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ABSTRACT

In this paper, the chlorination of In, O3 has been studied using gaseous chlorine as chlorinating agent. The
results of the thermodynamic analysis for the reaction of In,O3 chlorination indicate that this reaction
is possible throughout the entire studied temperature range. The progress of the chlorination was fol-
lowed measuring the mass changes for isothermal and non-isothermal experimental assays. The effect
of temperature, reaction time, flow rate and partial pressure of Cl, was investigated. The solids were
characterized by scanning electron microscopy (SEM) and X-ray diffractometry (XRD). The results of the
chlorination assays showed that the reaction between In, 03 and Cl, starts approximately at 400 °C, with a
mass loss of 50% at 620 °C, and that, for temperatures between 500 and 650 °C, the reaction rate increases
along with the reaction temperature. The calculated values for the apparent activation energy and for
the order of reaction were 125.5kJ/mol and 0.91, respectively. The model 1 — (1 —«)%4 =Kt is the best

represents the experimental data.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Indium was discovered by F. Reich and T.H. Richter in 1863;
later on, they were able to isolate the metal. Until 1924, the world
consumption of this element was little and sporadic. Nowadays,
around 40 tons of indium are annually produced worldwide, 10 of
which are provided by Canada [1,2].

Indium is mostly applied to the production of alloys, such as low
melting point alloys (solder alloys), fusible indium alloys, dental
alloys and conductive alloys. It is also used in the manufactur-
ing of dry alkaline batteries as a substitute for mercury, in low
pressure sodium lamps, in liquid crystal displays, and in intermetal-
lic compounds as GalnAs, GalnP, InP and InSb which are applied
to the semiconductors industry (lasers, photodetectors, integrated
circuits, and infrared video cameras and detectors) [2].

Indium does not occur in native state and it is widely spread in
nature, generally in very low concentrations. The content of this
metal in the earth crust is estimated in 0.1 ppm, and it is found in
several minerals as trace element. Indium is mainly associated with
zinc materials, being sphalerite the ore with the biggest amount
of indium; copper and lead sulphides are next in the list. During
the recovery process of the base metals, indium concentrates in
the residues and the processes for its recovery and purification are
often quite complex and inefficient [2]. Even though electro refin-
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ing is a commonly used technique to obtain high purity indium,
additional procedures are needed to comply with the purity grade
requirements for this metal in the electronic industry [3]. This is
the reason why the development of new methodologies for the
recovery and purification of indium is of great importance.

The production of high purity Ga, In and Cd for electronic appli-
cations has been studied by Ohwa et al. [4], using a chloride refining
process. Nishihama et al. [5] have studied the recovery of In and
Ga using liquid-liquid extraction with D,EHPA, reaching a 98.9%
effectiveness for In and 87.9% for Ga [5].

Waste management of materials containing metals, is an issue
of increasing importance and attention in mineral and metallurgi-
cal industries. This is due mainly to two factors, an urge to reduce
environmental problems, and the economic need to optimize the
use of non renewable resources. Sustainable development lies on
the productive use of human and material resources, and extrac-
tive metallurgy represents a promising area for development in this
respect.

Although there exist a number of methods for the production of
high purity metals, liquid-liquid extraction from metallic halides
in solution and the distillation of chlorides are the two most widely
used techniques. In both cases, the obtainment of metallic halides
constitutes the first stage in the process.

The use of chlorination to recover and refining metals may
increase in the future. This is due to a number of factors, which
include the high chlorination rates resulting from the elevated
reactivity of Cl, and other chlorinating agents; the comparatively
moderate temperature involved in the chlorination process; the
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low cost, variety and availability of chlorinating agents; the favor-
able physical and chemical characteristics of certain metals; the
properties of many chlorides (high solubility, wide variety of oxi-
dation states and ease of separation by liquid-liquid extraction
or distillation); the selectivity of the treatment and separation
processes; and the development of certain corrosion resistant
materials used for the manufactures of reactors [6]. On the other
hand, the wastes from chlorination processes can be conveniently
treated for the recovery of toxic materials, prior to their final dis-
posal. At present, the use of chlorination for indium recovery is
being studied, specially from materials or disposals residues that
contain it [7-9].

The kinetics of chlorination of pure In,O3 with gas chlorine has
been investigated in the present work. Knowledge of the effect of
different variables upon the system reactivity may allow to propos-
ing a mechanism and a kinetic reaction model that represent the
experimental data and contribute to the understanding of indium
recovery by chlorination.

