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Effect of Catalysts on the Kinetics of the Reduction of Barite by 
Carbont 

Satish B. Jagtap, Anita R. Pande, and Ashok N. Gokarn* 
Chemical Engineering Division, National Chemical Laboratory, Pune 411 008, India 

Reduction of high-grade barite powder with particles of active charcoal has been studied both in 
the  absence and presence of catalysts. Catalysts tha t  are known to  enhance Boudouard reaction 
bring about corresponding improvements in the reduction rate of barite also. The  conversion-time 
data  have been analyzed by using a modified volume reaction model, and the effect of catalysts on 
kinetic parameters has been elucidated. 

Reduction of barite by solid carbon is an important step 
for the recovery of barium chemicals from barite. In this 
so-called “black ash process” (McKetta, 19771, the reduc- 
tion of barite is carried out in a rotary kiln or in a fluidized 
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bed at  a high temperature of the order of 1100-1200 “C 
in the presence of reducing agents, mostly carbon. In the 
course of the reduction, the main reducing agent is carbon 
monoxide, which in turn is generated in situ by the re- 
duction of carbon dioxide by carbon. The reactivity of coal 
is generally correlated by its reactivity with COz to generate 
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CO. By using highly reactive coal/coke, it is possible to 
bring down the reduction temperature, resulting in greater 
energy savings. Most of the coal/coke used for the re- 
duction process is less reactive, and the reactivity can be 
increased to a great extent by incorporating inorganic salts 
belonging to alkali and alkaline-earth metal groups as well 
as transition-metal groups (McKee, 1981). The reaction 
of C 0 2  with coal (which is incorporated with these inor- 
ganic salts) i s  enhanced considerably and thus imparts a 
high reactiviti. 

Earlier studies on the kinetics of reduction of barite by 
carbon have been very limited. Only a few Russian sci- 
entists (Shushunov et  al.. 1954; Pechkovski and Ketov, 
1960; Ravdel and Novikova, 1963) have carried out 
mechanistic studies of the reduction of barite by carbon. 
All are unanimous of the opinion that the initial reduction 
of barite with carbon takes place according to 

(1) 

where both barite and carbon are in contact. The CO 
generated diffuses and reacts with barite, which is not in 
contact with carbon, according to 

(2) 

This C 0 2  diffuses back into carbon to generate more CO 
according to the Boudouard reaction: 

(3) 

Thus, in the solid-state reduction of barite, CO is a gaseous 
intermediate 

The only kinetic study reported on the reduction of 
barite by carbon is that of Lozhkin et al. (1974). They have 
investigated the kinetic mechanism of pure BaSO, and 
barite ore. In both cases, they have noticed that the re- 
duction took place according to the mechanism (through 
gaseous intermediate) referred to above. They also agree 
with the findings of Ravdel and Novikova (1963) that the 
rate of reduction eq 2 is quite higher than that of the 
Boudouard reaction, eq 3. Thus, the overall rate is con- 
trolled by the progress of the C + C02 reaction, which is 
slower. By monitoring the conversion of barite to barium 
sulfide, they have proposed that the overall reduction of 
barite is controlled by reaction kinetics, in the low-tem- 
perature range (900-1020 "C) with an activation energy 
of 54.1 kcal 'mol The kinetic control model for this re- 
action, which is derived on the basis of the popular 
shrinking core mechanism of Levenspiel (1962), is 

l i T  = 1 - (1 - T ) 1  (4) 
where k is the rate constant, 7 is the time, and x is the 
fractional conversion of barite. Similarly in the high- 
temperature range (1140-1200 " C ) ,  they have shown that 
the experimental data of the reduction of barite with coke 
could be modeled according to the shrinking core mecha- 
nism of diffusion control as proposed by Wen (1968), in 
which the effective diffusivity is based on the surface area 
of the unreacted core. The equation is 

( 5 )  

with an activation energy of 17.0 kcal/mol. 
Very recently, Pelovski et al. (1987) studied the reduc- 

tion of barium sulfate by carbon in the presence of inor- 
ganic salts like sodium carbonate, sodium chloride, and 
calcium chloride and observed that these additives act as 
promoters for the reduction process. I t  is not known 
whether these salts were added directly into the reduction 
mass or impregnated in the matrix of either of the reac- 
tants. In the temperature range 786-871 "C studied for 
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RaSO, + 4C -i- BaS + 4C0 

BaSO, + 4CO - BaS + 4C0, 

( '  I- PO* ---L 2co 

k 2 T  = [ I  - (1 - X I 1  3]' 

Table I .  Analysis of Active Charcoal and Barite 
active charcoal barite 

component component 
fixed carbon 98.0 wt 70 BaSO, 98.0 
ash 1.5 wt o/c SiOz 0.40 
volatile matter nil A1,0, 0.05 
moisture 0.5 wt 7O Fe,03 0.04 
initial surface area 600 mz/g porosity nonporous particles 
initial av porosity 44% 

the reduction of barite, they obtained an activation energy 
of 59.1 kcal/mol. 

