures 6.3 and 6.4 show the XRD spectra for reduced ilmenites and synthetic rutile with

C/TiO, molar ratio of 4.5 in argon and nitrogen atmosphere, respectively.

Figure 6.2. X-ray diffraction patterns of primary ilmenite reduced at 1450 °C in
argon atmosphere with molar carbon to TiO, ratio of: (A) 3.3, (B) 4.0, and (C) 4.5
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Figure 6.3. X-ray diffraction patterns of (A) primary, (B) secondary, (C) HYTI 70

ilmenite, and (D) synthetic rutile reduced with molar carbon to TiO, ratio of 4.5 at

1450 °C under argon atmosphere
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Figure 6.4. X-ray diffraction patterns of (A) primary, (B) secondary, (C) HYTI 70

2

ilmenite, and (D) synthetic rutile reduced with molar carbon to TiO, ratio of 4.5 at

1450 °C under nitrogen atmosphere
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Table 6.1. Composition of reduced ilmenites and synthetic rutile in argon

atmosphere at 1450 °C for 3 h

A-1 B-1 C-1 D-1
Primary Secondary Synthetic
Type Ilmenite Ilmenite HYTI70 Rutile
Carbon content, 12.73 16.15 24.85 37.51
wt pct
Oxygen content, 432 3.87 3.56 3.7
wt pct
Extent of
. 83.39 85.6 87.45 90.20
Reduction, pct
Phase C, Fe, TiICO,, | C,Fe, TiCO,, C, Fe, TiC,O,, .
Composition TLO,, TLO, | Ti,0s, Ti,O, Ti,0, €, Fe, TiCosOniq
Molar ratio
2.94 3.14 3.46 4.04
C/Oredurihle

Table 6.2. Composition of reduced ilmenites and synthetic rutile in nitrogen

atmosphere at 1450 °C for 3 h

A-2 B-2 C-2 D-2
Primary Secondary Synthetic
Type Ilmenite Ilmenite HYTI70 Rutile
Carbon content, 12.00 15.20 20.70 32.20
wt. pct
Oxygen content, 0.80 0.70 0.70 0.98
wt. pct
Nitrogen
content, 10.41 11.23 10.88 12.03
wt. pct
Extent of
: 97.59 98.26 98.89 99.81

Reduction, pct
Phase C, Fe, C, Fe, C, Fe, C, Fe,
Composition TiC 5000051 Ng.46| T1C04500,029N53 | TIC; 4500051 N 55 | T1Cq 200 054N 75
Molar ratio

2.94 3.14 3.46 4.04
C/Oredurihle
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The BET surface area of sample A-1 was 0.14 m*g" with average porosity of 35.7 A while
BET surface area for sample A-2 was 0.45 m™>g"' with apparent porosity of 43.2 A.
Carbothermal reduction of ilmenites in nitrogen with the formation of Ti(O,C,N) showed
higher extent of reduction in comparison with its reduction in argon when Ti(O,C) was
formed. No titanium suboxides (T1,0;, Ti;O;) were detected in the samples reduced in
nitrogen (Figure 6.4). These suboxides were present in the ilmenite ores reduced in argon
atmosphere even with C/TiO, molar ratio of 4.5 but have not been seen in the reduced
rutile (Figure 6.3). Graphite peak in samples reduced in nitrogen was stronger; the reduced
samples were not sintered. The samples reduced either in argon or nitrogen atmosphere

were observed to exhibit magnetic properties as a result of formation of metallic iron.

6.2. Chlorination of Ilmenite Ores and Synthetic Rutile Reduced in Argon

Titanium in the ilmenites and synthetic rutile reduced in argon was predominantly in the
form of oxycarbide. In chlorination of reduced ilmenites and synthetic rutile, both Ti(O,C)
and metallic iron were chlorinated. Extents of chlorination of Ti(O,C) and iron in reduced

primary ilmenite with C/TiO, molar ratio of 3.3 to 4.5 are presented in Figure 6.5.
Chlorination was studied at 235 °C under the flow rate of 50 ml-min" of pure chlorine. As

described in the previous section, the reduced ilmenites contained a small amount of

titanium suboxides (T1,0;, Ti;O,) which decreased with increasing C/TiO, molar ratio.

The rate and extent of chlotination of titanium increased with increasing C/TiO, molar
ratio as the amount of suboxides in the sample decreased. Carbon to TiO, ratio also
affected the rate of chlorination of iron; the final extent of chlorination of iron increased
slightly with increasing C/TiO, ratio from 3.3 to 4.5. In the course of chlorination of
samples with C/TiO, molar ratio of 3.3, the rate of chlorination of metallic iron was
comparable with Ti(O,C) (Figure 6.5 (a)). After 60 min of reaction, the extent of
chlorination of iron reached 87 pct, while Ti(O,C) chlorinated only to 81 pct. The extent of
chlorination of Ti(O,C) in ilmenites, reduced with C/TiO, molar ratio of 4.0 and 4.5,
increased to 82 and 85 pct after 60 min of reaction, respectively; chlorination of iron in

these samples reached 91 to 92 pct.
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Figure 6.5. Extents of chlorination of reduced primary ilmenite at 235 °C at flow rate
of 50 mL'min” chlorine. Molar carbon to TiO, ratio in the graphite - ilmenite

mixture: (a) 3.3, (b) 4.0, and (c) 4.5
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The change in sample’s temperature in the process of chlorination of reduced primary
ilmenite with C/TiO, molar ratio of 3.3 to 4.5 is presented in Figure 6.6. Chlorination of
samples with higher carbon content reached higher temperature and remained high at
longer period before it slowly cooled down to the furnace temperature of 235 °C. The
sample temperature increased very rapidly; it reached 446 °C after 6.5 min of reaction for a
sample with C/TiO, molar ratio of 3.3. Temperature of samples produced with C/TiO,

molar ratio 4.0 and 4.5 reached 456 and 470 °C, respectively, after only 4 min of reaction.

Figure 6.6. Change in sample temperature during chlorination of reduced primary
ilmenite at chlorine flow rate 50 mL-min"; Carbon to TiO, molar ratio changed from

3.3t04.5
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XRD spectra of residues after chlorination are shown in Figure 6.7. Ti(O,C), Ti,0;, and
metallic iron were chlorinated leaving residues mainly composed of TiO,, Ti;0,, T1,0, for
ptrimary ilmenite reduced with C/TiO, molar ratio of 3.3. For C/TiO, ratio of 4.0, Ti,O,
and TiO, were detected. Excess graphite and ALO,; were detected in the residues of

chlorinated primary ilmenite reduced with C/TiO, molar ratio of 3.3.

Figure 6.7. X-ray diffraction patterns of residues of chlorination of reduced primary

ilmenite carbon to TiO, molar ratio of 3.3 to 4.5
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The extent of chlorination of Ti(O,C) in ilmenites, and synthetic rutile reduced with
C/TiO, molar ratio of 4.5 is presented in Figure 6.8 (a) to (d) with corresponding change

in the samples temperature shown in Figure 6.9.

In these experiments, chlorine flow rate was higher, 100 mL-min". Both rate and extent of
chlorination gradually increased from primary, to secondary, HY'TI 70 ilmenite, and finally
synthetic rutile. The change of the sample temperature followed a similar trend (Figure
6.9). With higher grade of ores, the rate and extent of chlorination of Ti(O,C) increased as
fraction of titanium oxycarbide in the reduced samples increased; also chlorine

consumption decreased with decreasing amount of metallic iron in the higher grade ores.