2. Thermodynamic analysis

The variation of Gibbs free energy (kcal/mol of In,03) as a func-
tion of temperature (°C) is shown in Fig. 1. These calculations were
done using the software HSC Chemistry for Windows [10]. The
reactions taken into consideration were the following:

In;05(s) + 3Cly(g) — 2InCl3(s) + 3/205(g) (1)
In,03(s) + 3Cly(g) — 2InCl3(g) + 3/20,(g) (2)
Iny 03(s) + 3Clx(g) — InyClg(g) + 3/20,(g) (3)

DatainFig. 1 indicate that In, 03 chlorination with Cl; is possible
throughout the temperature range considered. The products of the
reaction are solids under 500 °C and gaseous at high temperatures.
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Fig. 1. Variation of Gibbs free energy vs. the temperature for In,05 chlorination.

Between temperatures of 500 and 730 °C the most probable product
is the species In,Clg(g).

To make the thermodynamic calculations presented in Fig. 1, an
amount of Cl, enough to complete the chlorination reaction was
considered. The experimental system used, while working with Cl,,
corresponds to a system where the gaseous reactive is found in
excess. However, at the initial stage of the reaction, or when the
chemical reaction is fast and Cl, diffusion is the controlling stage,
the gaseous reactive can be found in defect in the reaction zone. A
thermodynamic calculation considering chlorine in defect showed
a low tendency to form species InCl and Cl,, being favoured the

4

NaOH

Fig. 2. Diagram of the experimental equipment: (1) drying units; (2) flowmeters; (3) 3-way valves; (4) venting; (5) furnace; (6) quartz reactor; (7) quartz crucible; (8)

thermocouple; (9) temperature control unit.
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formation of InCl; even when the amount of Cl; is much inferior to
the stoichiometric.

3. Experimental
3.1. Equipments

The chlorination experiments of In,03 were carried out using a
tubular reactor manufactured in quartz, whose scheme is shown in
Fig. 2. This reactor allows to work in atmosphere of pure chlorine.

Microstructural analysis of reactant solid species was performed
by X-ray diffraction (XRD) using a Rigaku D-Max IIIC diffractome-
ter, operated at 35kV and 30 mA, employing Ni filter and Ko of
Cu, A=0.15148 nm, and by scanning electronic microscopy (SEM)
with a Philips Electronic Instruments SEM 515 and a LEO 1450VP
equipped with an spectrometer EDAX Genesis 2000.

3.2. Materials

The gases used were 99.9% pure chlorine (Indupa, Argentina)
and 99.9% pure nitrogen (A.G.A., Argentina). Fluka Chemika, 99.99%
purity In,03 was used in all chlorination assays. The result of the
characterization of this oxide through SEM is presented in Fig. 3 and
their diffractogram is matched with the file N° 6-416 [11]. Fig. 3a-c
shows that the solid is made up of particles of different sizes that
vary from 3 to 50 pm. It can also be observed that, at the same time,
these particles are conglomerates of little grains, uniform in size,
under 1 pwm.

3.3. Experimental procedure

Isothermal and non-isothermal experiments, to study the effect
of the temperature, reaction time, chlorine flow and partial pres-
sure, were carried out.

The chlorination reaction of In,03 was followed measuring the
mass changes of the sample in each experimental assay. To do
this, the masses of the sample and sample holder were previously
determined and the mass of the residue was determined after each
experiment so as to know the mass changes as a function of each
studied variable.

3.3.1. Non-isothermal assays

The sample chlorination was performed at a set temperature
and for a fixed time period of 10 min. Once the assay had fin-
ished, the reactor was purged with N, and the sample was weighed.
Subsequently, chlorination was repeated at a higher temperature.
The same flow and mass conditions as in isothermal experiments
were used. The temperature increase between each point was
25°C

3.3.2. Isothermal assays

A sample of known mass, approximately 70 mg, was supported
on a quartz crucible and placed into the reaction zone, under N,
flow until reaching the working temperature. The temperature of
the reaction was obtained placing the thermocouple close the sam-
ple bed. Once the conditions selected for the experiment had been
set, the three way valves were turned so that N, was sent to vent-
ing and pure Cl, or the Cl,-N, mixture was let into the reactor. At
that point, the starting time was recorded. After the reaction time,
the reactor was purged with N, current. The total flow of gas, Fv,
was always 100 ml/min. The residue remaining in the crucible was
cooled and weighed in order to determine sample mass changes.

f —————

Fig. 3. Morphology of the In,05 particles: (a) overall view; (b) morphology of par-
ticles of different sizes; (c) superficial appearance of a conglomerate of grains.