Thus, from the earlier study on barite reduction, it is 
clear that the reduction is a two-step process as described 
by eqs 2 and 3, and the second step, viz. Boudouard re- 
action represented by eq 3, is rate controlling. This is a 
typical example of a solid-solid reaction (BaS0,-C) pro- 
ceeding through a gaseous intermediate (CO here) as de- 
scribed by Sohn and Szekely (1973) and Wynnyckyj and 
Rankin (1988). Hence, our objective here to increase the 
reduction rate of barite by carbon is justified if we are able 
to increase the reactivity of carbon (thereby enhancing the 
Boudouard reaction). Since the main reducing agent is CO, 
the progress of barite reduction could either be followed 
by the rate of carbon consumption or analysis of the re- 
action product, viz. barium sulfide, a t  various time inter- 
vals. Since reduction of barite involves knocking out ox- 
ygen from barium sulfate, step by step, it is easier to follow 
the overall kinetics by analyzing BaS formed a t  various 
time intervals. 

I t  has been the aim of the present investigation to study 
the reaction mechanism of barite reduction by carbon and 
propose a kinetic model, both in the presence and absence 
of catalyst. We have used fine powder of barite (particle 
size of 0.044 mm) to overcome the diffusion limitation and 
ensure that the reaction is carried out in the kinetic-con- 
trolled region only (Doraiswamy and Sharma, 1984). 

Experimental Section 
The experiments were carried out as small-scale batch 

experiments of a boat-in-tube setup. For this, commercial 
grade samples of barites were supplied by Hindustan 
Mineral Products Co., Bombay, India. For the study of 
the reduction by carbon, activated charcoal was used. The 
chemical analysis and physical properties of barite and 
activated charcoal are given in Table I. For the most part, 
in the present study, fine-sized barite (-250 mesh) and 
coarse-sized carbon (-30 to 60 mesh) were used. The 
combination of particle sizes of carbon and barite is com- 
parable with that used in industrial practice. Reagent 
grade Na2C03 and Fe(N0J3 were used as the catalyst. 

Barite and active charcoal 
powders were separately weighed and mixed thoroughly. 
The active charcoal used in the catalytic runs was im- 
pregnated with different catalyst solutions. Due to the 
high initial porosity and surface area of the active charcoal, 
a uniform catalyst distribution could be achieved by in- 
cipient wetting of active charcoal in the catalytic solution 
for 24 h. The impregnated active charcoal was dried a t  
120 "C and stored in a closed container. 

In all cases, a stoichiometric composition of reacting 
solids (i.e., BaS04 + 4C) was used. 

Procedure. The experimental setup consisted of a 
50-mm-diameter tubular furnace (Harrop Inc. make) with 
a 25-mm-diameter tubular silica reactor. A weighed 
quantity of charge (2.33 g of barite and 0.48 g of a stoi- 
chiometric amount of active charcoal) was mixed thor- 
oughly and placed in a silica boat (11-mm diameter, 50 mm 
long). The sample boat was first introduced in the less hot 

Sample Preparation. 
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Figure  1. Conversion-time plots for the reduction of barite by 
active charcoal (noncatalytic). 
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Figure  2. Conversion-time plots for the reduction of barite by 
active charcoal with 5 %  Na2C03. 

zone of the reactor. After 5 min, the sample boat was 
pushed into the central hot zone of the reactor that was 
maintained a t  the desired temperature. This procedure 
helped in reducing the time required for the sample boat 
to attain the reaction temperature. Also the sample size 
was found to be optimum considering the measurable 
conversion for kinetic studies and the minimum time re- 
quired for attainment of the reaction temperature. The 
reactor system was made oxygen free with a slow stream 
of ultrapure nitrogen a t  a flow rate of 1 mL/s, before and 
during the run. Zero time was counted when the boat 
containing the sample was pushed into the reactor that was 
maintained a t  the desired temperature. After a stipulated 
time period, the reaction could be stopped by sliding the 
boat from the central hot zone to the cool outer zone of 
the tube. The cooled sample was weighed and analyzed 
for percentage barium sulfide by the iodometry method 
(Snell and Hilton, 1984) for each run. The entire exper- 
imental procedure was found to give satisfactory repro- 
ducible results. 