The XRD spectra of chlorinated residues of ilmenites and synthetic rutile with C/TiO,
molar ratio of 4.5 are shown in Figure 6.10. Chlorination was performed at 235 °C under
flow rate of 100 mI-min" of pure chlorine. Ti(O,C), T1,0,, and metallic iron in the samples
were chlorinated. XRD spectra of chlorinated residues (Figure 6.10) include peaks for

unconsumed graphite and ALO,.
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Figure 6.8. Extents of chlorination of (a) primary ilmenite, (b) secondary ilmenite,
(¢) HYTI 70, and (d) synthetic rutile. Chlorination was carried out at 235 °C for 60
min with pure chlorine flow rate of 100 mL-min" . Molar carbon to TiO, ratio was

4.5 in the graphite-ilmenite ore mixtures
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Figure 6.9. Change in sample temperature during chlorination of reduced primary,
secondary, HYTI 70 ilmenite, and synthetic rutile at pure chlorine flow rate of 100

mL-min™

Figure. 6.10. X-ray diffraction patterns of residues of samples of reduced primary,
secondary, HYTI 70 ilmenite, and synthetic rutile chlorinated at 235 °C with pure

chlorine flow rate of 100 mL-min™
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6.3. Chlorination of Ilmenite Ores and Synthetic Rutile Reduced in
Nitrogen

Titanium in the ilmenites and synthetic rutile reduced in nitrogen atmosphere was

predominantly in the form of Ti(O,C,N). Chlorination experiments were performed at

235 °C for 60 min with 100 mL+min"' of pure chlorine. Carbothermal reduction of ilmenite
ores and synthetic rutile in nitrogen atmosphere produced fragile samples, which caused
difficulty in attaching a pellet to the tip of a thermocouple. As a result, chlorination

experiments were only performed in alumina boat.

In chlorination of reduced ilmenites and synthetic rutile, both Ti(O,C,N) and metallic iron
were rapidly chlorinated. The extents of chlorination of Ti(O,C,N) and iron in ilmenites
and synthetic rutile reduced with C/TiO, molar ratio of 4.5 are presented in Figure 6.11.
The figure suggests that the rates and extents of chlorination gradually increased from
primary, to secondary, HYTI 70 ilmenite, and finally synthetic rutile. The extent of
chlorination of Ti(O,C,N) increased from 95 to 98 pct from primary ilmenite to synthetic

rutile, while for iron it was from 95 to 99 pct.

Chlorination of Ti(O,C,N) from reduced primary and secondary ilmenites was close to
completion after 50 min, while its chlorination from reduced HY'TI 70 and synthetic rutile
occurred at much faster rate and was close to completion after 30 min. The rate of
chlorination of iron from nitrided ilmenite ores and synthetic rutile was significantly higher
than that of titanium: it was close to completion after 30 min for primary and secondary
ilmenite ores and in 15 min for HYTI 70 and synthetic rutile. The extent chlorination of
iron from ilmenite ores reduced in nitrogen was higher than that of samples reduced in

argon.
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Figure 6.11. Extents of chlorination of titanium oxycarbonitride and iron from
reduced: (a) primary, (b) secondary, (¢) HYTI 70 ilmenite, and (d) synthetic rutile.
Chlorination was carried out at 235 °C for 60 min with pure chlorine flow rate of 100

mL-min”. Molar catbon to TiO, ratio was 4.5 in the graphite-ilmenite ore mixtures

The XRD spectra of chlorinated residues Ti(O,C,N) prepared from reduction of ilmenites
and synthetic rutile with C/TiO, molar ratio of 4.5 in nitrogen are shown in Figure 6.12.
The intensity of graphite peak increased from chlorinated residues of reduced primary
ilmenite to synthetic rutile. SiO, and Al,O; were also detected in chlorinated residues of

nitrided ilmenites and synthetic rutile.
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Figure. 6.12. X-ray diffraction patterns of residues of samples of reduced primary,
secondary, HYTI 70 ilmenite, and synthetic rutile after chlorination at 235 °C with

pure chlorine flow rate of 100 mL-min™
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6.4. Chlorination of Titanium Oxycarbide and Oxycarbonitride after
Removal of Iron by Aeration and Leaching

The project studied chlorination of titanium oxycarbide and oxycarbonitride in reduced
ilmenite ores and synthetic rutile after removal of iron. The reduction of ilmenite ores
either in argon or in nitrogen atmosphere produced Ti(O,C) or Ti(O,C,N) together with
metallic iron at 1450 °C. Chlorination was not selective, ze. the metallic iron chlorinated
together with Ti(O,C) and Ti(O,C,N), which necessitates the removal of iron before

chlorination stage.

The XRD spectra of reduced primary ilmenite ore treated under different conditions to
remove iron are shown in Figure 6.13. All samples were washed and dried at 150 °C for
24 h prior to XRD analysis. The following conditions were tested in experiments with the

reduced primary ilmenite ore:

(1) The reduced primary ilmenite ore was leached in hydrochloric solution with
concentration of 0.1 and 3.2 M for 5 and 12 h at room temperature. This however, did not

effectively remove iron.

(2) The reduced ilmenite ore was aerated with 0.1 M of NH,Cl bath solution at 40 °C with
flow rate 1 L-min" of air for 3 h. After the treatment, iron was still detected even after

using higher bath temperature of 70 °C.

(3) Aeration of reduced primary ilmenite with 0.372 M of NH,Cl bath solution and flow
rate 2.5 L-min" of air at 70 °C for 5 h.
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Figure 6.13. X-ray diffraction patterns of reduced primary ilmenite treated with:

(A) 0.1 M of HCl at room temperature for 5 h, (B) 3.2 M of HCl at room
temperature for 12 h, (C) 0.1 M of NH,ClI at 40 °C with air flow rate of 1 L-min™ for 3
h, (D) 0.1 M of NH,Cl at 70 °C with air flow rate of 1 L-min™ for 3 h, and (E) 0.372 M
of NH,Cl at 70 °C with air flow rate of 2.5 L-min” for 5 h
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After treatment following procedure (3), iron in the sample was undetected by XRD
analysis. As a result of iron removal, the samples lost its magnetic property. XRD analysis
of primary, secondary, HY'TI 70 ilmenites and synthetic rutile subjected to aeration and
leaching under these conditions (Figure 6.14) detected only titanium oxycarbide. However,

XRF analysis still detected iron content in the range of 0.88 to 1.71 pct.
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Figure 6.14. X-ray diffraction patterns of reduced ilmenite ores and synthetic rutile

with C/TiO, molar ratio of 4.5 subsequent to aeration with 0.372 M of NH,Cl at 70

X

°C with air flow rate of 2.5 L-min™ for 5 h
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The extent of chlorination of titanium oxycarbide and residual iron from reduced ilmenite
ores after leaching is presented in Figure 6.15 (a) — (¢). Extents of chlorination of
titanium oxycarbonitride and residual iron from primary ilmenite ore after leaching is

presented in Figure 6.16. These ores were reduced with C/TiO, molar ratio of 4.5;

reduced samples were chlorinated at 235 °C with pure chlorine flow rate of 100 mL-min .

(a) (b)

(©)

Figure 6.15. Extent of chlorination of titanium oxycarbide from reduced (a)
primary, (b) secondary, and (¢) HYTI 70 ilmenite after iron leaching. Chlorination

was performed at 235 °C with pure chlorine flow rate of 100 mL-min™
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Figure 6.16. Extent of chlorination of titanium oxycarbonitride from reduced
primary ilmenite after iron leaching. Chlorination was performed at 235 °C with

pure chlorine flow rate of 100 mL-min"

The XRD spectra of residues of chlorinated samples are shown in Figure 6.17. Higher rate
and extent of chlorination of Ti(O,C) were observed subsequent to iron removal. The

chlorination was completed after 30 min of reaction.
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Figure 6.17. X-ray diffraction patterns of residues of chlorination of: titanium
oxycarbide from reduced primary (A), secondary ilmenite (B), HYTI 70 (C) and
titanium oxycarbonitride from reduced primary ilmenite (D) at 235 °C with pure

chlorine flow rate of 100 mL-min™
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6.5. Chlorination of Reduced MgTiO; and CaTiO,

Chlorination of magnesium and calcium oxides as impurities in the conventional
chlorination technology for titanium oxide TiO, at high temperatures 800-1000 °C is a
concern as it can cause a collapse of the fluidised bed (See Seczion 82.4.4). The project
studied chlorination of these oxides at low temperatures suitable for chlorination of

titanium oxycarbide and oxycarbonitride.