The mass loss suffered by the samples during non-isothermal
experiments was expressed as mass loss percent, Am%, according
to the following equation:

ms —m°
Am%=—_—— x100 (4)
The results of isothermal experiments were expressed as the
degree of conversion of the solid reagent, defined as:
me — mf
S 5
a o (5)
where m° and my are the initial and final masses of In, 03, respec-
tively.
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Fig. 4. Non-isothermal chlorination of In,03 in Cl; atmosphere.

4. Results and discussion
4.1. Non-isothermal assays

The experimental results for the non-isothermal chlorination of
indium oxide are shown in Fig. 4. In the same figure, with compar-
ative purposes, the mass loss percent in Ny has been included.

It can be observed from Fig. 4 that the masslossin N, is negligible
and that the direct chlorination of In, O3 begins at 400 °C, reaching
a mass loss of 80% at 650°C.

4.2. Isothermal assays

The isothermal chlorination experiments of In,03 were carried
out to establish the kinetic parameters. The effects of temperature
and partial pressure were studied.

4.2.1. Effects of temperature

The influence of temperature was investigated in the range from
500 to 650°C. The results have been expressed as conversion vs.
time, and are shown in Fig. 5. In this figure, it can be observed
that a noticeable increase on the reaction rate is produced with
the increase of temperature.

4.2.2. Effect of chlorine flow and partial pressure
The study of the effect of the chorine flow rate, without dilution,
was performed in an interval between 50 and 200 ml/min. There
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Fig. 5. Chlorination of In,03 at different temperatures.
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Fig. 6. Effect of Cl, partial pressure on the chlorination of In,0s.

were no appreciable changes in In,O3 conversion in the studied
range.

The study of the effect of chlorine partial pressure over the chlo-
rination reaction rate of In,O3 was carried out by diluting the Cl,
with N,. The assays were performed at atmospheric pressure, keep-
ing the total flow rate constant at 100 ml/min. Cl, partial pressures
of 0.2, 0.4, 0.6, 0.8, and 1 atm were investigated at a working tem-
perature of 580°C. Fig. 6 shows an appreciable variation of the
system reactivity with Cl, partial pressure.

4.3. Characterization of the reaction residues

SEM micrographs of the residues of In,O3 chlorination are
shown in Fig. 7a-c. The comparison between Figs 3 and 7 show
that, in general, the particles have maintained their shape and
diminished their size. When comparing Fig. 3b and c with Fig. 7a-c
desegregation of the particles and grains that form the agglomer-
ates can be observed.

The XRD analysis of the chlorination residues obtained under
different experimental conditions did not show changes in the
crystalline structure of In, Os. Likewise, no chlorinated compounds
were detected by XRD in the residue.

4.4. Kinetic models and mechanism of reaction

It is known that the rate of heterogeneous reactions depends
on the surface of the solid reactant. Therefore, it is necessary to
establish functions that link the particle size with the progress of
the reaction [12-14]. A general function for the different types of
particles is represented by Eq. (6):

1-(1—a)" =Kt (6)

where the exponent m can vary between 1 (particles in plate form)
and 1/3 (spheric particles), and the constant K depends on different
parameters, among which it is found a kinetic constant, k, which
at the same time depends on the temperature according to the
Arrhenius expression:

k = Ae~E/RT (7)

The results of experimental data adjustment of the chlorination
of In, 03, at different temperatures, with the model given by Eq. (6)
are shown in Fig. 8, for m=0.4, i.e. the shape of the particles can be
considered halfway between cylinders m=1/2 and spheres m=1/3.
In this figure it can be observed that the correlation between the
experimental results and the predicted values for the kinetic model
is excellent.



Fig. 7. SEM analysis of the chlorination residue at 580 °C: (a) overall view of a chlo-
rinated residue; (b) attacked particles; (c) surface of the conglomerate after the
chlorination.

The activation energy was calculated from a plot of InK vs. 1/T
since the kinetic constant k is directly proportional to the constant K
of Eq. (6). In Fig. 9 the results obtained are presented. The estimated
activation energy value suggests that the chlorination reaction rate
is controlled by the superficial chemical reaction between the Cl,
and the In,03.

