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Kinetics of Oxychlorination of Chromite: Part |. Effect of Temperature
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Nonisothermal TG analysis was used to evaluate the reactivity of a chromite mineral
[(Fe2*, Mg)(Cr, Al, Fe3+)»04] towards Cl>+CO, Cl>+N2 and Cly+0O» gaseous mixtures up to 1000
°C. Full chlorination and volatilization of reaction products were achieved at about 975 °C using

Cl>+CO, while only about 40 pct of the sample have reacted at 1000 °C using Cl>+N2> and Clo+Oo.

The effect of the temperature on the oxychlorination with Clo+O> of thechromite minera
was studied between 600 °C and 1050 °C using isothermal TG measurements. The results show that
the oxychlorination of chromite occurs in two stages. The initial stage of the oxychlorination was
characterized by the average values of apparent activation energy of about 151 and 57 kJ/mol for
the temperatures lower and higher than 825 °C, respectively. While a value of about of 262 kJ/mol
was found for the second stage of the oxychlorination process between 925 °C and 1050 °C. The
effects of temperature on the oxychlorination of the simple chromite constituents (Cr03, FeoOs3

and MgO) were also given.
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|.INTRODUCTION

Chlorination is an important step for the recovery of several metals such as Ti, Zr, Hf, Nb,
Ta, rare-earth elements, etc. from their bearing materials. An overview concerning the applications
and potential uses of chlorination methods in metallurgy of these metals was detailed by
Korshunovll]. The author described the theoretical aspects of the chlorination, methods and
apparatus used as well as the industrial application of the chlorine technology. As the mgority of
the above-mentioned elements occurred as oxides in earth crust, a reducing agent (C, CO) was

added in the chlorination process to increase its efficiency.

However, the chlorination in the presence of oxygen (oxychlorination) was sometimes
used to separate selectively a group of elements from the others. This is supported by the fact that
the presence of the oxygen in the system could lead to different thermodynamic feasibility of the
specific oxychlorination reactions. Recently, Gaballah and Djonal?l proposed the chlorination with
Cly+air of the spent hydrorefining catalysts in order to recover selectively Co, Ni, Mo, and V
chlorinated compounds and to prevent the chlorination of the catalyst support (Al2O3). In previous
investigations!3-6], we used the oxychlorination for the upgrading of the chromite concentrates as
well asfor the partial recovery of chromium as chromium oxychloride (CrO,Cl2) almost pure.

This paper is devoted to the study of the effect of temperature on the oxychlorination of
the chromite mineral in the absence of the mass transfer phenomenon. To our knowledge, no
studies concerning the oxychlorination of chromite are reported in the literature.

II. MATERIALS AND EXPERIMENTAL PROCEDURE

The sample used in this study is a chromite mineral obtained from its concentrate
described in details previouslyl7]. Microprobe analyses revealed the following weight composition
of this chromite mineral, considered as simple oxides : 59.4 pct CroO3, 13.9 pct FeO, 14.2 pct
MgO, 9.5 pct Al>03, and 0.1 pct SiO». The first four oxides are included in the chromite structure
belonging to spinel one. Based on the microprobe data, the general formula of chromite sample
could be given as : (Fe2*g.30, M0o.70)(Cri.56, Alo.37, FE€3*0.07)O4. On the other hand, this solid
could be represented as the simple spinels of weight composition : 30.9 pct FeCro04, 51.0 pct
MgCroQyq4, 13.7 pct MgAl204 and 4.4 pct Fe304.

The thermogravimetric 'TG' chlorination tests were realized with 40 mg of the sample,
using the experimental setup described earlierl7]. Some oxychlorination tests, using several grams
of sample, were carried out in a horizontal experimental setup described also in Reference [7].