MgTiO, — graphite mixture was prepared with carbon to MgTiO; molar ratio of 5.0, using
technique described in the Section 8 3.3.1. Carbon to CaTiO; molar ratio in the CaTiO; —

graphite mixture was 5.6. Samples were then reduced under flow rate of 1 L:min" of argon

at 1450 °C for 3 h. XRD spectra of reduced MgTiO; is shown in Figure 6.18.

Figure 6.18. X-ray diffraction patterns of MgTiO; reduced at 1450 °C in argon

atmosphere with carbon to MgTiO; molar ratio of 5.0
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The phases identified by XRD in reduced MgTiO, were excess graphite, Ti(O,C), and
MgT1,0, (Figure 6.18). Chlorination of reduced MgTiO; was studied with chlorine flow
rate of 50 mL-min". Chlorination curves at 235 °C and 300 °C for reduced MgTiO, are
presented in Figure 6.19.

Magnesium, titanium, and iron oxides in the ilmenite ore can be present in the form of
(Fe,Mg, T1)O;. Iron oxide was reduced to the metallic state in the reduction process. TiO,
of MgTiO; was reduced to T1,0;; these reactions transformed (Fe,Mg,T1)O; to MgT1,0,.
Ti(O,C) and titanium in MgTi,0, were chlorinated with the extent increasing with
increasing furnace temperature. Magnesium oxide was not chlorinated under experimental
conditions used in this work; MgO started to chlorinate at temperature above 640 oC as
indicated by Ishii et al. (1974). Magnesium was not chlorinated; MgO started to chlorinate
at temperature above 640 °C as indicated by Ishii ez a/. (1974). Chlorination of MgT1,0, has

not been reported in literature.

Chlorination of Ti(O,C) was fast during the first 20 min, and reached 86 and 95 pct after
30 min of reaction at furnace temperature of 200 °C and 300 °C, respectively (Figure 6.19).
The boiling temperature of MgCl, is high (1412 °C), making it not volatilised at
experimental conditions in this project. ICP-OES analysis did not detect traces of

chlorinated magnesium in the TiCl, scrubber.

Figure 6.19. Extent of chlorination of reduced MgTiO; at 235 and 300 °C at flow rate

of 50 mL-min™ chlorine
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Figures 6.20 show XRD spectra of residues of chlorination at 235 and 300 °C. All of
Ti(O,C) was chlorinated; T1,0, of MgTi,0, was also chlorinated following to Reaction (4-
4) (Chapter 4) what transformed TiO, of MgTiO;. Excess carbon and MgTiO, were present
in the residues. There were no residues of MgCl, detected by XRD. The extent chlorination
of reduced MgTiO; was higher than the extent of T1i,0; alone. This is because chlorination

of Ti(O,C) in reduced MgTiOs.

Figure. 6.20. X-ray diffraction patterns of residues of samples of reduced MgTiO,
after chlorination at (A) 235 °C and (B) 300 °C with pure chlorine flow rate of

50 mL-min™
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Carbothermal reduction of CaTiO; was incomplete as seen from XRD spectra shown in
Figure 6.21. The reduced sample contained Ti(O,C), CaO, graphite, and CaTiO;. Even
with undetected CaC, in reduced samples, acetylene scent was emanated which indicated its

reaction with moisture in the air.

Figure 6.21. X-ray diffraction patterns of reduced CaTiO; at 1450 °C in argon

atmosphere with carbon to CaTiO; molar ratio of 5.6

The extent of chlorination of reduced CaTiO; was studied in the temperature range of

235 °C to 500 °C at chlorine flow rate of 50 mL-min". Chlorination curves for reduced
CaTiO; at different temperatures are presented in Figure 6.22. The rate and extent of
chlorination Ti(O,C) increased with increasing furnace temperature. Chlorination of
titanium reached 21, 30, and 39 pct after 25 min of reaction at temperature of 235, 300, and

500 °C, respectively.
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Figure 6.22. Extent of chlorination of reduced CaTiO; at 235 to 500 °C at flow rate of

50 mL-min" chlorine

Figure 6.23 shows residues of chlorination at 235 °C. Chlorination of Ti(O,C) was not
complete and its peaks were still present in the XRD spectra of residues. Carbon, CaO,
Ca(OH),, CaCl, and CaTiO; were also detected in the residues. Only traces of CaTiO,
remained in the residues what evidences that titanium in CaTiO; was partially chlorinated

together with Ti(O,C).

Chlorination of Ti(O,C) produced by reduction of calcium titanate was incomplete.
Calcium oxide can be chlorinated at 333 °C [Yake and Ulrichson, 1981], its partial
chlorination was observed experimentally. The extent of chlorination was affected by the
formation of CaCl, which covered the surface of a pellet that increased the resistance to
transfer of reactant gas penetrating the samples. The final weight gain and droplets of

CaCl, were also observed.
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Figure. 6.23. X-ray diffraction patterns of residues of samples of reduced CaTiO,

after chlorination at 235 °C with pure chlorine flow rate of 50 mL-min™

6.6. Chlorination of Impurities

The effect of impurities was studied by adding oxides of aluminium, chromium,
magnesium, manganese, silicon, and vanadium to the titania-graphite mixture with molar

carbon to titania ratio 3.3, as presented in Table 6.3 The mixture was prepared using

technique described in the Section 8 3.3.1.

Table 6.3. Addition of oxidesto thetitania-carbon mixture

Impurities Quantity, wt. pct
MnO 2.2
MgO 2.2
ALO, 2.4
V,0, 2.2
Cr,0O, 2.3
SiO, 2.3
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The premixed samples were reduced under argon atmosphere at 1450 °C for 3 h. After the
reduction, samples were too fragile and therefore were chlorinated in alumina boat. XRD
spectra of reduced samples are presented in Figure 6.24. Ti(O,C), graphite, and ALO; were
detected, however the amounts of other oxides in a sample after reduction was too small to

be identified by XRD analysis.

Figure 6.24. X-ray diffraction patterns of titania with added metal oxides reduced at

1450 °C for 3 h in argon atmosphere

The chlorination was investigated at 250 to 400 °C by using pure chlorine at 50 mL+min’
flow rate for two hours. Figures 6.25 (a) — (¢) present the extent of chlorination of
chromium, titanium, and vanadium at 250 °C to 400 °C. All the other elements such as
manganese, magnesium, aluminium, and silicon were undetected in TiCl, scrubbers even at

higher furnace temperature.

The rates and extents of chlorination of chromium, titanium, and vanadium increased with
increasing furnace temperature, with chromium chlorinated at the highest rate followed by

titanium and vanadium. The extent of chlorination of titanium was only 91 pct after 70 min
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at 250 °C. The rate of chlorination of titanium was also lower with the addition of

impurities.

At 250 °C, the extent of chlotrination of chromium and vanadium reached 98.3 and 97.3
pct, respectively after 120 min of reaction. Chromium carbide could be chlorinated and it
formed chromyl chloride CrO,Cl, in the presence of CO. The boiling point of CrO,Cl, is

117 °C and its vapour was absorbed in TiCl, scrubber.

(@ (b)

()

Figure 6.25. Extent of chlorination of chromium, titanium, and vanadium from
titania-graphite-metal oxides mixture with 50 mL-min™ of Cl, at: (a) 250 °C, (b) 300
°C, and (¢) 400 °C
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Figure 6.26 presents the XRD pattern of residue after chlorination reaction at 250 °C.

AlLOj; and SiO, were not chlorinated and were present in the residue.