The apparent order of reaction with regards to the partial pres-
sure of chlorine was estimated from a graphic of InK vs. InPCl,
(Fig. 10), which was built by applying the kinetic model provided
by Eq. (6) to the curves in Fig. 6.

Fig. 10 shows that, for the partial pressure intervals of Cl,
between 0.6 and 1atm, the experimental points tend to order in
a line with a slope value close to 1. At lower values of the partial
pressure of Cl, a change in the slope is produced, what means that
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Fig. 8. Mathematical fit of the experimental data of In, O3 chlorination at different
temperatures. (—) Kinetic model; (®) experimental data.
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Fig. 9. Arrhenius plot for the chlorination of In,0s3.

when varying PCl, in a given interval, the reaction order is modi-
fied. A variation of the apparent order of reaction with regards to
the partial pressure of chlorine has been observed in other chlori-
nation systems [15-17] and it can be attributed to several factors,
such as the diffusive effects that could control the rate reaction
at low chlorine partial pressures. Furthermore, it has been proved
by Gonzailez et al. [18,19] that the chlorination reactions, mainly
of metallic oxides, occur through a reversible reaction, in which

n: 0.91 4

In K

6.6 1 1 1 I
- . -1.0 -0.5 0.0 0.5

In Pc|2

Fig. 10. Estimation of the order of reaction between 0.6 and 1 atm.
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the results of the reaction, metallic chlorides and oxygen, can react
among themselves in a gaseous phase to form an oxide, which
could be the same as in the beginning or be at a different phase.
This phenomenon is revealed in a morphological change of the
particles. A detailed observation of Fig. 7c shows that among the
grains from the attacked particle, some are bigger in size and have
different habits from the originals. This is consistent with what
was observed in other systems [18,19] and it is attributed to the
reversibility of the chlorination reaction, thus some grains grow
because of the reaction at the gaseous phase between the chlo-
rination products. This phenomenon, which according to Fig. 7c
would happen in this system, can vary in the function of chlo-
rine concentration and be another cause for the nonlinearity of
Fig. 10.

When the chlorine concentration is low and a flow system
like the one used in this work is used, mostly all of the chlorina-
tion products are removed from the reaction zone, and hence, the
reversibility of the reaction can be negligible. This and the apparent
order of reaction with regards to the partial pressure of chlorine,
found experimentally at high Cl, partial pressures, may suggest
that the chlorination process of In,O3 occurs through a direct reac-
tion. Two stages could be involved in this reaction: a slow stage
that controls the reaction rate and a fast stage.

Iny03(s) + Cly(g) — 2In0OCI + 0.50,(g) (slowstage) (8)

2In0Cl + 2Cly(g) — 2InCl3(g)/InyClg(g) + O2(g) (faststage)

(9)

The mechanism proposed in reactions (8) and (9) for the chlo-
rination of In,03 in the studied temperature range implies, as a
first step, the formation of InOCl, species that has been identified
by other authors [8,20]. This reaction is followed by a fast chlori-
nation stage where InClz(g) or In,Clg(g) is formed. The presence of
the dimeric form In,Clg(g) has been observed in the vapor when
InCl3(s) is vaporized at high temperature [21].

The compound InOCl has been characterized previously by other
authors who studied a process of obtaining In,03 from InCl3 in
an aqueous solution [20]. They found that InOCl is stable up to
350°C with an orthorhombic structure and decomposes at higher
temperatures.

To assume that the stage (8) is slow and (9) is fast, may explain
why InOCI was not detected by XRD and no mass increase of the
reacting solid due to the formation and deposition of InOCl, was
observed. A similar mechanism has been proposed by Milne [22]
for the chlorination of bauxite.

5. Conclusions

The chlorination of In, 03 with gas Cl, starts to be significant for
temperatures higher than 400 °C.

The value found for the apparent activation energy,
125.5k]/mol, indicates that the chemical stage performs an
important role on the control of reaction rate.

The fitting to different kinetic models showed that the experi-
mental data are well represented by equation 1 — (1 — )™ = Kt, with
m=04.

The results of the estimation of the apparent order of reaction
with regards to the partial pressure of chlorine indicate that at high
Cl, partial pressure the reaction mechanism responds to reactions
(8) and (9), where reaction (8) corresponds to the controlling stage
of the reaction rate.
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