1. RESULTS AND DISCUSSION

A. Nonisothermal TGA Treatment in Various Chlorinating Atmospheres

This study was started by nonisothermal TGA treatment of the chromite mineral in
Cl>+CO (Cl2/CO = 1), Clo+N2 (Clo/N2 = 1), and Clo+02 (Clo/O2 = 4) gaseous mixtures in order to
evaluate its reactivity towards these chlorinating gaseous mixtures between 25 °C and 1000 °C. The
heating rate of the sample was about 7 °C/min. Figure 1 (a) shows the evolution of the percent
weight loss (PWL) of chromite sample as afunction of temperature for the chosen gaseous mixtures
and for the temperature higher than 400 °C. Almost sample was reacted with Cl,+CO at
temperatures approaching 975 °C while about 40 pct of the sample were chlorinated in Clo+N»
and/or Clo+02 gas mixtures up to 1000 °C indicating a relatively low reactivity of chromite

towards these chlorinating gaseous mixtures.

The derivative of weight loss versus temperature is reported in Figure 1 (b). Two
maximums of reaction rate at about 655 °C and 890 °C are observed during the carbochlorination of
the sample. The chlorination and the oxychlorination of chromite sample proceed with the maximal
reaction rates at about 725 °C and 775 °C, respectively. Beyond these temperatures, the reaction
rate decreases strongly with the increase of the temperature. The examination of Figures 1 (a) and
(b) revealed that, at least, two different constituents of chromite possess different reactivities
towards the three chlorinating gas mixtures. A s the first approximation, it seems that Fe304 and
FeCro04 (iron chromite) were the first to be reacted with reactive gases. The weight loss cal culated
for the chlorination of these compounds (refer to L1Ch in Figure 1 &) agrees with those obtained at
about 900 °C during the chlorination using Cl>+N> and Cl>+0» gas mixture. MgCro0O4 (magnesium
chromite) and MgAl>O4 appear to be more stable in chlorine in the absence of a reducing
atmosphere. Thisisin good agreement with the thermodynamical predictiond4l. In the case of the
carbochlorination, CrCl 3, FeCly/3, MgClo, AICI3 are the most probable chlorides of the chromite
reactions with Cl>+CO. Details concerning the kinetics aspects of the chromite carbochlorination

are given in aprevious articlel7].

The main products of the chromite oxychlorination are expected to be CrO»Cl»,, FeCl3, and
MgCl,. The evolution of the vapor pressure of chlorides as a function of the temperatureis givenin
Figure 2[8.9]. Concerning the oxychlorination, this figure suggests that the chromium oxychloride
was volatile at low temperatures and ferric chloride possesses a vapor pressure of about one
atmosphere at temperatures approaching 300 °C. On the other hand, using a Cl>+0O> with a Clo/O2
molar ratio equal to 4 led to a volatilization rate of MgCl, higher than that magnesium chloride
formation[10l. Thus, the rate of the chlorides' volatilization will be higher than that of their
formation during the oxychlorination of chromite and consequently the measured weight loss is
directly related to the oxychlorination rate of the sample.



B. Isothermal TGA Treatment in Clo>+0O»

1. Oxychlorination of chromite at 1050 °C

In attempt to obtain more information about the behavior of chromite oxychlorination, the
isothermal treatment with Clo+O- gas mixture of a chromite ground sample and a sample of particle
size of 125-180 um was conducted at 1050 °C. The evolution of the sample PWL versustime is
traced in Figure 3. The time scale is graduated in minutes up to 30 minutes and the rest of
chlorination time is given in hours. About 35 pct of sample are chlorinated and volatilized for a
reaction time less than 15 minutes. Then, the reaction rate falls sharply and about 12 hours are
required to reach 88 PWL whereas the weight loss is stabilized. In both cases, the reaction rate is
slightly affected by the particles size.