Figure 6.26. X-ray diffraction patterns of residues of chlorinated samples with
oxides addition. Chlorination temperature was 235 °C; flow rate of pure chlorine

was 50 mL-min™

6.7. Discussion

In ilmenite ores, FeO, Fe,O,, SiO,, AL,O;, Cr,0O;, MgO and MnO are present as the main
impurities. From these, only FeO, Fe,O;, Cr,0,, and MnO are reduced at temperature of
1450 °C used for synthesis of Ti(O,C) or Ti(O,C,N). Carbothermal reduction of MnO to
Mn,C, under standard conditions started at 1340 °C [Anacleto e a/, 2004], reduction of
Cr,0; to Cr,C, at 1113 °C [Anacleto and Ostrovski, 20044], while reduction of Fe,O; to
metallic iron at 567 °C. Cementite Fe,C is thermodynamically unstable and is not formed in
carbothermal reduction. It can be formed in the reduction of iron oxide by methane or CO
containing gas with high carbon activity [Longbottom ez /., 2007]. The reduction of iron,

chromium, manganese and vanadium oxides to metal/carbide facilitates their chlorination.
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The more rapid chlorination of metallic iron in the oxycarbonitride relative to the
oxycarbide in reduced primary ilmenite samples was observed. This effect was due to high

porosity of oxycarbonitride in relative to oxycarbide samples.

Chlorination of iron proceeds by the formation of FeCl, [Fouga e a/., 2007] which reacts
with continuously supplied chlorine converting to FeCl;. Reactions (6-1) to (6-3) describe

chlorination of Fe, Mn,C,, and Cr,C,:

4/3Fe , +2Cl, , = 4/3 FeCly (6-1)
AG*® = —338.947 + 0.0284T )
2/7 Mn,C; , + 2 Cly, = 2 MnCl,  + 6/7 C (6-2)
AG*® = - 501.465 — 0.0519T (8)
4/9 Cr,C,, + 2 Cly, = 4/3 CiCly , + 8/9C (6-3)
AG* = - 698.479 — 0.2966T (K))

CO which was produced in chlorination of Ti(O,C) can also be involved in chlorination of

impurities. This is described by Reaction (6-4) for chlorination of chromium carbide:

2/3 Cr,C,yy +2Cl, , + 4 CO , = 2CrOCl, , + 16/3C (6-4)
AG® =~ 1020.075 + 0.2491T )

Thermodynamically, Reaction (6-4) could occur in preference to Reaction (6-3). Chromic
chloride, CrCl; has a boiling point of 1300 °C, while chromyl chloride CrO,Cl, is boiled at
only 117 °C. In the low temperature chlorination below 500 °C, only CrO,Cl, is volatile and
can be removed from reactor by continuous of gas stream. The presence of chromium in
the scrubber confirms that chlorination proceeded through Reaction (6-4). In addition,

there was no evidence of solid CrCl, in chlorinated residues.

Ferric chloride, FeCl; has a boiling point of 315 °C; it undergoes partial decomposition to
FeCl, (melting point 677 °C) with liberation of Cl,. Only with continuous supply of
chlorine, FeCl, is stabilised. Throughout chlorination of ilmenites especially at furnace

temperature 235 °C, there was clear visibility of brown precipitate of FeCl; in the outlet of
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the reactor tube. By heating it using heat gun to temperature of 350 °C, the precipitate
started to melt and vaporise. The vapour was then absorbed by TiCl, scrubber in the first

column.

In order to reduce stable metal oxides such as SiO, and Al,Oj, higher temperature and
strongly reducing conditions are required. Nevertheless, both of these oxides can be
carbochlorinated directly without the reduction step. Thermodynamically, SiO, can be
chlorinated at room temperature (Reaction (6-5)). Many authors indicated that the
chlorination reaction proceeds at much higher temperature. Thermodynamic does not give
an indication for the reaction rate, as thermodynamic is strongly dependent on the kinetic
factors. Carbochlorination of Al,O; (Reaction (6-6)) was reported to start at temperature of
800 °C while SiO, at 1200 °C [Zverev and Barsukova, 1960; Titi-Manyaka and Iwasaki,
1973]. In this case, kinetic reaction control prevails over thermodynamic feasibility of the

chlorination reaction.

SiO,, +2Cl,, +2C, =SiCl,, +2CO (6-5)
AG* = 27.347 — 0.2270T )
2/3 ALO;, , +2 Cl, +2C , =4/3 AlCl, , + 2CO (6-6)

AG® = —325.190 — 0.6770T (kJ)

Thermodynamically, carbochlorination of vanadium pentaoxide, V,O; (Reaction (6-7)) can
occur at low temperature. Gaballah ef a/. (1995) reported carbochlorination of V,0O; using
CO at 400 °C. When V,0; was well mixed with carbon, chlorination proceeded at 200 to
400 °C; in this case reaction started by the formation of VOCI, gas [Gaballah ez @/, 1995].
The boiling point of VCl, is 154 °C, while VOCI; is at 126.7 °C.

V,05+2ClL,+5C =2VCL,+5CO (6-7)
AG® = —53.793 — 0.6591T k)
2/3V,0; , +2CL,, + 10/3C = 4/3 VOCL, , +10/3 CO (6-8)
AG® = —263.354 - 0.4249T (&)
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Chlorination of metallic iron and reduced metal oxides such as Cr,C, and Mn,C, by TiCl, is
not feasible thermodynamically. However, TiCl, vapour can chlorinate metal oxides
[Nowak, 1969]. This depends on the relative affinity of titanium and a metal, which oxide is
considered, for chlorine and oxygen. Thus, TiCl, can chlorinate of Fe,O; forming FeCl,
and TiO,. The standard Gibbs free energy change for Reactions (6-1) to (6-8) calculated
using NIST-JANAF Thermochemical Tables [Chase, 1998] is presented in Figure 6.27.

Figure 6.27. Standard Gibbs free energy changes of Reactions (6-1) to (6-8) in the
temperature range from 100 °C to 700 °C [Chase, 1998]

6.8. Summary

The main phases of primary and secondary ilmenites were Fe,T1,0, and FeTiO5; HYTI 70
grade also contained TiO,; synthetic rutile consisted of titania with traces of metallic iron
and suboxides (T1,0,, Ti,0,, Ti,0,). Carbothermal reduction of ilmenites at 1450 °C

produced Ti(O,C) or Ti(O,C,N) in argon or nitrogen, respectively. Iron oxides were
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reduced to metallic iron. In chlorination, Ti(O,C) or Ti(O,C,N), metallic iron, and Ti,0;
were chlorinated. The rate and extent of chlorination of titanium increased with increasing
C/TiO, molar ratio. Chlorination of Ti,0; was slow relative to Ti(O,C) or Ti(O,C,N) and
iron. Chlorination of impurity oxides such as silica, magnesia, and alumina was not

observed.

Chlorination of reduced ilmenites and synthetic rutile was not selective, metallic iron was
chlorinated together with Ti(O,C) and Ti(O,C,N). This necessitates the removal of iron
prior to chlorination stage. Aeration of reduced samples in 0.372 M NH,Cl bath solution
with 2.5 L'min" of air at 70 °C was proven to be effective in removing iron from reduced
primary ilmenite. XRD analysis indicated Ti(O,C) without the presence of titanium
suboxides and iron. XRF analysis, however still detected iron content in the range of 0.88
to 1.71 pct. Higher rate and extent of chlorination of Ti(O,C) were observed subsequent to

iron removal. Chlorination was completed after 30 min of reaction.

The rate and extent of chlorination of titanium from reduced MgTiO; and CaTiO,
increased with increasing furnace temperature. Magnesium was not chlorinated as
chlorination of magnesium oxide requires temperature above 640 °C. Chlorination of
titanium oxycarbide produced by reduction of calcium titanate was incomplete. Calcium
oxide can be chlorinated at 333 °C, its partial chlorination to CaCl, was observed
experimentally. The extent of chlorination of reduced CaTiO; was affected due to
formation of a CaCl, layer which covered the surface of pellet and impeded gas-solid

contact.

