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Abstract
As a major air pollutant,  SO2 has negative effect on the human health and environment. The desulfurization characteris-
tics of two CaO samples (commercial one and the other one calcined from  CaCO3) with high purity were examined by a 
thermo-gravimetric analyzer under circulating fluidized bed combustion-like condition. The influences of  SO2 concentration 
(1000–4000 ppm),  CO2 concentration (0–45%) and temperatures (800–950 °C) on the sulfation conversion degree of CaO 
samples were addressed, and sulfation kinetic parameters for the two samples were estimated based on the unreacted shrink-
ing core model.  The sulfation conversion degree of CaO calcined from  CaCO3 at 900 °C and 2000 ppm  SO2 was 68% higher 
than the commercial CaO. The sulfation conversion degree for the commercial CaO at 950 °C with 2000 ppm  SO2 was one 
time higher than at 800 °C, and the sulfation conversion degree for the sample calcined from  CaCO3 at 950 °C increased by 
about 31% compared to that at 800 °C. The calcium conversion degree of the sample calcined from  CaCO3 was 0.59 in the 
absence of  CO2, and the conversion degree with the  CO2 concentration of 45% reduced by about 31%. The sulfation kinetics 
of two samples were appropriately described by the shrinking unreacted core model. The sample calcined from  CaCO3 had 
a better sulfation activity than the commercial CaO.
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Abbreviation
b  Stoichiometric coefficient
A, B  Characteristic time in Eqs. (4a) and (4b) (min)
A1, B1  Revise factors of time in Eqs. (4a) and (4b) (min)
CA0  SO2 concentration (mol  mL−1)
CS0  CaO concentration (mol  mL−1)
D0  Pre-exponential factor of the product layer diffu-

sion reaction  (cm2  min−1)

Ds  Effective diffusivity of reactants in the product 
layer  (cm2  min−1)

Ea  Activation energy for chemical reaction stage (kJ 
 mol−1)

Ep  Activation energy for product layer diffusion (kJ 
 mol−1)

Gfp(x)  Function defined by Eq. (6a)
k  Rate constant of the surface reaction (cm  min−1)
k0  Pre-exponential factor of the surface reaction (cm 

 min−1)
m  Mass (mg)
M  Molar mass (g  mol−1)
Pfp(x)  Function defined by Eq. (6b)
R  General gas constant (J  mol−1  K−1)
Rp  Original radius of the sorbent particle (cm)
t  Time (min)
T  Temperature (K)
W  Mass percentage
x  Conversion degree

Greek letter
δ  Standard uncertainty

Subscript
0  Initial
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Introduction

Coal is the most important energy source in China and will 
maintain its dominate position in the foreseeable future 
[1, 2], and the coal combustion would produce a large 
amount of pollutants [3]. Sulfur dioxide  (SO2), as a com-
mon air pollutant around the world, can harm the human 
health and cause destruction to the environment [4–6]. 
 SO2 emissions mainly come from coal-fired power plants 
[7]. In the past decades, many studies have been devoted 
to reducing  SO2 emission from fossil fuel combustion 
process [8]. For example, for the flue gas cleaning, many 
different techniques such as wet scrubbing, dry scrubbing, 
direct dry sorbent injection and regenerable process have 
been developed for sulfur capture removal [9]. For fluid-
ized bed combustors (FBCs), capturing  SO2 in situ using 
a calcium-based sulfur sorbent (calcitic limestone or dolo-
mite) is feasible [10]. Circulating fluidized bed combus-
tion (CFBC) is a promising technology for burning high-
sulfur fuels [11–13]. In addition to its fuel flexibility, it has 
other advantages such as the low  NOx emissions owing to 
low combustion temperatures and low  SO2 emissions due 
to the in situ desulfurization using calcium-based sorbents 
[14–16]. Downstream flue gas desulfurization technology 
in pulverized coal power plants is usually an alternative 
to in situ addition. But, compared to in situ sulfur capture 
in CFBC especially for high-sulfur coals, the downstream 
flue gas desulfurization would lead to the more complex 
and costly system [17].

