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a b s t r a c t

The kinetic parameters of the reduction of barium sulphate to barium sulphide using carbon monox-
ide fractions of 2.4–9.6% and temperatures of 850–1000 ◦C, using an isothermal thermogravimetric
method, were obtained. This reaction has shown to be temperature and carbon monoxide concentra-
tion dependent. By variation in temperature, at constant CO fractions, an average activation energy of
149 (±10) kJ/mol was observed. By changing the CO fraction at constant temperature, it is suggested that
the reduction reaction is first order in CO. An overall reaction rate equation is proposed.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

The search for sulphate removal technologies from sulphate rich
ater has led to the discovery of the use of BaCO3 and BaS in these
rocesses. BaCO3 and BaS can be effectively used for the removal
f sulphates from sulphate rich industrial waste waters and have
xhibited a number of advantages over the use of other chemicals
1,2]. The removal of sulphates in these technologies is via precip-
tation of BaSO4 when either BaCO3 or BaS is dosed into sulphate
ich water. The precipitation of BaSO4 is favoured due to the low
olubility of BaSO4 in water (0.0015 g/L).

The use of BaCO3 and BaS in mine water treatment for sulphate
emoval results in the production of a BaSO4 sludge. As it is the
ase with many chemical water treatment processes, the conver-
ion of the resultant sludge into a commercially valuable product
ncreases the viability of the process and adds to the environmental
wareness.

Besides its numerous existing uses, BaSO4 can also be ther-
ally reduced back to BaS, which then can be reused directly in
he BaS process or be used as a starting material for the produc-
ion of BaCO3. Another process in which BaS has found use is the
roduction of elemental sulphur via the PipCo process [3]. In this
echnology BaS is dissolved in water, from which the sulphide is
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stripped and with further processing oxidized into elemental sul-
phur.

This process forms the downstream step of the integrated
BaCO3/BaS process for sulphate removal from mine waste water,
making it commercially viable. This step requires collection, drying
and thermal decomposition of the precipitated BaSO4 to BaS in the
presence of a reducing agent. As a precursor for the industrial pro-
duction of elemental sulphur, optimisation of reaction conditions
for the production of BaS is important.

Although successful reduction of BaSO4 (up to 90%) was
obtained when this reaction was carried out in a tube furnace with
solid carbon as reducing agent [1,2] reaction kinetics thereof were
not thoroughly explored. The knowledge about the reaction kinet-
ics of BaSO4 reduction is crucial for the design and up-scaling of the
reactor to a full scale operation.

Thermal reactions of solids are most easily studied quantita-
tively using thermal analysis techniques, i.e., thermogravimetry
(TG), differential thermal analysis (DTA) and differential scanning
calorimetry (DSC). The development and readily availability of reli-
able and accurate electronic microbalances in TG have led to the
wide application of this technique in kinetic studies of the decom-
position of solids [4].
The reduction of BaSO4 using solid carbon-containing reduc-
ers have been investigated under various experimental conditions
[5,6]. It is generally accepted that the solid reducers are initially
gasified to CO which then interacts with BaSO4 to produce BaS [7,8].
By using TGA-methods, the kinetics of the BaSO4 reduction using
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Nomenclature

Eact activation energy (J mol−1)
m mass (mg)
m0 initial mass (mg)
mf mass after reaction (mg)
mt mass at time t (mg)
n order of carbon monoxide
pCO partial pressure of CO (Pa)
R universal gas constant (8.3144 J mol−1 K−1)
t time (min)
T temperature (K, ◦C)
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during heating, a comparison between different experiments was
done, by comparing the relative mass (m/m0), where m0 was taken
at the time of the change in gas atmosphere. A comparison of three
experiments, all carried out at 950 ◦C is given in Fig. 2.

Fig. 1. Reduction of BaSO4 in a 4.8% CO/N2 mixture at 850 ◦C.
r0 initial reaction rate (s−1)
X conversion

olid carbon as a reducer and the effect that the partial pressure of
xygen has on the kinetics of this reaction have been demonstrated
7]. These studies have supported the assumption of gasification of
he solid carbon reducer to CO gas prior to BaSO4 reduction to BaS.