The effect of impurities was studied by adding oxides of aluminium, chromium,
magnesium, manganese, silicon, and vanadium to titania graphite mixture which was
reduced in argon at 1450 °C. Chlorination of manganese, magnesium, aluminium, and
silicon was undetected by ICP-OES in the temperature range studied. The rates and extents
of chlorination of chromium, titanium, and vanadium increased with increasing furnace
temperature with chromium chlorinated with the highest rate followed by titanium and
vanadium. The extent of chlorination of titanium was only 91 pct after 70 min at 250 °C.
At 250 °C, extent of chlorination of chromium and vanadium reached 98.3 and 97.3 pct,
respectively after 120 min of reaction. Chromium carbide was carbochlorinated with CO

and formed CrO,Cl, (boiling point 117 °C).
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CHAPTER 7.

CONCLUSIONS AND RECOMMENDATIONS
FOR FURTHER RESEARCH

7.1. Conclusions

Commercial Kroll and Hunter processes and the new direct reduction processes which are
under development, in the course of production titanium metal require high grade titania
feed. Titanium metal or titania pigment production solely relies on carbochlorination of

rutile at 800 °C to 1100 °C and the reduction of titanium tetrachloride.

At 800 to 1100 °C the impurities are also chlorinated, however at low temperature
impurities do not chlorinate or chlorinate slowly. Chlorination of titanium oxycarbide
Ti(O,C) or oxycarbonitride Ti(O,C,N) can be implemented at much lower temperature in
the range of 200 °C to 400 °C. Low temperature chlorination has a higher selectivity than
conventional chlorination at 800-1100°C. This decreases chlorine consumption and waste
generation, and makes the whole technology of ilmenite processing more efficient and
environmentally friendly than conventional chlorination process. Chlorination of Ti(O,C)

or Ti(O,C,N) is a viable alternative technology in processing titanium minerals.

This project has been greatly devoted to systematic study of chlorination of titanium
oxycarbide and oxycarbonitride with the objective to develop further understanding of
kinetics and mechanisms of chlorination process. The project studied titania, ilmenite ores,
and synthetic rutile reduced by carbon in argon and nitrogen and chlorinated at different
temperatures, gas flow rates and compositions. Chlorination of titanium sub-oxides, iron
and impurities in ilmenite was also examined. Experimental facilities were designed and
developed for carbothermal reduction, chlorination, and removal of metallic iron in the

School of Materials Science and Engineering (UNSW).

145



Major project outcomes are summarised as follows.

Chlorination of Ti(O,C) Produced by Carbothermal Reduction of Rutile

Titanium oxycarbide prepared by carbothermal reduction of rutile was chlorinated in the
temperature range of 235 °C to 400 °C. Due to strong exothermic reaction, the sample
temperature during chlorination was up to 200 °C higher than the furnace temperature. The
chlorination was ignited at 150 °C to 200 °C. Chlorination experiments with chlorine flow
rate of 50 mL-min", were conducted with gas reactant starvation. Effect of furnace
temperature in these experiments was insignificant. Chlorine gas starvation was avoided by
increasing the chlorine flow rate to 200 mL-min". Increase in the furnace temperature in
experiments with the chlorine flow rate above 200 mI-min" increased the chlorination rate.

Chlorination of titanium oxycarbide at 235 °C to 400 °C was close to completion in 30 min.

Sample composition had a significant effect on the extent of chlorination. The best results
were obtained for TiC ,O, 5, which was produced with carbon to titania molar ratio of 2.5
and contained no detectable excess carbon or unreduced titanium suboxides. Chlorination
of this sample was close to 100 pct. When carbon to titania ratio was low, the reduced
samples contained titanium suboxides of which chlorination was slow. This was observed
in chlorination of samples that were prepared from rutile — graphite mixture with carbon to
titania ratio below 2.5. Chlorination of TiC,,,O,,, and TiC 4O, s which were prepared
with molar carbon to titania ratio of 3.3 to 4.5 was affected by excess carbon in the

samples.

Increasing gas flow rate and chlorine partial pressure enhanced the reaction rate. The effect
of particle size was insignificant. Titanium suboxides were chlorinated at low temperatures
only when they were well mixed with graphite and pressed into pellets. The rate and extent

of their chlorination were low.

Chlorination of Ti(O,C,N) Produced by Carbothermal Nitridation of Rutile

Titanium oxycarbonitride prepared by carbothermal nitridation of rutile was chlorinated in
the temperature range of 235 °C to 400 °C. The exothermic chlorination reaction raised the
sample temperature significantly higher than the furnace temperature similar as
chlorination of titanium oxycarbide. Temperature programmed chlorination experiments

showed that chlorination of oxycarbonitride was ignited at low temperature between 150

146



°C to 200 °C, depending on the sample composition. With chlorine flow rate at 50
ml-min", changing furnace temperature from 235 °C to 400 °C had no visible effect on
chlorination due to gas reactant starvation. In experiments with chlorine flow rate above

100 mI-min™, the effect of furnace temperature became significant.

TiCy,0,,sNy - Which was prepared from rutile — graphite mixture with carbon to titania
molar ratio of 2.5, was optimum for chlorination. The chlorination reaction with this
sample was completed in 30 min with chlorine flow rate at 250 mL-min". Samples that
were prepared from rutile — graphite mixture with carbon to titania ratio below 2.5 had low
final extent of chlorination due to significant amount of titanium suboxides of Ti;0; and

Ti,0,.

Increasing chlorine partial pressure, gas flow rate and decreasing particle size had a positive
effect on the extent of chlorination. The effect of particle size was not as significant as

chlorine partial pressure and gas flow rate.

Chlorination of titanium oxycarbonitride was compared with chlorination of titanium
oxycarbide, titanium nitride, carbide and carbonitride. The rate of chlorination of titanium
nitride in the first 10 min of reaction was slightly lower in comparison with titanium
carbide and oxycarbide (TiC,:N,;), however the degree of chlorination of titanium nitride

after 60 min was higher than that of titanium carbide and oxycarbide.

This chlorination behaviour was also reflected in the sample temperature curves; at the
beginning of chlorination of titanium nitride, the sample temperature reached maximum of
375 °C in 10 min, and decreased slowly afterwards. Although the chlorination curves for
titanium carbide and carbonitride were close, the temperature of titanium carbide reached
maximum of 395 °C in 5 min, while a maximum temperature of titanium carbonitride of
336 °C was reached in 7 min. This difference can be explained by different enthalpies of
chlorination reactions, which is higher for titanium carbide than for nitride and oxycarbide.
High chlorination rate of titanium nitride was maintained for longer period in comparison
with titanium carbide and oxycarbide. This elucidates position of the temperature curve in

chlorination of titanium nitride.
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Chlorination of Reduced Ilmenite Ores and Synthetic Rutile

The main phases of ilmenites were Fe,T1,0,, FeTiO,, TiO,; synthetic rutile consisted of
titania with traces of elemental iron and suboxides (T1,0;, Ti,0;, T1,0,). Carbothermal
reduction of ilmenites at 1450 °C produced titanium oxycarbide or oxycarbonitride in
argon or nitrogen, respectively. Iron oxides were reduced to metallic iron. In chlorination,
titanium oxycarbide or oxycarbonitride, metallic iron, and T1,0, were chlorinated. The rate
and extent of chlorination of titanium increased with increasing carbon to TiO, molar ratio.
Chlorination of T1,0; was slow relative to titanium oxycarbide or oxycarbonitride and iron.

Chlorination of impurity oxides such as silica, magnesia, and alumina was not observed.

Chlorination of reduced ilmenites and synthetic rutile was not selective, metallic iron was
chlorinated together with titanium oxycarbide and oxycarbonitride. This necessitates the
removal of iron prior to chlorination stage. Aeration of reduced samples in 0.372 M NH,Cl
bath solution with 2.5 L-min" of air at 70 °C was proven to be effective in removing iron
from reduced primary ilmenite. XRD analysis indicated titanium oxycarbide without the
presence of suboxides and iron. XRF analysis however, detected iron content in the range
of 0.88 to 1.71 pct. Higher rate and extent of chlorination of titanium oxycarbide were

observed subsequent to iron removal. Chlorination was completed after 30 min of reaction.

