
Introduction

Recent studies have shown that when silica (SiO2)

eluted from coal fly ash is mixed with Ca(OH)2 or

CaO in a hydration process, sorbents with high SO2

capture efficiency can be obtained [1–3]. This is

largely due to the pozzolanic reactions between

Ca(OH)2/CaO and SiO2 which produce highly hy-

drated products that has a much higher surface area as

compared to the raw materials. It has also been shown

that the addition of calcium sulfate (CaSO4) to the

preparation mixture can further promote the forma-

tion of the hydrated products [4]. It was believed that

the active species in the sorbent that reacts with SO2 is

calcium (Ca) ions. The role of the high surface area

hydrated compound is basically to make the Ca ions

contain in the sorbent more accessible to SO2 during

the sulfation reaction.

The preparation, characterization and activity

study of sorbent made from hydrated coal fly ash has

been thoroughly reported in the literature [3–7], how-

ever, the kinetic modeling for the sulfation reaction be-

tween the sorbent and SO2 is still scare. The kinetics of

the reaction between the hydrated coal fly ash sorbent is

complicated as it involves a series of reactions in paral-

lel and many species. The changing product layer

diffusivity and the porosity in the sorbent further com-

plicates the kinetics. The aim of this paper is to develop

a one step global reaction mathematical model that can

describe the sulfation reaction using thermogravimetric

analysis (TG). The use of TG to develop kinetic model

for various processes has been well reported in [8–10].

From the kinetic data, isoconversional method was ini-

tially used to determine the dependency of the activation

energy on the conversion of the sorbent [11–13]. Based

on the results, a mathematical model was then proposed

to calculate the kinetic parameters of the sulfation reac-

tion. The validity of the model was verified by compar-

ing simulated with experimental results.

Experimental

The sorbent were prepared from calcium oxide (CaO),

coal fly ash and calcium sulfate (CaSO4). The details of

the sorbent preparation method is reported elsewhere

[14]. The chemical composition of the stock sorbent

was analyzed using Rigaku X-ray Spectrometer

RIX 3000 to determine the weight percentage of Ca in

the sorbent. A Perkin Elmer TGA7 thermogravimetric

analyzer was used to study the sulfation reaction be-

tween the sorbent and SO2. Since the sulfation reaction

is a gas–solid reaction, it is very important to work

with minimal sorbent weight in order to minimize the

effects of interparticle heat and mass transfer resis-

tance. On the other hand, since the sorbent consists of a
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mixture of reacted and unreacted raw materials, the

amount of sorbent used must be big enough to repre-

sent the bulk sorbent. Therefore, in the preliminary ex-

perimentation, experiments were carried out using dif-

ferent amount of sorbent (5, 10, 15, 20 and 25 mg) in

order to determine the right amount of sorbent to be

used. Based on the preliminary experimental results, it

was decided to use 10 mg of sorbent in the experimen-

tation. The details and results of the preliminary exper-

iments are presented elsewhere [14].

The experiments of the sulfation reaction was

carried out by placing approximately 10 mg of

sorbent in the sample pan. Before each run, the tem-

perature of the sorbent was increased to the reacting

temperature under N2 flow to ensure that no reaction

takes place and any adsorbed species on the sorbent

were desorbed. When the reaction temperature was

achieved, a feed gas consisting 4000 ppm SO2 and

balance N2 are fed to the sorbent from the top at a

flow rate of 150 mL s–1. The experiment was carried

out under isothermal conditions at 60 to 140°C. The

sorbent mass was measured continuously by a

microbalance as a function of time. Reaction was car-

ried at that temperature until no more mass changes

were recorded at that point which the reaction is as-

sumed to have been completed. A base run was per-

formed to take into account the mass changes in the

sorbent due to loss of water and desorption of ad-

sorbed gases. In the base run, the temperature of the

sorbent in the TG was increased to the reacting tem-

perature under inert N2 flow. The sorbent was held at

that temperature and under N2 gas flow until no more

mass loss was recorded. The mass difference between

the experimental run where SO2/N2 were used and the

base run would indicate the mass changes due to the

sorption of SO2 in the solid sorbent. For every experi-

ment, including the base run, was repeated three to six

times to increase the precision of the mass measure-

ments. The relative error for the data obtained be-

tween the repetitions was less than 5%. This proce-

dure also diminished the impact of the variation in

composition or shape of the sorbents in each run. For

clarity, only the averages are presented in this paper.