Process Variables. The process variables were as 
follows: (A) temperature, reduction temperature of 
800-1000 "C; (B) catalyst used, Na2C03 or Fe(N0J3 (5 % 
each based on weight of active charcoal); (C) height of the 
bed, approximately 5 mm in all the runs. 

Results and Discussion 
Nature of the Conversion-Time Plots. Conversion- 

time plots shwon in Figures 1-3 refer to the reduction of 

T l m e ,  m in  

Figure  3. Conversion-time plots for the reduction of barite by 
active charcoal with 5% Fe(N0,)a. 

barite to barium sulfide by active charcoal under nonca- 
talytic, Na-catalyzed, and Fe-catalyzed conditions, re- 
spectively. All the plots are identical in nature and are 
characterized by sigmoidal behavior and the typically in- 
itial slow reaction, followed by accelerated rate and ending 
with decelaration. This kind of behavior is generally ob- 
served in the reactions involving decomposition of solids, 
in the dehydration of hydrated salts, and most commonly 
in the gasification of coal chars, where the cause for sig- 
moidal conversion-time data is the nature of pore devel- 
opment and corresponding structural changes in the re- 
acting solid (Kasaoka et al., 1982). In the present inves- 
tigation, the observed sigmoidal behavior can be attributed 
to the Boudouard reaction (C + C 0 3  involved in the total 
reaction system. Here the amount of CO generated (i.e., 
gaseous intermediate) is directly proportional to the rate 
of the COz + C reaction, and reduction of barite is directly 
linked to the amount of CO generated; thus, the rate of 
barite reduction (monitored by the chemical analysis 
method) should be a mirror reflection of the Boudouard 
reaction. This fact is evident from the observed linear 
relationship between the fractional conversion of barite 
to barium sulfide and the weight loss of the reaction sam- 
ple during experiments. Thus, it can be stated that in the 
present reaction system there is one-to-one correspondence 
between the gasification step (Boudouard reaction) and 
the barite reduction step. Also, in a recent study of the 
reduction of sodium sulfate by carbon, Cameron and Grace 
(1983) have experimentally proved that the kinetics of the 
reduction of Na2S04 is directly related to structural 
changes taking place in the carbon. 

Application of the Modified Volume Reaction 
Model to Kinetic Data. To obtain the kinetic parameters 
and thereby to compare the effect of catalysis, a modified 
volume reaction (MVR) model, developed by Kasaoka et 
al. (19831, has been applied to the conversion-time data 
from Figures 1-3. This significantly simple mathematical 
model depicts structural changes taking place in the matrix 
of carbon during gasification and also accounts for sig- 
moidal behavior of conversion-time data of various carbons 
(Kasaoka et al., 1985). Since the reduction of barite by 
carbons falls in the kinetic-controlled region and goes 
through a gaseous intermediate (via CO), application of 
this model is justified. The model equation proposed by 
Kasaoka and Sakata (1984) is 

x = 1 - exp(-a@) (6) 
where x is the fractional conversion, 0 is the time in sec- 
onds, and a and b are constant parameters. Model pa- 
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Figure 4. Application of the MVR model to the reduction of barite 
by active charcoal (noncatalytic). 

rameter a is related to the kinetic rate constant of the 
reaction and is temperature dependent. Parameter b is 
related to the physical changes occurring in the carbon 
matrix. Parameter b is very important since its value 
determines the reaction characteristics. Thus, for b = 1, 
the reaction follows homogeneous first-order kinetics; for 
b > 1, a sigmoidal behavior is guaranteed. (In the present 
study, the value of b varied between 1.1 and 2.4.) The 
model given by eq 6 is a general one and is applicable to 
all cases even in the presence or absence of catalysis 
(Kasaoka et al., 1986). 

The linearized equation for the MVR model can be 
written as 

In (-[ln (1 - x ) j )  = In a + b In 0 ( 7 )  

A linear plot of In (-[ln (1 - x ) ] )  versus In 6 will give slope 
= b and intercept = a. Since in the gasification process 
the rate of gasification (defined in terms of the rate con- 
stant, k ( ~ ) ,  corresponding to conversion, x )  varies contin- 
uously with time due to continuous structural changes in 
the carbon matrix, the gasification rate has been expressed 
as the average rate constant, k :  

The expression for the rate constant, ( k ( x ) .  as given by 
Kasaoka et al. (1983), is 

(9) 

k can be calculated at  50% conversion, Le., by substituting 
x = 0.5 in eq 9: 

k ( x )  = a1Ibb[-(ln (1 - ~ ) ) ] ( ~ - l ) / ~  

k = al/bb(-(ln 2 ) ) ( b - ' ) / b  (10) 
Figures 4 and 5 are the kinetic model plots using the 

MVR model for the reduction of barite by solid active 
charcoal under noncatalytic and catalytic conditions, re- 
spectivdv It i. interesting to see that the kinetic con- 

T i m e ,  min 

Figure 5. Application of the MVR model to the reduction of barite 
by active charcoal with 5% catalyst. 