Chlorination of magnesium and calcium oxides as impurities in conventional chlorination
technology for titanium oxide at high temperatures is a concern as it can cause a collapse of
the fluidised bed. Chlorination of reduced magnesium and calcium titanate was studied
with 50 mL'min" flow rate of chlorine. The rate and extent of chlorination of titanium
from reduced calcium and magnesium titanate increased with increasing furnace
temperature. Magnesium was not chlorinated as chlorination of magnesium oxide requires
temperature above 640 °C. Chlorination of titanium oxycarbide produced by reduction of
calcium titanate was incomplete. The reduced CaTiO; can be chlorinated at 235 °C; its
partial chlorination was observed experimentally. Extent of chlorination of titanium was
affected by the formation of CaCl,, which covered the surface of pellet and impeded mass

transfer of chlorine to titanium oxycarbide.

The effect of impurities was studied by adding oxides of aluminium, chromium,
magnesium, manganese, silicon, and vanadium to titania graphite mixture which was

reduced in argon at 1450 "C. Extent of chlorination was investigated at 250 to 400 °C with
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chlorine flow rate at 50 mI-min"'. Chlorination of manganese, magnesium, aluminium, and
silicon was undetected by ICP-OES in the temperature range studied. The rates and extents
of chlorination of chromium, titanium, and vanadium increased with increasing furnace
temperature with chromium chlorinated with highest rate followed by titanium and
vanadium. Extent of chlorination of titanium was 91 pct after 70 min at 250 °C. At 250 °C,
extent of chlorination of chromium and vanadium reached 98.3 and 97.3 pct, respectively
after 120 min of reaction. Chromium carbide was carbochlorinated with CO and formed

CrO,ClL, (boiling point 117 °C).

7.2. Recommendations for Further Research

This project focused on chlorination of titanium oxycarbide and oxycarbonitride produced
by carbothermal reduction of rutile. Although chlorination of reduced ilmenite was also
studied, detailed examination of behaviour of impurities in ilmenite ores was beyond the

scope of this project and requires further study.

Ilmenite in the deposits of Murray Basin, Australia presented processing challenges due to
high content of chrome spinels or chromite, FeCr,O,. Chrome spinels found in the Murray
Basin deposit make these mineral sands unique from those found in Western Australia.
This requires different approach for processing these ores. As chrome spinels’ physical
properties are very similar to those of ilmenite grains, they cannot be separated through
conventional mineral sands separation procedures, which involve reduction of iron oxide
followed by magnetic separation or leaching of iron. The reduction and chlorination of
Murray Basin ilmenites can be recommended for further study. Carbothermal reduction
and nitridation followed by low temperature chlorination can be a viable approach to

process these ilmenites.

The application of the present results could contribute to the current production process of
titanium metal and pigment industry. This can be achieved by the additional carbothermal
reduction stage prior to chlorination step. Chlorination of Ti(O,C) and Ti(O,C,N) can
proceed at 200 °C to 400 °C and has lower chlorine consumption, waste generation than
conventional chlorination process. Project’s research findings showed that titanium, iron
and chromium in ilmenites could be extracted and chlorinated at low temperature. Crude
products of volatile halides such as FeCl; (boling point 315 °C), TiCl, (boiling point 136
°C), and CrO,Cl, (boiling point 117 °C) can be refined by distillation. TiCl, produced from
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low temperature chlorination can be employed in a novel process based on the continuous
reduction of TiCl, with magnesium producing a titanium powder developed by the Light
Metals Flagship of CSIRO, Australia.
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APPENDIX A

The Appendix A presents the development of experimental set-up for examination of

carbothermal reduction, chlorination and iron leaching.

A.1. Carbothermal Reduction Experiments

The main objective of establishment of reduction experiments was to find reliable methods
for producing consistent and uniform samples, which will be examined further in
chlorination experiments. Initially titania was dry mixed with synthetic graphite powder
with carbon to TiO, molar ratio of 3.3. The mixing was performed in SPEX Sample Prep
Mixer/Mills for 70 min. Samples mixture were then pressed into pellets of 2 g each with 15
mm diameter. The pressing was carried out at a pressure of 85 MPa (15 kN) for 5 min.
Samples were heated to 1200 °C in a horizontal electrical furnace at flow rate of 1 L-min’
of hydrogen. Temperature was raised with ramping rate of 5 °C-min"'; samples were held at
1200°C for 180 min. Then samples were cooled down to room temperature also in
hydrogen. XRD analysis indicated that reduced samples contained Ti(O,C) and still had
suboxides (T1,0;, Ti,0;). The reduction in hydrogen at elevated temperature (1300 °C)
produced Ti(O,C) without the presence of suboxides. However, excess graphite was
consumed by the reaction with hydrogen, and samples were reduced in size especially those
parts which were directly exposed to hydrogen gas. Based on these preliminary results it
was decided to run reduction experiments in argon at flow rate of 1 L:min’ at higher
furnace temperature (1450 °C), as carbothermal reduction in argon is much slower than in
hydrogen. Samples mixing was also improved by using carboxylmethyl cellulose as

dispersant and using wet ball mixing. These improvements provided consistent results.

The reduction was controlled by monitoring the weight change in the reduction process
and using XRD analysis. Samples were weighed before and after reduction. Sample weight

change was calculated as:

final _Winitial

Sample weight change, pct = x100pct (A-1)

initial
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where W7 and W " are sample weights after and prior to carbothermal reduction.
Tables A.1 and A.2 show samples average weight changes for titania, ilmenites, and
synthetic rutile in argon or nitrogen atmosphere. Figure A.1 shows horizontal furnace for

carbothermal reduction or nitridation experiments.

Table A.1. Samples average weight changes for carbothermal reduction of titania in

argon and nitrogen atmosphere.

C/TiO, Average weight change, pct
molar ratio Argon Nitrogen
1.5 - 28.10 - 26.76
2.0 - 36.55 - 36.24
2.5 - 43.58 - 40.20
3.3 -46.95 - 37.09
4.5 - 41.68 - 33.82

Table A.2. Samples average weight changes for carbothermal reduction of ilmenites

and synthetic rutile with C/TiO, 4.5 in argon or nitrogen atmosphere.

Type of Average weight change, pct
Samples Argon Nitrogen
Primary ilmenite - 45.69 - 40.50
Secondary ilmenite - 47.45 -41.42
HYTI 70 - 46.58 -41.23
Synthetic rutile - 44.87 - 37.69

Figure A.1. Horizontal furnace for carbothermal reduction or nitridation

experiments
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A.2. Chlorination Experiments

Titanium tetrachloride produced in chlorination experiments is easy to be hydrolysed,
forming corrosive HCL This corrosive environments requires special measures for
equipment design and experimental procedure. It was important to absorb TiCl, in liquid
solvents, avoiding its hydrolysis. Initially distilled water was used, however formation of
titanium oxides and oxychloride quickly blocked the outlet line. Chloroform CHCI,,
sulphuric acid H,SO,, nitric acid HNO; were also failed to absorb TiCl,. Finally complete
absorption of TiCl, was achieved by using highly concentrated 32 pct of HCIL.

Due to the hazardous nature of chlorine, the experiments were strictly conducted under the

fume cupboard. A special custom made box was used to store and lock chlorine cylinder.

Figure A.2 shows experimental set up for chlorination experiments.

Figure A.2. Experimental set up for chlorination experiments

162



The presence of moisture could affect chlorination of Ti(O,C) as some chlorine is

consumed by reaction (A-2).

H,0,, + Cl,, = 2HCl, + 1/2 O, (A-2)

Samples of Ti(O,C) with molar ratio carbon to titania of 2.5 were left in open air for 30
days. There was noticeable samples weight change,; it gained about 6 pct from its initial
weight. Figures A.3 (a) and (b) compare the extent of chlorination and temperature in the
chlorination process of freshly prepared sample with a sample which contained moisture.
Both Ti(O,C) samples were prepared with molar carbon to titania ratio of 2.5 and were
reduced under the same conditions. The rate of chlorination of a sample with moisture was
slow in comparison to freshly prepared sample and the final extent of chlorination was
dropped to 75 pct (Figure A.3 (a)). There was a 5-min delay in the reaction ignition,
although samples were heated for 10 min under nitrogen prior to chlorination (Figure A.3

(b)). The sample temperature was also lower in comparison to the fresh one.