The main way to reduce sulfur oxides produced during 
fluidized bed combustion (FBC) is to inject calcium-based 
sorbents (limestone or dolomite) into high-temperature 
region of the furnace [10]. In the CFBC, the temperature is 
relatively low, about 850 °C, along with longer residence 
time of sorbent particles which are beneficial to desulfuri-
zation [7, 18].

Limestone as an effective and economic sorbent is 
widely used for the in situ desulfurization process [9, 19, 
20]. For the air-fired fluidized bed, the limestone desul-
furization process is divided into two steps: the limestone 
is calcined into CaO and  CO2; and then, the porous CaO 
reacts with  SO2 in the presence of  O2 to form  CaSO4 at 
high temperature [21, 22]:

Moreover, the limestone sulfation has two distinguished 
stages: a quick reaction stage controlled by chemical reac-
tion and a slow reaction stage with solid-state diffusion 
[10, 19].

(1)CaCO3(s) ↔ CaO(s) + CO2(g)

(2)CaO(s) + SO2(g) +
1

2
O2(g) ↔ CaSO4(s)

However, the limestone sulfation rate decreases rapidly 
during the reaction process [23], and the calcium conver-
sion degree in the limestone usually reaches only 30–40% 
[10]. Therefore, in order to remove sufficient  SO2, it is 
often necessary to add over-stoichiometric sorbent to the 
furnace, which would lead to the increased solid waste 
generation [24]. The rapid decreasing in the sulfation rate 
can be related to that molar volume of  CaSO4 is much 
higher than CaO, which would give rise to small pores in 
CaO to be plugged by  CaSO4 even a  CaSO4 layer covers 
over CaO grains [25, 26].

The sulfur removal ability of Ca-based sorbents can 
be influenced by pore structure of sorbents, temperature, 
 SO2 concentration and  CO2 concentration [9]. For air-
fired CFBBs, the optimum desulfurization temperature for 
calcium-based sorbent is about 850 °C [19, 27, 28]. The 
effect of the temperature are realized through changing 
the physical properties of limestone such as the sintering 
of solid reactant and the pore blockage by  CaSO4 product 
[29, 30], combined with the reductive decomposition of 
product  CaSO4 at high temperature. There is an optimum 
value existed for the efficiency of  SO2 removal at a certain 
temperature [19]; then, it decreases with the increase in 
the bed temperature [31]. The sulfation rate of calcium-
based sorbent can be enhanced by the increase in the  SO2 
concentration, according to Abanades et al. [19] and de 
Diego et al. [14] reported.

Pore structure of CaO includes specific surface area, 
porosity and pore size distribution. Many researchers have 
examined the effect of pore structure on the sulfation of 
CaO calcined from calcium-based sorbent (limestone or 
Ca(OH)2). Gullett and Bruce [32] examined the sulfation 
behavior of CaO (calcined from limestone containing 95% 
 CaCO3) experiencing different sintering durations and 
pointed out that although sintering can cause the coales-
cence of pores less than 7 nm and reduce specific surface 
area by a half, the sulfation behavior is not influenced sig-
nificantly, which indicates that the pores smaller than 7 nm 
are not crucial for the sulfation behavior of CaO. Ghosh-
Dastidar et al. [33] noted that the internal pore structure 
of CaO (calcined from Ca(OH)2) has a determining effect 
on the initial reactivity and the final utilization of CaO, 
but a high specific surface area cannot ensure a high sulfa-
tion reactivity and conversion degree. If the CaO particles 
contain an abundance of small pores, the sulfation reac-
tion would cease prematurely because small pores are very 
susceptible to pore blockage and plugging [23]. Moreover, 
Mahuli et al. [34] figured out that in order to improve the 
sulfation performance of CaO (calcined from modified cal-
cium carbonate), the total pore surface and pore volume 
should be enlarged, but also the proportion of pores in the 
size range of 5–20 nm should be increased.
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Thermo-gravimetric analysis (TGA) is a common used 
method for studying the sulfation characteristics of Ca-
based sorbents, by which reaction kinetic parameters can be 
obtained [31, 35]. Grain model is usually used to describe 
the sulfation reaction kinetics for limestone sorbent [36, 
37], which is based on the assumption that the porous solid 
is composed of uniform size, spherically shaped and small 
non-porous grains [38]. Also, the conversion of each grain 
can be commonly described by the shrinking unreacted core 
model that is modified form of the grain model [37]. The 
shrinking unreacted core model is the most commonly used 
model for limestone sulfation [39–42], by assuming a clear 
interface existed between the unreacted core and the product 
layer during gas–solid reactions of the sorbent particles, and 
the sulfation reaction occurred from the particle surface to 
the inner surface [43]. The reaction initiates on the grain 
surface in so-called chemical reaction-controlled stage. A 
layer of  CaSO4 product is gradually formed around each 
CaO grain that separates the reaction surface of the solid 
from gas reactant. The gas molecules have to diffuse through 
the product layer to the reaction surface, which means that 
the sulfation reaction shifts to the product layer diffusion-
controlled stage [44].