Table 11. Rate Constant (k) for the Reduction of Barite by 
Active Charcoal under Catalytic and Noncatalytic 
Conditions 

k ,  s'l 
catalysis due to 

temp, "C noncatalytic 5% Na2C0, 5% Fe(NO1), 
800 0.45 x 10-3 
850 1.19 x 10-3 
880 0.71 x 10-3 
900 0.76 x 10-3 2.91 x 10-3 1.29 x 10-3 
950 1.75 x 10-3 4.84 x 10-3 3.17 x 10-3 

1000 3.07 x 10-3 

version-time data of barite reduction by carbon fit the 
MVR model very nicely in all cases of catalytic and non- 
catalytic runs. From the slopes and intercepts of the linear 
plots, model parameters a and b were calculated. By use 
of the parameter values a and b, the rate constant ( k )  was 
obtained for each temperature run. The values of k have 
been tabulated in Table 11. It  is observed that both of 
the catalysts, sodium carbonate and ferric nitrate, have 
considerable influence in enhancing the value of k and 
hence the reactivity of coal. 

Arrhenius plots for three typical cases are shown in 
Figure 6. I t  is observed that the value of the activation 
energy for the noncatalytic case was 41.4 kcal/mol, which 
is close t o  those obtained for the sodium carbonate cata- 
lyzed reaction (41.2 kcal/mol) and the ferric nitrate cat- 
alyzed reaction (41.6 kcal/mol), indicating that the 
mechanism of reduction, in this particular case the 
mechanism of structural changes in the carbon matrix, is 
identical in all cases. It is to be noted that during non- 
catalytic gasification the pore development in the carbon 
matrix involves typically of micropore development. In 
the noncatalytic case here, the pore development might 
be due to micropore development. In the catalytic case, 
the pore development might be due to micropore devel- 
opment but a t  an enhanced rate due to presence of cata- 
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reaction, which is reflected in the enhanced reduction rate 
of barite correspondingly. 

Registry No. BaSO,, 13462-86-7; C, 7440-44-0; CO, 630-08-0; 
coz, 124-38-9; Bas, 21109-95-5; NaC03, 497-19-8; Fe(N03)3, 
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Table 111. Arrhenius Parameters for the Reduction of 
Barite by Active Charcoal under Catalytic and 
Noncatalytic Conditions 

catalysis due to 
parameter noncatalytic 5% Na,COs 5% Fe(NO& 

E ,  kcal/mol 41.4 41.2 41.6 
A 4.3 x 104 12.0 x 104 8.3 x 104 

lyst. Hamilton et al. (1984) showed that in catalytic ga- 
sification the rate is proportional to both the number of 
active sites and the pore development in the carbon matrix 
where the reaction takes place. However, an increase in 
the surface area alone is not sufficient to increase the 
gasification rate; the presence of active sites is more im- 
portant (Wigmans et al., 1984). The catalysts play a 
beneficial role of increasing the number of active sites 
generated in the carbon matrix. This is evident from the 
fact that the value of the frequency factor, A ,  which is a 
measure of the number of active sites, is more in both of 
the catalytic runs compared to that of the noncatalytic case 
as shown in Table 111. The presence of catalyst ensures 
a higher number of active sites, being much higher with 
sodium catalyst since sodium (due to its molten state under 
the reaction conditions) is prone to disperse in a finely 
divided state compared to that of ferric nitrate catalyst 
(McKee, 1981) present in the solid form (metallic Fe). 
Moreover, the catalyst-to-carbon ratio for Na is three times 
that of Fe. For Na, it is 2.17 mol of Na/100 g of active 
charcoal, and for Fe it is 0.69 mol of Fe/100 g of active 
charcoal. 

Conclusions 
Reduction of barite by carbon is a typical example of 

solid-solid reaction proceeding through gaseous interme- 
diate. Since generation of gaseous intermediate CO is the 
rate-controlling process, incorporation of catalyst to en- 
hance CO generation is also reflected in the enhanced rate 
of barite reduction. The effect of catalyst has been found 
to increase the number of active sites for the Boudouard 