(@) ®)

Figure A.3. Chlorination of titanium oxycarbide at 300 °C with pure chlorine flow
rate of 50 mL-min”. (a) Extent of chlorination; (b) associated sample temperature

change
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It was essential for chlorination experiments to avoid moisture in the sample, which was

achieved by working with freshly reduced samples.

A.3. Removal of Iron by Aeration and Leaching

The reduction of ilmenites either in argon or in nitrogen atmosphere produced Ti(O,C) or
Ti(O,C,N) together with metallic iron. Metallic iron was chlorinated together with Ti(O,C)
and Ti(O,C,N), which necessitates the removal of iron before chlorination stage. Figure
A.4 show experimental set up for the removal of iron by aeration. It was established that
aeration of reduced primary ilmenite with 0.372 M of NH,Cl bath solution and flow rate

2.5 L-min™ of air at 70 °C for 5 h was effective for iron removal.

Figure A.4. Experimental set up for removal iron by aeration
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APPENDIX B.

KINETIC MODELLING OF CHLORINATION OF
TITANIUM OXYCARBIDE

Kinetic modelling of chlorination of titanium oxycarbide and oxycarbonitride is of
importance for understanding further reaction mechanism and kinetics. This information
can be used to predict chlorination behaviour at different operating conditions. Only the
model’s framework has been developed as the kinetic modelling was beyond the scope of

this project.

Titanium oxycarbide was presented as a solution of titanium carbide, TiC and titanium
monoxide, TiO, which react with chlorine to produce titanium tetrachloride, TiCl,, carbon,
C, and carbon monoxide, CO according to the reactions (4-1) and (4-3) (Chapter 4).
Reaction rate R, is defined as moles of TiCl, formed on unit surface area per unit time and

can be described by equations (B-1) and (B-2), respectively:

%, =k, ep( ey | (R, (B-1)

g
S det

The extent of chlorination for reactions (4-1) and (4-3) are related to the location of

(B-2)

reaction front, 7, and can be expressed by equation (B-3):

> o

le—(:—cJ (B-3)

g

where 7,/ 1, is dimensionless locations of reaction fronts; 7, is the average radius of a grain.

The overall extent of chlorination, X, can be calculated by

X =2 (B-4)

where 7, is the radius of a pellet.
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The relationship between R, and R, where R, is defined as moles of TiCl, formed within
the unit volume of pellet per unit time:

3er?
pgc (B_S)
Iy

R, =R,

where ¢, is the initial volumetric fraction of titanium oxycarbide in the pellet.

B.1. Mass Balances Within a Sphere Pellet

Consider a spherical layer of pellet with radii g and g + 4z. Due to relatively low density of
gas phase; the amount of gas accumulated because of change in concentration can be
neglected. The pressure change within a pellet is also negligible due to relatively small pellet

size.

Rate of
chlorine
in

Rate of
chlorine

out
—

Z Z+ dz

Figure B.1. Shell balance within spherical pellet of titanium oxycarbide

The diffusion problem is solved by making mass balances for chlorine over a thin shell of

titanium oxycarbide. The shell mass balance for spherical pellet can be written as:

(Rate of chlorinein) = (Rate of chlorine out) +( Rate of chlorine consumed) (B-6)

where:

Rate of chlorine in at (3 + dg):

va)*(Ce)(Me,

(W, ) (472 ) ®.7)
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Rate of chlorine out at

(e, ) (4721 ) +(Ca, )M,

)

Rate of chlorine consumed within the shell, d

2 (47rzzdz) (Rv) B-9)

Therefore the equation (B-8) can be written as:

4z (W, 2, ~W, 7| ) +(CC|Z My, ) =% v)8zZ2dz  (B-10)

- Ccl2 M cl,

2|z+dz

Division by dz on both side and taking the limit as 4z approaches zero gives:

475%(WC,2 z) +%(CC,2MC,2) =% ,)8r7 (B-11)

where the molar flux of chlorine at radius z, is defined by Fick’s law of diffusion as:

W, =-D dCe, 12
o, o gy (B-12)
Volumetric flow rate of chlorine due to its consumption is defined as:
F RT
My, = ( j 47zz29<de]? (B-13)
0

Substituting Equations (B-12) and (B-13) to (B-11) and differentiating gives:

dc dc
47 (-Dy ) d (zz G, ]+(MC|2 d;'z +417*R Cy, R_PTJ = ,)872  (B-14)

E dz

Division by 47 on both side and rearranging of the equation gives mass balances equation:

d(_,dC, M dCq ( RT]
-D., |—| 22 2 |+ 2 2 |=|2-Cy — |ZR 15
( Eff)dz[ dz j (47[ dz < p v B-19)

The initial conditions for mass balances equation are:

at=0,C, =0forz=0toz, (B-16)
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The boundary conditions for mass balance equation are:

dC
az=0; dCIZ =0 {Symmetric condition at the center of pellet} (B-17)
z

CMg,

2

M
az=1z,; C|22 =hy (Cqva —€C|Z’S) {Massflux} (B-18)

27z

0 47er

MATLAB pdepe.m solver program can be implemented by using the following format:

(B-19)

The mass balance in Equation (B-15) was rearranged to yield similar format with MATLAB
pdepe.m in Equation (B-19):

Z_zi 22 ‘5CC|2 + _MCI22 O—CC|2+ 2_ RTCCl2 &:0 (B—ZO)
d\ oz ) \4nDyz," | % P Dy

MATLAB parameters pdepe for mass balance equation is the following:

c =0 (B-21)
K

f=—"C2 22
g (B-22)

P e P 2
47Dy z,°) ok P Dy

For boundary conditions, MATLAB employs the following format:

(B-24)
MATLAB parameters for boundary conditions as the following:
For boundary condition for the center of the particle (ze. 3= 0):
p =0 (B-25)

168



g =1 (B-26)

For boundary condition for the surface of the particle (ie. 3= 3,):

M
P = (2 - CCI2 {471_(;2 ZJ - ht (Cbulk - Cs.;rface) (B'27)

p

q =0 (B-28)
B.2. Heat Balances Within a Sphere Pellet

The shell heat balance for spherical pellet can be written as:

(Rate of heat in)—(Rate of heat out) + ( Rate of heat generated)

— (Rate of heat consumed) =0 (B-29)

where:

Rate of chlotine in at %

(—4%22/1 T
0z

j (B-30)

Rate of heat out at (z + d2):

(—47[22/1 8_T
z

j (B-31)

Rate of heat generation within the shell, dz:

(472°%R, ) (-AH) dz (B-32)

Rate of heat absorbed by increasing solid temperature:

47rZZCpS T

i (B-33)

z

where C| is the overall heat capacity of solid material within unit volume of pellet.
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Rate of heat absorbed by chlorine within the pellet:

P oT
—2( M c, ﬁj Cp,CIZ E dz

where Coo is the heat capacity of chlorine; [”is the volume of the gas.

Rate of heat released by titanium tetrachloride from the pellet:

P oT
_( Mg, ﬁj Coric, 9z dz

where C 1, is the heat capacity of titanium tetrachloride.

