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Abstract: Barium sulfide is an important intermediate in the manufacture of ceramics, glass, plastics,
and pharmaceutical products. This substance is traditionally obtained by carbothermal reduction of
barite (barium sulfate) in the presence of a carbon-containing reducing agent, mainly coal. Herein, it is
demonstrated that compaction of the charge before the carbothermal reduction significantly enhances
the conversion of barium sulfate to sulfide due to an increase in the contact time of carbon monoxide
with barite in a compact sample in comparison with a powder sample. In the presence of NaOH as a
catalyst, the degree of conversion of barium sulfate in a compact sample was 0.95-0.97 upon roasting
at 1150 °C for 65 min, while in a powder sample this value did not exceed 0.6. Furthermore, charge
compaction reduced the conversion activation energy (136 vs. 264 kJ mol 1), which could be a tool
for reducing the energy intensity of obtaining barium sulfide from its sulfate.

Keywords: barite; carbothermal reduction; compaction; barium sulfide

1. Introduction

Barium sulfide (BaS) is an important chemical material and is used as an intermediate
product in the industrial processes of obtaining barium compounds, widely applied in
ceramics, glass, plastic, and pharmaceutical industries [1-4]. The traditional way to obtain
barium sulfide involves carbothermal reduction of barite (barium sulfate, BaSO,). Barite
ore or concentrate is reduced by carbon-containing reductants, predominantly by coal or
coke, in a rotatory kiln or fluidized bed reactor according to the above reactions [5-9].

It has been proven in numerous papers from the early 1950s [10] that the solid-state
contact point between barite and carbon-containing reductant (Equation (1)) is the initial
stage of the reduction process. It has been found that the rate of the reaction between BaSO4
and CO (Equation (2)) is considerably higher than that of Equation (3) [8,11]. Thus, the
overall rate of carbothermal reduction is controlled by the so-called Boudouard reaction,
representing the interaction of solid carbon with carbon dioxide to form carbon monoxide
(Equation (3)) [8,12]. The formation of CO enhances the barite reduction rate, meaning that
an increase in the gasification rate has a beneficial effect on the entire process.

BaSO; + 4C = Ba$ + 4CO )
BaSOj + 4CO = Ba$S + 4CO, @)
C + CO, =2CO 3)

The rate of the gasification reaction (3) can be significantly enhanced by using catalysts,
which include alkaline additives such as caustic soda or salts of alkali metals [10,13,14].
The presence of a catalyst results in a decrease in activation energy accompanied by a
corresponding increase in the pre-exponential factor. Jagtap et al. [12] demonstrated that
the reaction rate constant for the reduction of barite with carbon was increased by 2.75 times
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when 5 wt.% of sodium carbonate was added to the charge. The addition of 7.5 wt.% of
this salt decreased the activation energy of the barite carbothermal reduction from 35.3 to
6.8 kcal/mol [15]. Gokarn et al. [16] have shown the positive effect of sodium metavanadate
on the barite carbothermal reduction at temperatures lower than 920 °C. The presence of
a catalyst ensures a higher number of active sites in the reaction environment, although
the mechanism of catalytic action is not completely understood. Electron-transfer and
oxygen-transfer theories are recognized as the most likely explanations for the catalytic
effect [10]. According to the electron-transfer theory, a transfer of electrons to or from the
carbon substrate occurs, resulting in a redistribution of m-electrons in a carbon structure,
the weakening of the carbon—carbon bonds at the edges of substrate sheets, and an increase
in the strength of carbon—oxygen bonds during oxidation. The oxygen-transfer mechanism
supposes that the catalyst acts as an oxygen carrier that promotes the transfer of oxygen
from the gas phase to the carbon surface. In any event, the need to use a catalyst in the
process of carbothermal reduction of barite is not questioned.

The use of catalysts makes it possible to carry out the carbothermal reduction of barite
at lower temperatures than in the absence of catalysts; moreover, an increase in temperature
sometimes hampers the carbothermal reduction in the presence of a catalyst [16]. This is
due to the so-called compensation effect in the catalytic gasification of carbon [17]. Upon
reaching a certain temperature of carbothermal reduction, a decrease in the activation
energy in the presence of a catalyst is compensated by an increase in the pre-exponential
factor, meaning that the reaction rate constant does not depend on the amount of catalyst.