Most of the works focus on the sulfation characteristics of 
limestone or other industrial materials including dolomite, 
sodium carbonate and bicarbonate [45], as well as some cal-
cium-based industrial waste such as carbide slag and white 
mud [46]. Limestone is a complicated material with many 
impurities such as MgO,  SiO2 and  Fe2O3, which would lead 
to high uncertainty and disagreement in the literature on 
the sulfation performance due to different limestone sources 
[47]. The sulfation performances and kinetics for commer-
cial CaO and CaO calcined from  CaCO3 with high purity as 
CFBC in situ desulfurization sorbents are rarely reported. In 
addition, the effect of  CO2 concentration on sulfation charac-
teristics of CaO calcined from  CaCO3 at circulating fluidized 
bed conditions is not still seen.

In this work, the sulfation conversion and kinetics of 
reagent-grade commercial CaO and CaO calcined from 
 CaCO3 are studied based on a thermo-gravimetric analysis 
technique. The effects of temperature,  SO2 concentration and 
 CO2 concentration on the sulfation characteristics of two 
CaO samples are examined. The kinetic parameters based 
on the unreacted shrinking core model are estimated. The 
data would provide a basic reference for well understanding 

the sulfation characteristics of reagent-grade CaO samples 
and developing sorbents with high sulfation performance.

Methods

Materials

Reagent-grade calcium oxide (CaO) and calcium carbon-
ate  (CaCO3) were purchased from a biochemical technol-
ogy company (Macklin, Shanghai, China). The chemical 
compositions of commercial CaO,  CaCO3 as well as CaO 
calcined from  CaCO3 were analyzed by a X-ray fluorescence 
spectrometer (XRF-1800, SHIMADZU, Japan), which are 
listed in Table 1.

Experimental 

The desulfurization reaction processes of CaO calcined from 
 CaCO3 and commercial CaO were tested through a thermo-
gravimetric analyzer (ZCT-A, JINGYIGAOKE, China) in 
simulated fuel gas. TGA was carried out with four electronic 
mass flow controllers (HXMF02, HUAXUSHIJI, China) to 
supply a synthetic flue gas mixture consisting of  SO2,  CO2, 
 O2 and  N2. The gas mixture is composed of  SO2,  CO2,  O2 
and  N2 from gas cylinders, and the each concentration was 
adjusted by a mass flow controller.

In CFBCs, the flue gases usually consist of about 15% 
 CO2, 3–5%  O2, 5–15%  H2O, small amounts of  SOx,  NOx 
and balance  N2 [48], and the typical bed temperatures 
are between 800 and 950 °C [10]. The simulated flue gas 
compositions and experimental temperatures are listed in 
Table 2. The initial mass of sample is 5 ± 0.5 mg, and the 
total flow rate of the synthesis gas was set as 100 mL  min−1.