So far as we are aware, no literature has reported any work on
he reduction of BaSO4 using CO gas as a reducing agent, instead of
olid carbon. However, results on the decomposition of the cal-
ium analogue of BaSO4, i.e., CaSO4 in the CO atmosphere have
een previously reported [9]. This study concentrated on the effect
f the CO gas concentration, temperature and the heating rate on
he reduction of CaSO4. It was elucidated from this study that the
ecomposition of CaSO4 to CaS and CO2, in the presence of CO,
egins at 780 ◦C, reaches a maximum at 865 ◦C and is complete at
55 ◦C. The DTA curves indicated that this reaction is exothermic
ith a measured �H value of 171(±33) kJ/mol.

It was concluded from these studies that by slow heating, in a
aseous medium containing 20–100% of CO, CaSO4 is completely
educed to CaS with maximal rate just below 865 ◦C. With CO con-
ent lower than 20% in the gas phase and at temperatures above
050–1100 ◦C, the formation of CaO, SO2 and CO2 becomes domi-
ant and, correspondingly, the overall exothermic effect becomes
n endothermic effect [10]. It was further concluded that applica-
ion of inhibitors such as CO2 or O2 in the gas phase would prevent
he formation of CaS and hence promote the formation of CaO and
O2.

The aim of this study was to investigate the reaction kinetics of
he reduction of barium sulphate with different concentrations of
O at different temperatures, and to find a kinetic relation of the
eduction reaction. This information forms the basis on which the
ptimisation of the full scale operation of the BaSO4 reduction to
aS process will be based.

. Experimental

.1. Materials

A chemically pure BaSO4 (specially purified to >99.7%), from
DH chemicals was used in all TGA experiments. The average
article size of the BaSO4 range was 5 (±1) �m. A specialised pre-
ared CO/N2 gas mixture (9.6 (±0.3)% CO in N2) and UHP N2-gas
>99.999%), supplied by Afrox South Africa, were used.

.2. Methods
The TGA measurements of the samples were performed by
ecording the isothermal TG curves on a 2050 Du Pont TGA. The
aSO4 samples (12–13 mg) were placed in a standard platinum
rucible (6 mm diameter and 5 mm depth). In all experiments the
ample was heated with a heating rate of 20 ◦C/min to the desired
ca Acta 498 (2010) 67–70

temperature in a N2 atmosphere. If isothermal conditions were
obtained, the CO/N2 mixture was introduced in such a way that
the total flow rate was 200 N mL/min. This was achieved by using 2
Brooks 5850 Mass Flow Controllers. All experiments were carried
out at a total pressure of 87.5 (±1) kPa.

The isothermal runs were performed with different CO concen-
trations (2.4%, 4.8% and 9.6%), at different temperatures (850, 900,
950 and 1000 ◦C) for each concentration.

3. Results and discussion

3.1. Experimental data and processing of data

An example of the raw data that is obtained from the TGA in the
conversion of BaSO4 to BaS at a final temperature of 850 ◦C in a 4.8%
CO in N2 mixture is given in Fig. 1.

Initially the gas atmosphere consisted of N2 only, and the tem-
perature was raised linear to the desired temperature, in this case
850 ◦C. During heating, the mass of the sample decreased slightly,
possible due to the release of moisture and other impurities. As the
temperature reached a constant value, the gas supply was shifted to
a CO/N2 mixture, in this case 4.8% CO. The shift in gas-supply caused
an abrupt but small change in both mass and temperature, which
can be seen in Fig. 1. Since the mass of the BaSO4 sample was not
exactly the same for all samples and some mass loss was observed
Fig. 2. Reduction of BaSO4 with CO at 950 ◦C for different CO concentrations.
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Table 1
Observed m/m0-values for all experiments.

T (◦C) XCO

9.6% 4.8% 2.4%

850 0.749 0.757 0.716
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Table 2
Determined r0 values (in s−1).

T (K) pCO (Pa)

8400 4200 2100

1123 0.000568 0.000266 0.000134

F
w
t

900 0.729 0.702 0.693
950 0.730 0.719 0.722

1000 0.712 0.719 0.684

From Fig. 2, it can be seen that the mass loss, and hence the
eaction rate, increases with the CO partial pressure. It can also be
etermined that the equilibrium m/m0-value converge to 0.730,
.719 and 0.722 for the 9.6%, 4.8% and 2.4% CO experiments respec-
ively. These values are in good agreement with the theoretical final
alue of 0.726, which is the ratio of molecular weight of BaS and
aSO4. These and other values of m/m0 are given in Table 1.