The carbothermal reduction of barite is a complex process, including solid—solid and
gas—solid reactions, heat transfer, and mass transfer, any of which can occur simultaneously.
The conversion of BaSO4 to BaS depends on several factors, primarily temperature and
thermal processing duration. However, there are less obvious factors as well, such as
the state of the charge (compacted or powder). Despite a few papers devoted to barite
carbothermal reduction, only one has considered the effect of the compacting method on
the process effectiveness; Jamshidi and Salem investigated the role of the extreme fusion
process on the kinetic parameters of the process at temperatures of 850, 900, 950, and
1050 °C in air atmosphere and in both the presence and absence of catalysts [18]. This is
not enough for a full assessment of the impact of charge shaping on the conversion degree
and kinetic parameters of the carbothermal reduction.

On the other hand, interest in carbothermal reduction is currently quite high, with the
processing magnesia source [19], low-grade pyrolusite [20], iron source [21], red mud [22],
silicon source [23], zinc oxide from battery waste [24], and copper smelter slag [25] all being
investigated. Therefore, the issue of charge preparation before reduction is important.

In the present work, we compared two modes of reduction of barite concentrate with
brown coal in the presence of sodium hydroxide as a catalyst by varying the state of the
charge (compacted sample and powder sample). The process of barium sulfate conversion
to barium sulfide was discussed using a modified volume reaction model.

2. Materials and Methods
2.1. Materials

Barite concentrate (89% BaSO,) and brown coal (92% C) were supplied by Vostochnoe
Ore Mining LLP, Kazakhstan. The composition of barite concentrate was determined by
atomic emission spectroscopy (Optima 8000, Perkin Elmer, Waltham, MA, USA) as follows:
wt%: Ba 53.19; § 12.22; Si 4.48; Fe 0.75; Ca 0.25; A1 0.95; Mg 0.20.

Iodine, hydrochloric acid, sodium thiosulfate, and sodium hydroxide were of reagent
grade and used without further purification.

2.2. Sample Preparation

Two types of samples were prepared for the experiments.
To obtain the first type, 12.50 g of ground (<100 um particle sizes) of barite concentrate
was thoroughly mixed with 3.50 g of brown coal (<90 um particle sizes) as well as with
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Initial

cylinder

0.50 mL of 10% NaOH solution using a Waring LB20ES laboratory blender. The resulting
wet mixture was pressed (150 kg/cm?) to obtain a cylinder (20 mm in diameter and about
20 mm in height) and the cylinder was dried to constant weight. This type of sample is
hereinafter referred to as a compacted barite sample.

To obtain the second type, 12.50 g of ground (<100 um particle sizes) of barite concen-
trate was thoroughly mixed with 3.50 g of brown coal (<90 um particle sizes) as well as
with 0.05 g of NaOH using the aforementioned laboratory blender. This type of sample is
hereinafter referred to as a powder barite sample.

2.3. Carbothermal Reduction
2.3.1. Compacted Barite Sample

A muffle furnace (SNOL 6.7/1300, Russia) equipped with a type K thermocouple was
used for the thermal treatment of the samples. When the required furnace temperature was
reached, a silica boat containing the nine samples was placed in the less hot zone of the
furnace for 8 min. Then, the sample-containing boat was placed into the central zone of
the furnace where the desired temperature was maintained. This moment was counted
as zero time. Because the reactor system was not sufficiently airtight, air was assumed to
be present in the furnace. Upon reaching the predetermined high-temperature treatment
time of the samples, one sample was removed from the boat and was cooled to room
temperature before measuring the BaS percentage. After room temperature was reached,
the sample was cut into two parts parallel to the base to obtain a cross-section. Then,
from the centre of the section, two circles were designated with diameters of 3 and 6 mm,
respectively. The material bounded by the inner circumference is hereinafter referred to as
zone A, while the material delimited by two circles is designated as zone B; in turn, the
material bounded by the outer circumference and the surface of the cylinder is designated
as zone C (see Figure 1).

Zone B

Zone C

Cutting Marking circles

e .
Crosssection | me——

Zone A

Figure 1. Preparing thermally treated compacted (cylindrical) barite sample for subsequent sampling.

The material from each zone was carefully sampled separately in order to determine
the conversion of barium sulfate to barium sulfide.

Images of starting (unheated) and roasted (1150 °C, 65 min) compacted samples are
presented in Figure 2.

2.3.2. Powder Barite Sample

In the case of the powder barite sample, the heat treatment procedure was the same
as for the compacted barite sample; however, one sample was subjected to heating, and
sampling was carried out from the entire volume of the boat.
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Figure 2. Starting (left) and roasted at 1150 °C for 65 min (right) compacted samples.