Before synthetic flue gas was injected, commercial CaO 
sample was calcined at 800 °C in  N2 for 10 min in order to 
remove any residual carbonate or hydroxide species and to 
ensure that the pure calcium oxide is the only metal species 
[49]. After the calcination pre-treatment, commercial CaO 
sample was heated from room temperature to setting tempera-
ture with a heating rate of 20 K  min−1 at the presence of  CO2, 
 O2 and  N2, which was kept about five minutes to ensure the 
temperature stabilization.  SO2 was introduced into the syn-
thetic flue gas to start the sulfation reaction. The test duration 
was set as 5 h [17]. After 5 h, the system was purged with  N2 

Table 1  Chemical composition of commercial CaO,  CaCO3 and CaO calcined from  CaCO3 (mass%)

Samples CaCO3 CaO SiO2 MgO Al2O3 Fe2O3 Na2O K2O SO3 Others

Commercial CaO 98.47 0.229 0.495 0.157 0.0919 0.291 0.0182 0.108 0.1699
CaO calcined from  CaCO3 99.35 0.0446 0.0278 0.0129 0.0052 0.305 – 0.170 0.0845
CaCO3 99.51 – – 0.05 – 0.005 0.1 0.005 0.01 –
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for 2 h to make TGA facility cool down to the room tempera-
ture before the sample was removed out. For CaO calcined 
from  CaCO3, after the reaction chamber was heated to 900 °C, 
the chamber is kept at the same temperature for ten minutes, 
in order to ensure temperature stabilization and completion of 
the calcination [45]. After that, the temperature was adjusted 
to desired setting temperatures, and  SO2 was injected into the 
gas to start the sulfation experiment.

For  CO2 concentration of 45%, the reaction temperature 
was only kept at 900 °C (1173 K).

The measurement parameter uncertainties are calculated 
as follows:

The uncertainty of mass: ±
�m

m
= ±

0.001∕2
√

3

5
= ±0.006%

The uncertainty of temperature: ±
�T

T
=

0.01
�

2
√

3

25
= ±0.1%

where m is the sample mass, mg; T the initial experimental 
temperature, °C; δm the standard uncertainty of mass, mg; 
and δT the standard uncertainty of temperature, °C.

The experiments for commercial CaO at 850 °C, 1000 ppm 
and 2000 ppm  SO2, as well as for CaO calcined from  CaCO3 at 
2000 ppm  SO2, 900 °C and 950 °C were repeated three times, 
respectively, as illustrated in Fig. 1.

The relative deviations in the chemical reaction-controlled 
stages for two samples were less than ± 3%, indicating that 
there is a good reproducibility for the tests.

Sulfation conversion degree

The sulfation conversion degree of Ca-based sorbents can be 
calculated by [50]:

(3)x =
ΔmMCaO

m0WCaO

(

MCaSO4
−MCaO

)

Table 2  Experimental conditions

T/K CO2 concentration/% O2 concentration/% SO2 concentration/ppm N2/% Particle size/µm

1073, 1123, 1173, 1223 0, 15, 45 5 1000, 2000, 3000, 4000 Balance 106–250

Fig. 1  Repetitive experiments
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where m0 is the initial mass of sorbents, mg; Δm the mass 
added after  SO2 adsorption reaction, mg; MCaO the molar 
mass of CaO, g  mol−1; MCaSO4 the molar mass of  CaSO4, g 
 mol−1; and WCaO the mass percentage of CaO in the sorbent.

Sulfation kinetics

The sulfation of Ca-based is a non-catalyst gas–solid reaction 
[51], and the unreacted shrinking core model is usually used 
in describing the sulfation reaction between calcium-based 
sorbent and  SO2 [42, 44, 46, 50–53], which can be written as:

for chemical reaction-controlled process, and

for product layer diffusion-controlled process, where t is the 
reaction time, min; A1 and B1 the revise factors of time, min; 
x the calcium conversion degree of sorbent; Gfp(x) the func-
tion of calcium conversion degree during chemical reaction-
controlled stage; and Pfp(x) the function of calcium conver-
sion during product layer diffusion-controlled stage; and A 
and B are the characteristic times, min, which can be given 
by

where CA0 is the concentration of  SO2 in the fuel gas, mol 
 mL−1; CS0 the concentration of CaO in the sorbent, mol 
 mL−1; Rp the original radius of the sorbent particle, cm; b 
the stoichiometric coefficient of the reaction, b = 1; k the rate 
constant of the surface reaction, cm  min−1; and Ds the effec-
tive diffusivity of reactant in the product layer,  cm2  min−1.