The oxychlorination residues corresponding to the extent of reaction 'X' (ratio of weight of
the reacted fraction to initial weight) equal to 0.40, 0.60, 0.80 and 0.88 (points a, b, c and d in
Figure 3) were analyzed by scanning electron microscopy (SEM) and x-ray diffraction (XRD). The
SEM spectrums of these residues, as well as that of the raw sample, are grouped in the Figure 4.
The residue of point 'a (X = 0.40) is free of iron but the full elimination of iron oxides can not
justify areaction extent of 0.40 as the iron oxides content of the chromite is about 14 pct. Only the
chlorination of both FeCroO4 and Fe304 is in good agreement with an extent of reaction of 0.40
(refer to L1CN in Figure 3). The SEM spectrums of points 'b' and 'c' show the decrease of Cr peak
intensity and the increase of Mg and Al ones. Finally, the SEM spectrum of points'd is essentially
composed of aluminum and magnesium without chromium. The evolution of elemental
composition of residues from 'b' to 'd' indicates that MgCroO4 could be chlorinated leaving the
MgAI>04 which is less reactive that others compounds of chromite towards Clo+0O» gas mixture.
The percent weight loss calculated (refer to LoCh in Figure 3) for the chlorination of
(FeCroO4+Fe304+MgCro04) were in fair agreement with the observations of Figures 3 and 4. It is
important to note that the chlorine is not detected in the chlorination residues. This confirmed the
hypothesis that the reaction rate of chromite with Cl2>+O2 was lower than that of the volatilization

one of the generated products.

XRD diagrams of the residues corresponding to points 'a to 'd' were amost similar. Thisis
probably due to the fact that spinels (FeCroOg4, Fe304, MgCroOg4, MgAIl204) have the same
crystalline structure and lattice parameters making difficult to distinguish them by XRD. Moreover,
the removal simultaneous of the divalent (Fe2+, Mg) and trivalent (Fe3*, Cr) elements at same time

from the chromite structure could compensate the ionic's radii effects on the | attice parameters.



2. Effect of gasflow rate

The effect of the gas flow rate on the reaction rate was assessed to determine the
conditions under which the external mass phenomena could be minimized. A series of experiments
was performed at 1000 °C using the Clo+0O> gas mixtures with a Clo/O2 molar ratio constant and
equal to 4, while the total gas flow rate was varied from 15 to 75 L/h. Figure 5 (a) traces the
evolution of the PWL as a function of the temperature. A dramatically decrease of the reactivity of
sample after about 35 pct of weight loss was observed and it is aimost not affected by the gas flow
rate. Therefore, the evolution of reaction rate as a function of the gas flow rate was determined for
the reaction extents 0.10 < X < 0.25and 0.40 < X < 0.50 and it is shown in Figure 5 (b). It may be
considered that the gas flow rate has almost not effect on the reaction rate for a gas velocity (V)
higher than 40 cm/min. Therefore, a chlorinating gas mixture with aV g ~ 49.6 cm/min was used for

the determination of the temperature effect on the chromite oxychlorination.

3. Isothermal oxychlorination of chromite at different temperatures

A series of TGA experiments was carried out in the temperature range from 600 °C to
1050 °C. As the reaction rate was low for X > 0.35, the experiments carried out up to 900 °C are
stooped when a reaction extent of 0.35 is approached. Figures 6 (a) and (b) trace the evolution of
the PWL of the chromite sample versus time for several of isotherms performed for the reaction
extents up to 0.30. It is clear from these figures that the time required to reach a given reaction
extent decreases with the rise of the treatment temperature. The data of the isothermal
oxychlorination of the chromite at temperatures higher than 900 °C and for reaction extents up to
0.80 are displayed in Figure 7 (d). Asit shown, each curve undergoes a change in the slope at about
X = 0.35 to indicate a sharp fall in the reaction rate. For instance, the reaction rate at 950 °C is
drooped over 130 times.

The temperature dependency of the reaction rate was determined according to Arrhenius
diagram. It was interesting to follow the evolution of apparent activation energy (Eg) as a function
of reaction extent. The variation of E; values with the reaction progress is shown in Figure 7
between 925 °C and 1050 °C. The value of Ej at the begging of the reaction is about 80 kJ/mol and
decreases dlightly with the progress of the reaction up to X < 0.25. An important increase of Egis
observed for X > 0.35 and the average value of activation energy is about 265 kJ/mol for 0.40 < X
< 0.70. It should be pointed out that the sudden change of activation energy coincides roughly with
the chlorination of iron chromite : FeCroOy4 (refer to L1Ch in Figure 7). An example of Arrhenius
diagram for the oxychlorination of chromite sample is shown in Figure 8. The apparent activation
energy is calculated for 0.00 = X = 0.25 between 600 °C and 1050 °C and for 0.40 < X =< 0.50
between 925 °C and 1050 °C. The oxychlorination of chromite for X < 0.25 is characterized by the
average value of E5 of about 151 and 57 kJ/mol from 600 °C to 825 °C and from 825 °C to 1050

5



°C, respectively. As shown by Figure 8, the apparent activation energy for 0.40 < X < 0.50 is about
262 kJmol. This high value of Ej indicates that the oxychlorination of magnesium chromite is

strongly dependent on the temperature.