2.4. Characterization

The powder materials were characterized by X-ray diffraction (XRD) in a D8 Ad-
vance (Bruker, Billerica, MA, USA) using «-Cu radiation, as well as by scanning electron
microscopy (SEM) using a Quanta 200i 3D (FEI, USA).

2.5. Barium Sulfide Percentage Measuring

The iodometry method was applied for measuring the BaS content in the ground
product [25]. This method is based on the consumption of elemental iodine for the oxidation
of sulfide ions (Equation (4)) and the subsequent determination of residual iodine by
titration with sodium thiosulfate (Equation (5)):

S+, =502 +1° “4)

2Na25203 + I, =2Nal + Na25406 (5)

Primarily, 50 mL of 0.5 N iodine solution was mixed with 50 mL of 1 N hydrochloric
acid solution, then 2 g of the product was added to 100 mL of deionized hot water and
stirred for 5-7 min. The suspension was mixed with the solution obtained at the previous
stage, and the resulting solution was titrated with 0.1 N sodium thiosulfate in the presence
of starch as an indicator to obtain a pale yellow colour. The BaS percentage (C) was
calculated by Equation (6):

Cz&ﬁ(NWkJ%%>

- ©®)

where N1V; and N, V; are the total moles of iodine and sodium thiosulfate, respectively,
and W is the weight of the ground sample.

3. Results and Discussion
3.1. Compacted Sample

Particles of barite in a compacted cylindrical sample have different environments. The
material in the central zone (zone A, Figure 1) is surrounded by a mixture of barite and
coal. The barite in the outer zone (zone C, Figure 1) is surrounded, on the one hand, by
a mixture of barite and coal, and on the other borders the atmosphere (in our case, an
inert atmosphere of nitrogen). Thus, it seemed informative to compare the results of the
carbothermal reduction of barite located in different zones (A, B, C) of the cylinder.

The effect of operating temperature and treatment duration on the conversion of the
compacted barite sample to barium sulfide (zone A) is presented in Figure 3.
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Figure 3. Conversion-time plots for the reduction of barite compacted samples (zone A; see Figure 1)
with brown coal.

At all temperatures studied, the conversion degree increased with an increase in the
duration of treatment, and eventually reached a plateau. The maximum conversion was
0.97 (97%) at 1150 °C and 65 min. In the first 7 min, a very low conversion was achieved
in all cases (0.03, 0.05, 0.07, and 0.11 at 900, 950, 1050, and 1150 °C, respectively). The
conversion rate then accelerated, followed by deceleration at the end. The behaviour
observed from the conversion-time plots is in good agreement with that described in
papers devoted to the carbothermal reduction of barite [12,18].

XRD patterns of unheated and two roasted (1150 °C, 18 min and 1150 °C, 65 min)
samples are presented in Figure 4. An increase in the duration of roasting the charge
contributed to an increase in the intensity of the peaks corresponding to barium sulfide;
these results are in agreement with the data shown in Figure 3.

A modified volume reaction (MVR) model, developed by Kasaoka et al. [26], was
applied to the conversion-time plots presented in Figure 3. The model proposed by Kasaoka
and Sakata [27] can be presented as the following Equation (7):

x=1- exp(—a@h) )

where x is the fractional conversion, 6 is the thermal treatment duration (in seconds), and a
and b are constants.

The model presented in Equation (7) is applicable in all cases of carbothermal reaction,
whether a catalyst is used or not [12].

The constant parameter 4 is related to the kinetic rate constant, and is temperature-
sensitive, whereas the constant parameter b is related to the physical changes taking place
in the carbon matrix.

The linearized form of Equation (7) can be presented as Equation (8):

In(—In(1-x)] =Ina+0blno 8)
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Figure 4. XRD patterns of unheated (a) and roasted (1150 °C, 18 min (b) and 1150 °C, 65 min (c)) samples.

Model parameters a and b can be calculated from the slopes and intercepts; then, by
using a and b values, the rate constants are calculated according to the expression suggested
by Kasaoka et al. [27]:

b-1

k(x) = atb[—In(1—x)] T )

To simplify calculations, the Erofeev equation can be applied to the MVR model:
In(—In(1—x)] =Ink+nlnb (10)

Herein, k is the rate constant, n is the constant related to the reaction mechanism, and
x and 0 have the same values as in Equations (7)—(9).

The kinetic plots obtained using the data from Figure 3 and the MVR model for the four
operating temperatures are shown in Figure 5. The X-axis (argument) shows the values of
the logarithm of time (in seconds), while the Y-axis (function) shows the calculated values
of In (—In (1 — x)]).