Theory

The mass gain in each of the experimental run may be

correlated to the conversion by the use of fractional

conversion, X [15]. Note that this is a gas–solid reac-

tion that produces solid as the product. The fractional

conversion, X, is defined as mmol of SO2 adsorb on

the sorbent divided by the mmol of Ca contain in the

sorbent [16, 17] as given in Eq. (1):
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where m0 is the initial mass of Ca in the sorbent, mt is

the mass of the sorbent when expose to SO2/N2 gas at

time t, mbt is the mass of the sorbent during base run

at time t, MCa is the molecular mass of Ca and MSO 2
is

the molecular mass of SO2. Theoretically the frac-

tional conversion should increase from 0 and reaches

1 when the sorbent is fully converted.

Before proposing a mathematical model for the

sulfation reaction, the dependency of activation en-

ergy on the conversion of the sorbent was checked us-

ing isoconversional method [11–13, 18]. The differ-

ential method for evaluating the activation energy us-

ing isoconversional method is shown in Eq. (2):

ln ln ( )
d

d

X

t
� �Af X

E

RT
(2)

where A is the frequency or pre-exponential factor,

f(X) is the conversion dependent term, E is the activa-

tion energy, R is the universal gas constant and T is

the absolute reaction temperature. For a constant

value of X, a plot of lndX/dt vs. 1/T should yield a

straight line whose slop allows an evaluation of the

activation energy, assuming that the activation energy

is independent on the conversion [18]. Once the de-

pendency of the activation energy on the conversion

is determined, the conversion dependent term, then

f(X) of the sulfation reaction can be determined.

In order to determine the conversion dependent

term, f(X) of the sulfation reaction, a rate of reaction

per unit time, r, is expressed as in Eq. (3):
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where k(T) is the temperature dependent term, usually

taken as the global reaction rate constant, k, which is as-

sumed to obey the Arrhenius equation given by Eq. (4):
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Assuming that a simple nth order kinetic relation-

ship holds for the conversion dependent term, f(X), such

that, f(X)=(1–X)n, Eq. (3) can be rewritten as in Eq. (5):
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In order to determine the value of k, integral

method is used to solve Eq. (5). Rearranging and inte-

grating Eq. (5), Eq. (6) is obtained as:

1 1

1

1� �

�
�

�( )X

n
kt

n

(for n	1) (6)

692 J. Therm. Anal. Cal., 79, 2005

LEE et al.



Thus, a plot of [1–(1–X)1–n]/(1–n) vs. t (for n	1)

should result in a straight line of slope k for the proper

value of n. The criterion used to determine acceptance

value of n is when the plot [1–(1–X)1–n]/(1–n) vs. t (for

n	1) give the best straight line for all reaction temper-

ature studied. The best straight line is defined as the

line that gives the highest correlation coefficient (R2)

for all the data point obtained from the conver-

sion–time curve for each and every reaction tempera-

ture studied.

In order to obtain the activation energy and fre-

quency factor of the sulfation reaction, Eq. (4) will be

utilized. By determining the value of global reaction

rate constant at different temperatures, a plot of

global reaction rate constant, lnk, vs. reciprocal of re-

action temperature, 1/T, can be obtained. The plot

should again result in a straight line of slope –E/R and

intercept equivalent to lnA.

Results and discussion

Conversion vs. time curve

Figure 1 shows the conversion vs. time data for the

sorbent at different reaction temperature ranging from

60 to 140
C. The sulfation reaction is characterized by a

dramatic decrease in the rate of the reaction at the initial

period and then the sorbent is left partially converted.

This reaction behavior is similar to those reported in the

literature [19]. It was observed that the initial rate of the

sulfation reaction increases with increasing reaction

temperature. The highest initial rate of reaction was ob-

tained at a reaction temperature of 140
C. The increase

in the initial rate of reaction is a direct consequence of

higher reaction rate constant at higher reaction tempera-

ture, which obeys the Arrhenius law. On the other hand,

the drop of sulfation reaction rate with time could be

possibility due to two reasons. The first reason could be

due to the availability of less active species (Ca) in the

sorbent as the reaction proceeds longer and the second

reason could be due to the plugging of the pores of the

sorbent. This sulfation reaction is a solid–gas reaction

that produces solid product that has a higher molar vol-

ume compared to the reactant [20]. Thus when the reac-

tion occurs at the pore mouth, expansion of the product

layer could cause plugging of the pore and thus prevent-

ing SO2 from further diffuse into the inner pore of the

sorbent to react with the active species. This also ex-

plains why the sorbent is left partially converted. When

all the pore mouth of the sorbent is block by the prod-

ucts of the sulfation reaction, the Ca contain in the inner

pore of the sorbent can no longer react with SO2 and

thus leaves the sorbent partially converted.

Dependency of activation energy on conversion

The dependency of activation energy on conversion

was checked using isoconversional method. Figure 2

shows the plot of lndX/dt vs. 1/T at a constant value of

X=0.3. The slope of the plot, which is equivalent to

–(E/R) allows the evaluation of activation energy, E.