An attempt was made to fit mathematically the experimental data of the isothermal
oxychlorination of the chromite. Different kinetics equations[!ll were used to describe
mathematically the evolution of the reaction extent as function of time for the reaction extents
lower and higher than 0.30. Eq. [1] seems to be the most appropriate to describe the evolution of the
reaction extent (X = 0.30) as function of time for the oxychlorination of chromite between 600 °C
and 800 °C. While, Eq. [2] matches well the oxychlorination data (X < 0.30) for the temperature
ranges from 825 °C to 1050 °C (Figure 9 b). Similarly, Figure 9 (c) gives the data linearization by
using Eq. [2] of the chromite oxychlorination isotherms for X = 0.35 between 925 °C and 1050 °C.

1-3(1-X)23+2(1-X)

kt [1]

X+(1-X)In(1-X)

kt [2]
where k = constant and t = chlorination time.

Equations [1] and [2] are pertinent to represent pore diffusion control for the spherical and
cylindrical pores shape, respectively, if either the solid or the solid product are porous. Microscopic
examination of the chromite samples at 1000 °C, for different reaction extents, showed that the
particles become porous (cylindrical shape) with the progress of the reaction. On the other hand, the
small dependency of the reaction rate on the particles size of the sample (refer to Figure 3) is
probably due to the porous formation inside the particles, thanks to gradual removing of iron and
chromium from the chromite. This is also supported by the fact that the particle's size decreased
little with the progress of the reaction for the reaction extent as higher as 0.80.

However, it is difficult to understand clearly the kinetics of the chromite oxychlorination
due to complex composition and structure of the chromite. Thus, pore diffusion could occur
simultaneously with chemical reaction inside the particles. To clarify some more the kinetics
phenomena of the oxychlorination, another series of TGA tests of chromite oxychlorination was
performed between 700 °C and 1040 °C using a Cl>+0> gas mixture with a Clo/O2 molar ratio
equal to 0.5. In other words, the partial pressure of chlorine was decreased, |eading probably to the
decrease of the reactivity of the reactive gases and limiting the pore diffusion phenomena.

Figures 10 (@) and (b) assemble the experimental data obtained for the oxychlorination of
chromite with Cl>+02 (Clo/O2 = 0.5) at X = 0.30. The effect of the temperature on the chromite

oxychlorination, under the theses conditions, was determined by the Arrhenius diagram.



The Arrhenius diagrams of the oxychlorination of chromite (X < 0.25) for both
oxychlorination gas mixtures are compared in Figure 11. Clearly, the reaction rate using Cl,+O>
with Cl2/O2 = 4 is higher than that obtained using Cl>+O2 with Clo/O2 = 0.5 in whole temperature
range explored. While, the values of the apparent activation energy at temperatures lower than 825
°C are similar in both cases. However, at temperatures higher than 825 °C, the value of the E; in the
case of using Clo+0O2 with Clo/O2 = 0.5 is higher (85 kJ/mol) than that deduced when Cl,/O> ratio
in the gas mixture was 0.4. This increase in the value of the E5 could be probably due to the

presence of amixed regime, i.e., pore diffusion and chemical reaction inside the pores.

1-(1-X) V2 =kt 3]

where k = constant and t = chlorination time.