At all investigated temperatures, the process of the barite compacted sample carboth-
ermal reduction (zone A) with coal fit the MVR model very well due to the good linear
tendency of the plots.

We now consider the conversion of barite located in the outer zone (zone C). The influ-
ence of operating temperature and treatment duration on the conversion of the compacted
barite sample to barium sulfide (zone C) in an oxygen-free environment is presented in
Figure 6.
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Figure 5. Application of the MVR model to the reduction of barite compacted samples (zone A; see
Figure 1) by brown coal in an oxygen-free environment.
0.6
@900 °C
05 | A950°C . . . *
] ¢ ¢ g n m m
H1050 °C ] u
04 - e1150°C ¢ R R
s A
2 u A A
@ A 4o 4
S 03t
c
8 [ [ ]
[ ] ®
A P {
0.2
®
[ ]
0.1 B ’
1
®
0 1 1 1 1 1 1 )
0 10 20 30 40 50 60 70
Time, min

Figure 6. Conversion-time plots for the reduction of barite compacted samples (zone C; see Figure 1)
with brown coal.
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In the first 18 min at 900 and 950 °C and in the first 13 min at 1050 and 1150 °C, the
values of the BaSO, to BaS conversion degree were close to those observed for zone A (the
latter had only 5-7% higher values). However, later in the process the degree of conversion
after 23 min reached a plateau for all studied temperatures: the maximum values were 0.25,
0.38, 0.47, and 0.51 at 900, 950, 1050, and 1150 °C, respectively. Such striking differences
between the degree of conversion of barite located in the central (A) and extreme (C) zones
can be explained as follows. According to conventional wisdom, the initial reduction of
barite with carbon takes place via Equation (1). In this reaction, both barite and carbon
are in contact with each other. This interaction prevails in the overall process of barite
reduction, meaning that there is no significant difference in the degree of barite conversion
in the central and outer zones in the first 13-18 min. In the case of the central zone, the
formed carbon monoxide further reacts with barite to form carbon dioxide (Equation (2)),
then the latter reacts with carbon according to the Boudouard reaction (Equation (3)) to
form carbon monoxide. The carbon monoxide diffuses through the formed barium sulfide
to the surface of the unreacted barium sulfate and reduces it according to Equation (2). In
the case of the outer zone (zone C), the carbon monoxide formed according to Equation
(1) predominantly leaves the reaction zone and diffuses into the atmosphere. Thus, the
main source of barium sulfide is the initial reduction reaction of barium sulfate with solid
carbon, while the gaseous intermediate (CO) is mostly lost. Unreacted barium sulfate is
surrounded by a solid product (BaS), and remains almost unchanged. This explains the
significant decrease in the degree of conversion of barite in the outer zone in comparison
with the barite in the central zone of a compact cylindrical sample.

We now consider the conversion process of barite located in the intermediate zone
(zone B). The dependence of the degree of barite conversion on the duration of heat
treatment and temperature is shown in Figure 7.

€900 °C . . *
. [] |
. m A
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] A [
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] A ®
Y
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Figure 7. Conversion-time plots for the reduction of barite compacted samples (zone B; see Figure 1)
with brown coal.

A comparison of the data presented in Figures 3 and 7 shows that the barite conversion
of zones A and B was practically the same in the first 23 min for all temperatures studied.
With a further increase in the duration of heating, for temperatures of 900 and 950 °C
the conversion of barite in zone B was higher than that in zone A by 5-7% and 3-4%,
respectively. For temperatures of 1050-1150 °C, the degree of barite conversion in zones A
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and B was the same. The increase in barite conversion in the intermediate zone compared
to the central zone can be explained as follows. Carbon monoxide produced according to
Equations (1) and (3) moves from the central zone towards the atmosphere due to diffusion,
passing through the intermediate and outer zones. Thus, the concentration of carbon
monoxide in the intermediate zone is higher than in the central zone, which explains the
higher degree of conversion in zone B compared to zone A.

With increasing temperature, this effect levels off, presumably due to the endother-
micity of the solid-phase reduction reaction of barium sulfate with carbon (Equation (1)).
Elevated temperatures (1050 and 1150 °C) lead to an increase in the concentration of CO
in reaction zones A and B, and the diffusion of carbon dioxide described above no longer
plays a decisive role in the reduction of barium sulfate.

The rate constants that describe the overall multi-stage process of barium sulfate
conversion to barium sulfide for the whole compacted sample at all operating temperatures
are presented in Table 1.

Table 1. Rate constants for the reduction of barite compacted sample (zone A) with brown coal.