Heat balances can be written as the following:

—47A 228_T _228_T +(47z229{V)(—AH)dz —4r7°C sa—T dz
az|, 0Z|,.4 P ot
P \oT
+ (ZCp,uZ _€p,TiCI4)(MCI2 ﬁjg dz

oz

Cps ﬂ = 2_2 i(zz ﬂj + (2CprC|2 B vaT'C|4 )M cl, P ﬂ + mV(—AH )
A ) oz A RT A2 o 1

The initial conditions for heat balances equation are:

at=0T=T forz:Otozp

furnace

The boundary conditions for heat balances equation are:

az= O;%—T =0 {Symmetric condition at the center of pellet}
z

= ia—T {Heat flux}

az= Zp;hC(Ts_Tfurnaoe) oz

=2z,

MATLAB parameters pdepe for heat balance is the following:

c=—1F

A
f:ﬂ
oz

(B-34)

(B-35)

(B-36)

(B-37)

(B-39)

(B-39)

(B-40)

(B-41)
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S= (ZCP,CIZ _Cp,ﬁCu)Maz P £+ EKV(—AH)

-42

4z RT A7 oz A 42
MATLAB parameters for boundary conditions as the following:
For boundary condition for the center of the particle (ze. 3= 0):
p =0 (B-43)
q =1 (B-44)
For boundary condition for the surface of the particle (e. 3= 3,):
P = ht (Tsurface - Tﬂuid) (B-45)
q =4 (B-46)

B.3. MATLAB Output

Calculation of parameters lead to the following results:

Diffusion coefficient for CI2-TiCl4 (Deff), m2/s:
9.3439¢-06

Heat transfer coefficient (ht), W/ (m2.K):
3.8335e+00

Mass transfer coefficient (hd), m2/s:

2.9332¢-05

MCI2=
1.0531e-11

Rv=
1.5349¢-04

Rs=
6.2397e-16
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B.4. MATLAB Program Listing

From the files “Alprogram.n”

%

% Clearing memory and declaration of variables

clc; clear all; format short e;
global R T'T's P Deff m zp Rs ep rg rc Ea ko n rthos Rv PCI2 MCI2 lambda
global DH CpCI2 CpTiCl4 Cps ht hd

%

%

% Data inputs
R=8.314*10"-3;
T=200+273.15;
P=101.325;
m=2;

ep=0.5;
zp=.5*15E-3;
rg=7*10"-0;
rc=zp;

Ea=165;
ko=0.1;

n=2;
CpCl2=34;
CpTiCl4=37,

%Gas constant, kPa.m3/(mol.K)
%lnitial temperature of the furnace, K
%Pressure, kPa

%Sphere shape factor

%Value of porosity

%Radius of pellet, m

%Average diameter of grains, m

%INITIAL GUESS VALUE of Activation energy, J/mol
Y%INITIAL GUESS VALUE of frequency factor
Y%INITIAL GUESS VALUE of the reaction

%] /K.mol

%] /K.mol

Cps=(.7*34)+(.3*31); %Cp TiC 34 31 ] /K.mol; Cp TiO = 31 J/K.mol

PCI2=DP;
dtube=0.022;
mucl2=14.1E-6;

lambdacl2=0.0093;

thoTiC=4.910;
rhoTiO=4.888;

Y% Partial pressure of chlorine, kPa

%Diameter of silica tube, m

%Viscosity of chlorine gas, Pa.s or kg/m.s
%Thermal conductivity of chlorine gas, W/m.K
%Density of titanium carbide, g/cm3

%Density of titanium monoxide, g/cm3

%
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%

%Calculations of parameters

thocl2=((P*70.9/101.325)/(82.05783*T))*1000; %Density of chlorine at Tfurnace
and 1 atm, kg/m3

lambda=(.7*21)+(.3*3); %Thermal conductivity of titanium
oxycarbide, W/m.K

DH=(0.3*(-414.186-0.006662*T)+0.7*(-326.366-0.009157*T))*1000; %Enthalpy  of
reactions, |

rhos=((.7*rhoTiC)+(.3*rhoTiC))*1e3; %Density of (TiC-TiO)ss, kg/m3
Rs=ko*exp(-Ea/R/T)*(PCl2"n); %Reaction rate on unit surface area

per unit time
Rv=(Rs*3*ep*rc™2)/(rg™3); %Reaction rate on unit pellet
volume per unit time

%

%
%Calculation for diffusion coefficient for CI2-TiCl4 (Deff), m2/s
Deff=((1.858E-27*T"1.5)*((70.99"-1)+(189.70"-1))"0.5) / (1.1326*1*(5.014E-10)"2);
disp('Diffusion coefficient for CI12-TiCl (Deff), m2/s:")

disp(Deff)

disp( )

%

%
%Calculation for heat transfer coefficient (ht), W/(m2.K)
FCI2=(5E-5)*573.15/298.15;

velocity=(FCI2/60)*4/pi/dtube”2;
Prandtl=(CpClI2*¥1000/70.9)*mucl2/lambdacl2; %Prandtl number

Reynold=(zp*velocity*rhocl2) /mucl2; %Reynold number
Nusselt= 2 + (0.6*(Reynold™0.5)*(Prandtl~(1/3))); %Nusselt number
ht=Nusselt*lambdacl2/zp;

disp('Heat transfer coefficient (ht), W/(m2.K):")
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disp(ht)
disp(’ b
%

%
%Calculation for mass transfer coefficient (hd), m2/s

Schimdt=mucl2/ (rhocl2*Deff); %Schimdt number
Sherwood= 2 + (0.6*(Reynold™0.5)*(Schimdt™(1/3))); %Sherwood number
hd=Sherwood*Deff;

disp('Mass transfer coefficient (hd), m2/s:")

disp(hd)

disp( )

%

%
% Calculation of MCI2

F=@(z) (4*pi*2."2);
MCI2=(quadl(F,0,zp))*Rv*R*T/P;
disp('MCI2=");disp(MCI2)
disp(Rv=");disp(Rv)
disp(Rs=":disp(Rs)

disp(’ )
%
ALLHEATMASS %Recalling heat and mass program solver

From the files “Alheatrmass.n’”

%
% Solving heat and mass balance equation
function heatbalance

global m zp
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%Constructing Figure
z = linspace(0,zp,100);
t = linspace(0,60,100);

hb = pdepe(m,@pdexhb,@pdexhbic,@pdexhbbc,z,t);

% Extract the first solution component as temperature (Temp).
Temp = hb(;,:,1);
C = hb(,;,2);

% A surface plot construction.

figure;

surf(z,t,Temp);

title('Numerical solution heat balance for spherical pellet’);
xlabel('Radius, z');

ylabel("Time, t');

zlabel("Temperature, K');

figure;

subplot(1,2,1),plot(z, Temp);
title("Temperature profile for spherical pellet');
xlabel('Radius, z');

ylabel('Sample Temperature, K');

subplot(1,2,2),plot(t,Temp);
title("Temperature profile with increasing time');
xlabel("Time, min');

ylabel('Sample Temperature, K');

% A surface plot construction.
figure;

surf(z,t,C);
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title('Numerical solution mass balance for spherical pellet');
xlabel('Radius z, m');

ylabel("Time t, min');

figure;

plot(z,0);

title('Concentration profile for spherical pellet');
xlabel('Radius, z');

ylabel('Concentration of chlorine');

%Heat balance Partial Differential Equation

function [c,f,s] = pdexhb(z,t,u,DuDx)

global R T P Rv MCI2 lambda DH CpCI2 CpTiCl4 Cps rhos
global Deff MCI2 R T P Rv ep rc rg

Temp=u(l);
C=u(2);
DTDz=DuDx(1);
DCDz=DuDx(2);

c=[Cps/lambda;0];

f=[DTD#%DCDy];

s=[((2*CpCl2-CpTiCl4*MCI2*P*DTDz)  /  (4*pitlambda*R¥*T*2°2) )+
DH/lambda);(-MCI2¥DCDz/ (4*pi*Deff*2*2)) + ( (2-(R¥T*C/P)) * Rv/Deff)];

%lnitial Condition
function TO = pdexhbic(z)
global T

C=0;

TO=[T; CJ;

%Boundary Conditions

(Rv*-
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function [pl,ql,pr,qt] = pdexhbbc(xl,ul,xr,ur,t)
global ht lambda T Temp
global zp Deff MCI2R T P hd C

Cbulk=ul(2);
Csurface=ur(2);
Tt=ul(1);
Ts=ur(1);

pt = [(Ts-Tf)*ht;((2-Csutface)*MCI2 / (4*pi*zp”2)) - (hd*(Cbulk-Csurface))];
qr = [lambda;0];
%
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