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Abstract

The effect of temperature on the oxychlorination of Cr2O3 and MgO using Cl2�O2 was evaluated using non-isothermal

conditions. A mathematical treatment of the experimental data was performed. Results were compared with those obtained

using isothermal conditions.

The oxychlorination of Cr2O3 up to 6508C was characterized by an apparent activation energy `Ea' of ca. 83 kJ/mol. Beyond

6508C, the reaction proceeded with an Ea of ca. 51 kJ/mol. Between 850 and 10258C, the reaction of MgO with Cl2�O2 was

strongly dependent on temperature and its Ea was equal to ca. 215 kJ/mol.

The values of the apparent activation energies, found for the oxychlorination of both oxides using non-isothermal

conditions, were comparable to those obtained during isothermal treatment. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The activation energy of a speci®c reaction is an

important engineering data. It will condition the reac-

tor size and the optimum temperature for any indus-

trial application of this speci®c reaction. Generally,

the effects of temperature on the gas±solid reactions

are determined using isothermal conditions. Thus,

solids are ®rst heated at a predetermined temperature

under an inert atmosphere and when a steady state is

reached the reactive gases are introduced to react with

the solid isothermally. The dependency of the reac-

tions on the temperature is evaluated by Arrhenius

plot. This method was recently used by Djona et al.

[1], Gaballah et al. [2], Allain et al. [3], and Kanari

et al. [4] for the determination of the kinetics para-

meters of the chlorination and carbochlorination of

some refractory metals oxides.

The literature survey revealed that some research

works were devoted earlier to the determination of the

temperature effect on the gas±solid reactions using
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one single non-isothermal experiment. Chaubal and

Sohn [5] developed a theoretical approach to de®ne

the rate-controlling step of the chalcopyrite oxidation

up to 8778C using non-isothermal conditions. Simi-

larly, Wang et al. [6] investigated the kinetics of the

oxidation of cobaltite between 300 and 9008C using

the non-isothermal technique. Bustens et al. [7]

obtained consistent kinetics results testing isothermal

and non-isothermal reduction of molybdenum and

tungsten oxides by hydrogen.

The advantage of using one single non-isothermal

test, to determine the temperature effect on gas±solid

reactions, is time and material saving. However, if the

gas reactivity towards the solid is high and the heating

rate of furnace is low, the temperature effect will be

de®ned only in a small temperature range. On the

other hand, higher furnace heating rates will lead to a

large difference of temperature between the sample

and the bulk of reactive gas mixture. To avoid such

disadvantage in determining the value of the apparent

activation energy, at least two non-isothermal tests

using different furnace heating rates are required. The

determination of the temperature effect by the non-

isothermal technique will be especially appreciated

when the solids undergo various thermal phenomena

such as: decomposition; sublimation; volatilization;

dehydration, etc.

This paper is focused on the determination of

temperature effect of the oxychlorination rate of

Cr2O3 and MgO using non-isothermal conditions.

The results were compared with those obtained

for the isothermal oxychlorination of the same

oxides.

2. Theoretical approach

The following paragraphs describe the theoretical

approach [5] for the determination of the activation

energy of a gas±solid reaction under non-isothermal

conditions.

The reaction rate of a process can be expressed as

follow:

dx

dt
� kf1�pA�f2�X�f3�d� (1)

where X is the reaction extent (de®ned to be the weight

of the reacted fraction to the initial solid weight ratio),

pA the partial pressure of the reactive gas(es) and d the

mean particle size.

The effects of partial pressure of the reactive gases,

reaction extent and particle size on the reaction rate

are described by f1(pA), f2(X) and f3(d), respectively.

Arrhenius law gives the temperature effect on the

reaction rate:

k � k0 exp
ÿEa

RT

� �
(2)

Integration of Eq. (1) in isothermal conditions gives:Z X

0

dX

f2�X� � g�X� �
Z t

0

kf1�pA�f3�d�dt (3)

The conversion function g(X) generally depends on

the geometric change appearing in the solid as the

reaction proceeds. The different types of g(X) were

summarized earlier by Szekely et al. [10].