From Table 1, it can be concluded that the experiments are all
arried out between a final value of m/m0 of 0.072 (±0.04). The
ifferences in observed m/m0 could mainly be ascribed to the noise
hat was introduced by the switching of the gases. To overcome this,
nd to specifically look at the conversion of BaSO4, X was defined,
or each experiment, as:

= m0 − mt

m0 − mf

The values of the conversion as a function of time and temper-
ture are given in Fig. 3a–c for 2.4%, 4.8% and 9.6% CO respectively.
From all three figures, it can be seen that the conversion rate
ncreases with temperature, and by comparing the three figures,
t can again be concluded that the conversion rate increases with
he CO partial pressure. From Fig. 3a to c, it can also be seen that
he conversion increases initially linear, and flattens abruptly at

ig. 3. (a) Reduction of BaSO4 with 2.4% CO as a function of time and temperature (dotte
ith 4.8% CO as a function of time and temperature (dotted lines represent initial reacti

ime and temperature (dotted lines represent initial reaction rate according to Eq. (2)).
1173 0.001184 0.000453 0.000339
1223 0.001841 0.001204 0.000562
1273 0.003690 0.001701 0.000896

higher conversion, especially at high reaction rates. As a measure
of the reactivity, the initial reaction rate (r0) has been determined
graphically and are given for all experiments in Table 2.

3.2. Proposed reaction kinetic equation

The reaction kinetic equation that is proposed is based on the
Arrhenius equation, which accounts for the effect of temperature,
in combination with a power rate law, which accounts for the effect
of partial pressure of CO, according to:

r0 = k0 exp
(−Eact

RT

)
pn

CO (1)

The activation energy was found by plotting ln(r0) as a function
of (1/T) for the different CO fractions and is given in Fig. 4.

From the slopes, activation energy of 148, 156 and 144 kJ/mol
were obtained for the 2.4%, 4.8% and 9.6% CO values respectively.
From these values an activation energy of 149 (±10) kJ/mol is pro-

posed. The Arrhenius figure presented in Fig. 4 does not show
significant deviations from linearity at higher temperature and
the relative large value that is obtained for the activation energy
indicate that the measurements are carried out in the reaction
controlled regime.

d lines represent initial reaction rate according to Eq. (2)). (b) Reduction of BaSO4

on rate according to Eq. (2)). (c) Reduction of BaSO4 with 9.6% CO as a function of
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Fig. 4. Arrhenius plot of the reduction of BaSO4 for different CO fractions.
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Fig. 5. ln(r0) as a function of ln(pCO) for different temperatures.

To obtain the kinetic dependency of the partial pressure of CO
m), a plot of ln(r0) as a function of ln(pCO) is drawn for different
emperatures and is given in Fig. 5:

From the slopes of Fig. 5, the value of n can directly be obtained
nd was found to be 0.99, 0.90, 0.86 and 1.02 for 850, 900, 950 and
000 ◦C respectively. From these values, an average value of 0.94
±0.12) is obtained, which suggests that the reduction of BaSO4
ith CO is a first order reaction in CO. A value for k0 was regressed

ased on the proposed values of Eact and m and was found to be
.57 (±0.10). All errors were obtained from a 95% confidentiality

nterval. So the overall rate equation for the reduction of BaSO4
ith CO in the temperature range of 850–1000 ◦C, 2.4–9.6% CO, is

iven in Eq. (2):
0 = 0.57 exp
(−149, 000

RT

)
pCO (2)

With this rate equation, the initial reactivity is also given in
ig. 3a–c in the form of dotted lines. From a comparison, it can [
Fig. 6. Parity plot of experimental and modelled data.

be seen that the prediction of the initial reaction rate is adequate.
Also, the experimental obtained r0 data (as given in Table 2) are con-
fronted with the modelled data (as calculated with Eq. (2)), using a
parity plot as given in Fig. 6:

From Fig. 6 it can also be seen that Eq. (2) gives an accurate
quantification of the initial reaction rate.

4. Conclusions

The results from this study have shown that the thermal reduc-
tion of barium sulphate to barium sulphide using CO, as reducing
agent, is dependent on both the partial pressure of CO and the tem-
perature. This reaction is a first order reaction in CO with an average
activation energy of 149(±10) kJ/mol in the region of 850–1000 ◦C.
A further study is undertaken to investigate the possible retarding
effect of CO2 on the reaction rate.
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