Temperature, °C 900 950 1050 1150
Rate constant, x10° s~1 2.03 2.59 4.20 5.82

Arrhenius plot for barium sulfate conversion created using the calculated rate con-
stants (Figure 8).

0.00074  0.00073 0.00082  0.00036 0.0009

¥y =-7130.7x -4.7213
R* =0.9976

T (K*)

Figure 8. Arrhenius plot for barium sulfate conversion in the compacted sample.

The activation energy (E,) of the overall chemical reaction determining BaSO4 conver-
sion into BaS was determined using Arrhenius’s law (Equation (11)) [28]:

R (1
Ink = R(T)—HnA (11)

where k is the rate constant of the chemical reaction, R is the universal gas constant, and
T is absolute temperature.
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The calculated E, was 136 k] mol~!. This value is much lower than those obtained
earlier for the carbothermal reduction of barite. Jamshidi et al. achieved a value of about
293 k] mol~! for a powder batch and about 209 k] mol~! for an extruded charge [18]. Salem
et al. obtained a value of about 200 k] mol~! during the carbothermal reduction of an
extruded charge. The mechanical activation of the charge led to a decrease in the activation
energy of the carbothermal reduction of barite from 519 to 276 k] mol ! [15]. At the same
time, the use of sodium metavanadate as a catalyst made it possible to reduce the activation
energy of barium sulfate conversion to 21 kJ mol~! [16]. However, the economic feasibility
of using sodium metavanadate in the carbothermal reduction of barite is questionable.

3.2. Powder Sample

The effect of operating temperature and treatment duration on the conversion of a
powder barite sample to barium sulfide is shown in Figure 9.

0.6
@900 °C * 2 L 2
05 | A950°C N
o ¢
H1050 °C . . - ¥
04 - e1150°C . s B A A
c A
S "
2 T 4 )
o 03 ]
5 . e * °
o [ ] o
0.2 - ®
®
01 *
|
o
0 1 1 1 1 1 1 ]
0 10 20 30 40 50 60 70
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Figure 9. Conversion-time plots for the reduction of barite powder sample with brown coal.

As in the case of compact samples, an increase in the roasting duration, led to an
increase in the degree of conversion of barium sulfate followed by the achievement of a
plateau, as expected. The maximum degree of conversion was 0.6 when the charge was
roasted at 1150 °C for 42 min. Such a low degree of conversion can be explained by the
short duration of contact between carbon monoxide and barium sulfate due to the porosity
of the charge; the rate of diffusion of carbon monoxide formed as a result of Reaction (2) is
higher than in a compact sample.

The rate constants describing the process of barium sulfate conversion to barium
sulfide at all operating temperatures in the case of the powder sample are presented in
Table 2, and the Arrhenius plot for barium sulfate conversion in the powder sample is
presented in Figure 10.

Table 2. Rate constants for the reduction of barite powder sample with brown coal.

Temperature, °C 900 950 1050 1150
Rate constant, x10° s™1 0.48 1.24 2.56 419
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Figure 10. Arrhenius plot for barium sulfate conversion in powder sample.

A comparison of the data in Tables 1 and 2 shows a significant decrease in the barite
conversion rate constants when moving from compact to powder samples, and this dif-
ference increases at lower temperatures: at 900 °C, the decrease was more than four
times (2.03 x 107° vs. 0.48 x 107> s71), while at 1150 °C the difference was less than
30% (5.82 x 1072 vs. 4.19 x 107 s~ 1). The calculated activation energy in the case of the
powder sample was 264 k] mol !, which is almost twice that observed for the compact
sample. Thus, charge compaction plays a beneficial role in reducing the activation energy
of the barite carbothermal reduction, which can be used to reduce the energy intensity of
the process.

4. Conclusions

In this article, we have shown that compaction of the charge before the carbothermal
reduction of barite significantly enhances the conversion of barium sulfate to sulfide. This
effect is associated with an increase in the contact time of carbon monoxide with barite in
a compact sample in comparison with a powder sample; due to the lower porosity of a
compact sample, the duration of diffusion of carbon monoxide from the charge into the
atmosphere increases. In addition, the degree of reduction of barite in a compact sample
differs depending on the environment of the charge; the maximum conversion of barite
located at the sample-air interface did not exceed 0.51, while the conversion of barite closer
to the central part of the sample (zone B) was 0.95-0.97. The charge compaction reduced
the conversion activation energy (136 vs. 264 k] mol~!), which can be a tool for reducing
the energy intensity of obtaining barium sulfide from its sulfate.
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