If the temperature is raised linearly with respect to

time the temperature evolution may be given by Eq. (4):

T � ft (4)

or

dT � f dt (5)

Substituting Equations (2) and (4) in Eq. (1) and

rearranging the resulting equation, it was obtained:

ln
dx

dt

� �
g0�X�

� �
� ln

k0f1�pA�f3�d�
f

� �
ÿ Ea

RT

(6)

In the above equation, g0(X) is the derivative of g(X)

with respect to X. The activation energy can be

determined from the slope of data ®tted by Eq. (6)

when the appropriate type of g(X) is determined.

3. Materials and experimental procedure

The samples of chromium (III) oxide and magne-

sium oxide used for this study were of pure analytical

grade. Results of physico-chemical analysis of these

two samples were given earlier [8,9]. They con®rmed

the purity of both those oxides.

The thermogravimetric analysis (TGA) of oxy-

chlorination was investigated using 40 mg of sample.

The experimental set described in Ref. [9] was
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employed in this study. Its main unit was a CAHN

1000 micro-balance having a sensitivity of 10 mg. The

oxychlorination gas mixture composed of Cl2�O2 was

puri®ed using H2SO4 and CaCl2 columns before its

introduction in the reactor. The sample was homo-

geneously distributed in a quartz crucible having a

section of ca. 0.5 cm2. This crucible was hooked to the

balance using quartz rods. For TGA isothermal runs,

the sample was preheated in nitrogen atmosphere up to

the desired temperature before the introduction of the

chlorinating gas mixture. In the case of non-isothermal

TGA runs, using a linear heating rate, the sample was

directly heated in the chlorinating atmosphere.

4. Results

4.1. Oxychlorination of Cr2O3

An oxychlorinating gas mixture of Cl2�O2 having a

linear velocity of ca. 33 cm/min and a molar ratio Cl2/

O2�4 was used for the non-isothermal oxychlorina-

tion test of Cr2O3. This gas composition was chosen to

allow the formation of chromium oxychloride accord-

ing to Eq. (7). Taking into account the reactivity of

Cr2O3 towards the oxychlorinating gas [8], the heating

rate of the sample (f�dT/dt) was kept constant at ca.

28C/min.

1
2

Cr2O3 � Cl2 � 1
4

O2 ! CrO2Cl2 (7)

Fig. 1 shows the evolution of the percent weight

loss (pct WL) of the Cr2O3 sample as function of

the temperature using the conditions given above.

Chromium trioxide starts to react with the oxychlor-

inating gas mixture at temperatures higher than 5008C
and ca. 80% of the sample were oxychlorinated at

8508C. A higher heating rate of furnace would be

necessary to get a lower reaction rate at lower tem-

peratures. However, as mentioned in the introduction,

higher furnace heating-rates would have led to a

large temperature gradient between the sample and

the gas bulk.The data obtained during the isothermal

oxychlorination of Cr2O3 with Cl2�O2 (Cl2/O2�4)

are available in Ref. [8] and grouped in Fig. 2a

and b. It must be reported that the evolution of the

reaction extent as function of time could be described

by Eqs. (8) and (9) at temperatures lower and higher

Fig. 1. TGA of Cr2O3 oxychlorination using linear temperature

raise.

Fig. 2. Isotherms of oxychlorination of Cr2O3 for (a) T�7008C and (b) T�7508C.
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than 6508C, respectively.

1ÿ �1ÿ X�1=3 � kt (8)

1ÿ �1ÿ X�1=2 � kt (9)

where X is reaction extent, k a constant and t a

chlorination time.

Table 1 gives the ®tting curves obtained using Eq.