The value of E at X=0.1, 0.3 and 0.5 is shown in Ta-

ble 1. The results indicated that the activation energy

is constant irrespective of the conversion with a mean

value of 22.7 kJ mol–1.

Global reaction rate constant

Using trial and error, beginning with the value of

n=1.1, the plot of [1–(1–X)1–n]/(1–n) vs. t at various

reaction temperature was plotted. The value of n was

varied from 1.1 to 100. In order to reduce the time re-
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Table 1 Activation energy at various conversion value deter-
mined using isoconversional method

Conversion, X E/kJ mol–1

0.1 22.8

0.3 22.1

0.5 23.1

Average 22.7
Fig. 1 Conversion as a function of time at different reaction

temperature

Fig. 2 Plot of lndX/dt vs. 1/T at a constant value of X=0.3



quire to attempt this procedure, a program written in

Matlab was developed. It was found that the value of

n=2.2 fitted the selection criteria for n. The plot for

[1–(1–X)1–2.2]/(1–2.2) vs. t is given in Fig. 3. The

global reaction rate constant, which is equivalent to

the slope of the [1–(1–X)1–2.2]/(1–2.2) vs. t plot is

summarized in Table 2. The correlation coefficient

for the various straight line obtained in the

[1–(1–X)1–2.2]/ (1–2.2) vs. t plot is also given in Ta-

ble 2. From Table 2, it is clear that the global reaction

rate constant increases with reaction temperature. The

increase in global reaction rate constant will result in

higher rate of sulfation reaction at higher reaction

temperature. The high value of correlation coefficient

(above 0.96) for all the straight line drawn in the

[1–(1–X)1–2.2]/ (1–2.2) vs. t plot shows that the under-

lying assumption used in this analysis are satisfied.

Activation energy and frequency factor

Based on the data obtained in Table 2, a plot of lnk vs.

1/T as shown in Fig. 4 was obtained. The plot was

found to yield a straight line indicating that the global

reaction rate constant does obey the Arrhenius Law as

in Eq. (4). Thus the slope of the plot would be equiva-

lent to –E/R and intercept equivalent to lnA respec-

tively. The value of activation energy and frequency

factor for the sulfation reaction was found to be

22.9 kJ mol–1 and 64.4 min–1 respectively. The good

agreement between the activation energy obtained by

means of isoconversional method (22.7 kJ mol–1) and

the proposed kinetic model again indicated that the un-

derlying assumptions made in this work are satisfied.

The activation energy of the sulfation reaction using

the sorbent synthesized from coal fly ash was found to

be way much lower than the sulfation reaction when

CaO (41.8 kJ mol–1) and Ca(OH)2 (133.9 kJ mol–1) is

used as the sorbent [21]. This result shows that the re-

action between SO2 and the sorbent synthesized from

coal fly ash/CaO/CaSO4 is easier to occur as compared

to using CaO or Ca(OH)2 alone as the sorbent. With the

kinetic parameters obtained, a mathematical model

was proposed for the sulfation reaction:

r
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�
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In order to verify the model developed, the model was

used to predict the conversion–time curve at a reaction

temperature of 90
C. Figure 5 shows the comparison

between the experimental conversion–time curve and

simulated conversion–time curve predicted using the

model developed. It was found that the model pre-

dicted the conversion–time curve very well with error

less than 5%, indicating that the model is highly reli-

able in predicting the kinetics of the sulfation reaction.
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Table 2 Global reaction rate constant and correlation coefficient
extracted from the [1–(1–X)1–2.2]/(1–2.2) vs. t plot

Reaction
temperature/K

Global reaction rate
constant, k/min–1

Correlation
coefficient, R2

333 (60°C) 0.0188 0.965

353 (80°C) 0.0289 0.979

373 (100°C) 0.0506 0.994

393 (120°C) 0.0692 0.997

413 (140°C) 0.0887 0.999

Fig. 3 [1–(1–X)1–2.2]/1–2.2 vs. t plot at different reaction T Fig. 4 Arrhenius plot of rate constant vs. reciprocal of reaction T

Fig. 5 Comparison between experimental and simulated con-

version vs. time curve at a reaction temperature of 90°C



Conclusions

The kinetics of the reaction between sorbent synthe-

sized from coal fly ash/CaO/CaSO4 with SO2 at the

lower temperature range has been reported. Using

isoconversional method, the activation energy of the

sulfation reaction was found to be independent of the

conversion. A kinetic model based on a one step

model was then proposed for the sulfation reaction

and was found to fit the kinetic data very well.
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