The mathematical fitting of the experimental data for the chromite oxychlorination with
Clo+02 (Clo/O2 = 0.5) is represented in Figure 12. As shown by Figure 12 (@), straight lines are
obtained by fitting the experimental data using Eq. [1] at temperatures lower or equal to 800 °C.
Figure 12 (b) gives the evolution of the reaction extent versus time related by Eq. [3] for the
oxychlorination of chromite et temperatures equal or higher than 850 °C. This mathematical fit
gathered with the value of E5; seem confirmed the mixed rate controlling step of the chromite
oxychlorination with Cl2+0» (Clo/O2 = 0.5) at temperatures higher than 800 °C.

4. Effect of temperature on the oxychlorination of the simple chromite oxides

Although the simple oxides of chromite mineral are combined in the spinel structure (Fe2*,
M@)(Cr, Al, Fe3*),0g, it was worthwhile to study the effect of temperature on the oxychlorination
of simple oxides : Cr203, Fe1-x)O, Fe203, MgO and Al203. Their composition and structures were
determined by SEM and XRD analysid4l. The tests were carried out in boat experiments using the
horizontal setup. Several grams were used for each test. An oxychlorinating gas mixture composed
of Clo+air with a Cly/air molar ratio equal to 1 was used and the oxychlorination time was fixed at 2
hours. The results are given in Figure 13 as evolution of PWL versustime. Thisfigure contains also
the results of the oxychlorination of chromite in the same conditions used as for the simple oxides.

Details concerning the behavior of these oxides in the Clo+0, were given previouslyl4l.
Iron oxides are the most reactive towards the oxychlorinating gas mixture and almost full reaction
was obtained at about 900 °C. The reaction product was identified as FeClz. The reactivity of
Cro0O3 seems to be lower than that of iron oxides especially at higher temperatures and the reaction
product was chromium oxychloride (CrO2Cl»). Magnesium oxide seems to be inert up to about 850
°C and only 20 pct of sample had reacted at 1000 °C generating magnesium chloride. While, no
reaction of aluminum oxide with the oxychlorinating gas mixture was observed even at 1000 °C.
Chromite started to react with Clo+air from about 600 °C and less than 30 pct of the sample had
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reacted at 1000 °C during 2 hours. This series of experiments revealed roughly the reactivity of
these oxides towards oxychlorinating gas mixtures as well as the main products of the reactions.

More consist information was obtained during the treatment of these oxides using TG
measurements in the absence of the mass transfer phenomena. Wistite (Fe(1-x)O) was not tested
because it transformed rapidly into hematite (FexOgz) during the chlorination. Aluminum oxide was
not taken into consideration due to its refractive nature towards chlorine in absence of a reducing
atmospherel4].

The other oxides (Cr203, FeoO3, and MgO) were oxychlorinated with Cl>+O» gas mixture
with Cl2/O2 molar ratio equal to 4. Kinetics aspects of the oxychlorination CroO3 and MgO were
reported in Reference [12] and [10], respectively. Figure 14 compares the temperature effects on
the oxychlorination of the chromite and its simple oxides. The following observations could be
deduced from thisfigure :

1. Concerning the oxychlorination of chromite (first stage), CroO3, and FexO3 :

a. chromite oxychlorination is characterized by a value of the apparent activation energy of
about 151 kJ/mol between 600 °C and 825 °C. About the same value of the Ea (= 148
kJmol) was obtained for the hematite oxychlorination. Chromium (ll11) oxide
oxychlorination proceeds with an E value of about 46 kJ/mol[12] at temperatures higher
than 700 °C. The reaction rate of chromite and that of hematite with Clo+QO> at

temperatures lower or equal to 800 °C are of the same order of magnitude. It may be
speculated that for the first stage of the chromite (FeCroOg4) reaction with Clo+02 at
temperatures < 800 °C depended on the oxychlorination rate of iron oxides.

b. as at temperatures higher than 825 °C, the oxychlorination of chromite and that of
Cro0O3 were characterized by the similar values of the E5 and reaction rates, it seems that
the global reaction rate of chromite is affected by the oxychlorination rate of CroO3.