(8) (for X�0.8) and concerning the isothermal oxy-

chlorination of Cr2O3 between 525 and 6508C. Fig. 3a

shows the Arrhenius diagram of the Cr2O3 isothermal

oxychlorination, plotted as the evolution of the rate

constant as function of temperature. Avalue of apparent

activation energy `Ea' of ca. 94 kJ/mol was obtained

for the isothermaloxychlorinationofCr2O3 upto6508C.

A similar value of Ea was reported earlier [8] for the

initial reaction rate of Cr2O3 with Cl2�O2.

Data of Fig. 1, concerning the non-isothermal oxy-

chlorination of Cr2O3, were processed using Eq. (6)

and trying different possible formulations given by

Szekely et al. [10] concerning the conversion function

g(X) at temperatures up to 6508C. The expression

given by Eq. (8) was the best ®tting for the linear-

ilization of ln [(dX/dT)g0(X)] as function of 1/T. The

result is given in Fig. 3b. Avalue of Ea of ca. 83 kJ/mol

was obtained for the non-isothermal oxychlorination

of Cr2O3 up to 6508C. This value is in fairly good

agreement with the value obtained from isothermal

treatment tests.

The kinetics data concerning the isothermal oxy-

chlorination of Cr2O3 between 680 and 10008C for

X�0.8 are given in Table 2. While Fig. 4a traces the

evolution of the rate constant as function of tempera-

ture in Arrhenius ordinates. The value of Ea deduced

from Fig. 4a is ca. 48 kJ/mol. The decrease of the

value of the apparent activation energy at temperatures

Table 1

Kinetics data obtained during the isothermal oxychlorination of

Cr2O3 between 525 and 6508C

Temperature

(8C)

Value of Cc
a of the data

fitted by: 1ÿ(1ÿX)1/3�kt

Value of the rate

constant, `k'

525 0.998 2.61�10ÿ4

550 0.997 3.44�10ÿ4

575 0.995 5.93�10ÿ4

600 1.000 8.49�10ÿ4

625 0.999 1.26�10ÿ3

650 0.998 1.61�10ÿ3

a Correlation coef®cient.

Fig. 3. Effect of temperature on the oxychlorination of Cr2O3 up to 6508C using isothermal (a) and non-isothermal (b) conditions.

Table 2

Kinetics data obtained during the isothermal oxychlorination of

Cr2O3 between 680 and 10008C

Temperature

(8C)

Value of Cc
a of the data

fitted by: 1ÿ(1ÿX)1/2�kt

Value of the rate

constant, `k'

680 1.000 3.11�10ÿ3

700 1.000 3.56�10ÿ3

750 1.000 4.59�10ÿ3

800 1.000 5.96�10ÿ3

850 1.000 7.71�10ÿ3

900 1.000 9.15�10ÿ3

950 0.999 1.15�10ÿ2

1000 0.999 1.45�10ÿ2

a Correlation coef®cient.
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higher than 6508C (Fig. 3a and Fig. 4a) is due to the

decrease of the sample speci®c surface area with the

raise of temperature [8].

Non-isothermal data of Cr2O3 oxychlorination

represented in Fig. 1a for the temperatures higher

than 6508C were also tried to be ®tted by Eq. (6)

for different types of the function g(X). The appro-

priateness of the ®tting was determined by calculating

the coef®cient correlation. As for the isothermal test

case, the best correlation was found using Eq. (9). Fig.

4b represents the plot of Eq. (6) for non-isothermal

treatment of Cr2O3 with Cl2�O2. A value of Ea of ca.

51 kJ/mol was calculated from the slope of this plot.

The comparison of the results exhibited in Fig. 4a and

b shows that the values of the apparent activation

energy within the experimental error.

4.2. Oxychlorination of MgO

Isothermal oxychlorination of MgO with Cl2�O2

between 850 and 10258C was described in details in

Ref. [11] and summarized by Fig. 5a and b. The

chlorination of MgO by chlorine can be represented

by Eq. (10). The generated magnesium chloride is

characterized by its melting and boiling points of 714

and 14128C, respectively [12]. To insure that the rate

of MgCl2 volatilization was higher than that of its

formation, it was suggested to increase the partial

pressure of oxygen in the system to decrease the rate

of the chlorination of MgO by chlorine. Thus, the

chlorination of MgO was achieved using an oxychlor-

inating gas mixture Cl2�O2 having a molar ratio

Cl2/O2�4.

Fig. 4. Effect of temperature on the oxychlorination of Cr2O3 at temperatures higher than 6508C using isothermal (a) and non-isothermal (b)

conditions.

Fig. 5. Isotherms of oxychlorination of MgO for (a) T�9258C and (b) T�9508C.
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To determine the effect of temperature on the

oxychlorination rate of MgO one single non-isother-

mal test under Cl2�O2 (Cl2/O2�4) was carried out

from ca. 575 to 10258C. As the reactivity of MgO

towards oxychlorinating gas mixture was relatively

low [11], the heating rate of the sample was chosen to

be ca. 18C/min. This heating rate generates accurate

data as the temperature gradient between the sample

and the gas bulk is small. The evolution of the

temperature and pct WL of the sample as a function

of time are shown in Fig. 6. Magnesium oxide started

to react with the oxychlorinating gas mixture at tem-

peratures higher than 7508C and ca. 70% of the sample

had reacted at 10258C.

MgO� Cl2 ! MgCl2 � 1
2

O2 (10)

The main kinetics data obtained during the isother-

mal treatment of MgO in Cl2�O2 (Cl2/O2�4) are

given in Table 3. The evolution of the reaction extent

(X�0.7) as function of time for all isotherms was

appropriately described by Eq. (9). The Arrhenius plot

of Fig. 7a reveals the temperature effect of the MgO

isothermal oxychlorination. An apparent activation

energy of ca. 213 kJ/mol was deduced from this

Arrhenius diagram.

Using Eq. (6), it is clear that the activation energy

could be determined only after ®nding the appropriate

Fig. 6. TGA of MgO oxychlorination using linear temperature

raise.

Table 3

Kinetics data obtained during the isothermal oxychlorination of

MgO between 850 and 10258C

Temperature

(8C)

Value of Cc
a of the data

fitted by: 1ÿ(1ÿX)1/2�kt

Value of the rate

constant, `k'

850 0.999 3.65�10ÿ4

875 0.999 6.18�10ÿ4

900 0.997 9.72�10ÿ4

925 0.997 1.50�10ÿ3

950 0.999 2.33�10ÿ3

975 0.999 3.69�10ÿ3

1000 0.999 5.32�10ÿ3

1025 0.998 7.98�10ÿ3

a Correlation coef®cient.

Fig. 7. Effect of temperature on the oxychlorination of MgO between 850 and 10258C using isothermal (a) and non-isothermal (b) conditions.
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form of g(X). As for the isothermal tests, different

models of the conversion function g(X) were tried and

the best data ®tting was obtained using Eq. (9). The

data were plotted in Fig. 7b using Eq. (6). Avalue of Ea

of ca. 215 kJ/mol was deduced for the non-isothermal

oxychlorination of MgO, between 850 and 10258C,

for a reaction extent up to 0.7. Fig. 7 indicates that the

activation energy values calculated using the two sets

of data, for MgO oxychlorination, were within the

experimental error (213 and 215 kJ/mol). This result

con®rms once again the validity of the non-isothermal

measurements to determine the activation energy of a

reaction.

5. Conclusions

The non-isothermal technique was found to be

suitable for studying the effect of temperature on

the oxychlorination of chromium and magnesium

oxide. Results were in good agreement with those

obtained during isothermal treatment.

Oxychlorination of chromium (III) oxide was char-

acterized by an apparent activation energy values of

ca. 83 and 51 kJ/mol for temperatures lower and

higher than 6508C, respectively.

The oxychlorination of magnesium oxide between

850 to 10258C was strongly depended on the tem-

perature with an apparent activation energy of ca.

215 kJ/mol.
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