2. Concerning the oxychlorination of chromite (second stage), Cr>O3, and MgO :
the value of E; deduced from the data of chromite (X = 0.4), CroO3, and MgO
oxychlorination are about 262, 46[12] and 214 kJ¥mol[10], respectively. The reaction rate
of Cro0O3 is much higher than that of chromite. Thus, it has be supposed that the
oxychlorination of chromite for X = 0.4 (MgCr204) depended on the MgO reaction rate
with Cl>+0O» as the reaction rates and the values of E5 are comparable.

Although these similarities of the chromite oxychlorination with the reactions of its smple
oxides with Clo+0O,, other phenomena such as : the chemical bonds between the simple oxides in
the chromite spinel structure, the interaction between the reaction products and chromite, the
formation of the lacunaire spinels, etc., are expected to affect the chromite oxychlorination.



V. CONCLUSIONS

The presence of a reducing atmosphere was necessary to achieve a complete reaction of
the chromite mineral with chlorine. Only iron chromite could be oxychlorinated at temperatures
lower than 1000 °C using nonisothermal conditions.

The oxychlorination of the chromite occurred in two stages characterized by widely
different reactivities of chromite towards Cl>+0O> gaseous mixture. Similarly, the effect of the
temperature changed significantly with the progress of the reaction. Iron chromite seems to be more

reactive than magnesium chromite in the oxychlorinating gases.

The oxychlorination of the chromite with Cl>+0O5 (Clo/O» = 4) for the reaction extents up
0.30 proceeded with an apparent activation energy of about 151 and 57 kJ/mol for the temperatures
ranges of 600 °C to 825 °C and 825 °C to 1050 °C. Oxychlorination with a Clo+O» mixture having
aClo/Oo ratio of 0.5, at temperatures lower than 825 °C led to the similar temperature effect on the
reaction rate. While a value of E5 of about 85 kJ/mol was obtained for the oxychlorination at
temperatures higher than 825 °C. The oxychlorination rate using Clo+O2 with Cl2/O2 = 4 is
systematically higher than that obtained using a Cl>+O» with Clo/O, = 0.5.

The second stage of the chromite oxychlorination (X > 0.35) is strongly dependent on the
reaction temperature and it was characterized by a value E; of about 262 kJ/mol between 925 °C

and 1050 °C.

The effects of the temperature on the chromite oxychlorination may be roughly explained

by the dependency of the temperature on the reaction of the simple chromite constituents.
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FIGURE CAPTIONS

: Thermogravimetric analysis of chromite (a) in different chlorinating gas mixtures and

(b) derivative of weight losses versus temperature.

. Evolution of vapor pressure of several chlorides as a function of temperaturel8.9].
3 : Isothermal oxychlorination with Clo+O» of two grain sizes of chromite at 1050 °C.

SEM results of oxychlorination residues of chromite at 1050 °C for different reaction
extents.

I sotherms of the chromite oxychlorination using (a) different gas flow rate and (b) its
effect on the reaction rate.

Isotherms of the chromite oxychlorination with Clo+O» between :

(a) : 600 °C and 800 °C (X < 0.30),

(b) : 850 °C and 1050 °C (X =< 0.30),

(¢) : 925 °C and 1050 °C (X =< 0.80).

7 : Evolution of the activation energy as afunction of the reaction extent.
8 : Example of Arrhenius plot of the chromite oxychlorination.
9 : Mathematical fitting of the data of the chromite oxychlorination for :

(@ : T=800°C, X =0.30using Eq. [1],

(b): T=825°C, X =<0.30using Eq. [2],

(©): T=925°C, X =0.35using Eq. [2].

Isotherms of the chromite oxychlorination with Clo+O2 having a Clo/O2 molar ratio
equal to 0.5for (@) T <800 °Cand (b) T = 850 °C.

Comparison of Arrhenius plots of the chromite oxychlorination with Clo+O2 gaseous
mixtures having different Clo/O, molar ratios.

Mathematical fitting of the oxychlorination dataat (a) T < 800 °C and (b) T = 850 °C
using Egs. [1] and [3], respectively.

Oxychlorination of chromite and its simple oxides with Clo+air between 600 °C and
1000 °C for 2 hours using boat experiments.

: Comparison of Arrhenius plots of the oxychlorination of chromite, FeoO3, CroO3, and

MgO.
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