The value of 1/A can be obtained by plotting Gfp(x) versus t, 
and the value of 1/B can be obtained by plotting Pfp(x) versus 
t. The logarithms of Eqs. (5a) and (5b) can be expressed as:

According to the Arrhenius equation:

(4a)t = A1 + AGfp(x)

(4b)t = B1 + BPfp(x)

(5a)A =
CS0RP

kCA0

(5b)B =
CS0R

2
P

6bDsCA0

(6a)Gfp(x) = 1 − (1 − x)1∕3

(6b)Pfp(x) = 1 − 3(1 − x)2∕3 + 2(1 − x)

(7a)ln k = ln (1∕A) + ln
(

RpCS0∕CA0

)

(7b)lnDs = ln (1∕B) + ln
(

R
2
p
CS0∕6bCA0

)

for chemical reaction-controlled process, and

for product layer diffusion-controlled process, where k0 is 
the pre-exponential factor of the surface reaction, cm  min−1; 
Ea the activation energy for surface chemical reaction,  
kJ  mol−1; D0 the pre-exponential factor of the product layer 
diffusion reaction,  cm2  min−1; Ep the activation energy for 
product layer diffusion, kJ  mol−1; R the general gas constant, 
8.314 J  mol−1  K−1; and T the temperature, K.

From Eqs. (7a) and (8a), a relationship between 1/A and 
1/T can be described as

From Eqs. (7b) and (8b), a relationship between 1/B and 
1/T can be described as

The values of Ea and k0 can be estimated by plotting 
ln(1/A) versus 1/T, and the values of Ep and D0 can be esti-
mated by plotting ln(1/B) versus 1/T.

Results and discussion

Specific surface area, pore volume and pore diameter are 
important physical properties of solids in reactions, which 
would influence the Ca utilization of the sorbents [22, 54]. 
The specific surface area, pore volume and pore diameter 
of the commercial CaO,  CaCO3 and CaO calcined from 
 CaCO3 were determined using a surface area and porosity 
analyzer (ASAP 2460, Micromeritics, America) accord-
ing to BET (Brunner–Emmett–Teller) and BJH (Bar-
rett–Joyner–Halenda) methods, which are summarized in 
Table 3.

The pore size distribution of commercial CaO,  CaCO3 
and CaO calcined from  CaCO3 is depicted in Fig. 2.

 Specific surface area means the region where reac-
tions can occur, while pore volume suggests the space in 
which the products can grow. Pore diameter is the space 
limitation in a single pore [54]. Manvoic et al. [22] noted 
that the high specific surface area is formed mainly from 
more small pores existed, which is important for the initial 
chemical reaction-controlled stage. As given in Table 3, 
the specific surface area of CaO calcined from  CaCO3 is 
almost two times higher than the commercial CaO. From 
Fig. 2, the pore size of  CaCO3 is mainly distributed in 2–4 
nm, while that of CaO calcined from  CaCO3 is mainly 
distributed in 20–40 nm, which could be linked to that 

(8a)k = k
0
e
−E

a
∕RT

(8b)D
s
= D

0
e
−E

p
∕RT

(9a)ln (1∕A) = −Ea∕RT + ln k0 − ln
(

RpCS0∕bCA0

)

(9b)ln (1∕B) = −Ep∕RT + lnD0 − ln
(

R
2
p
CS0∕6bCA0

)
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 CO2 by the decomposition of  CaCO3 escapes from the 
solid. There are two peaks (3–4 nm, 7–10 nm) for the 
pore size distribution of commercial CaO, and the mean 
pore size and cumulative pore volume are smaller that of 
CaO calcined from  CaCO3. Just as given in Table 3, pore 
diameter of CaO calcined from  CaCO3 is almost two times 
higher than the commercial CaO, and pore volume of CaO 
calcined from  CaCO3 is almost nine times more than the 
commercial CaO. With a larger pore volume, reaction of 
CaO calcined from  CaCO3 will become less limited by 
the product growing space than the commercial CaO. As a 
result, the sulfation reaction of CaO calcined from  CaCO3 
in the second stage controlled by diffusion would be faster, 
which can be a greater contribution to the final conversion. 
Large pores formed means that sorbents are not easy to be 
plugged and provide more space for  CaSO4 [22].

Sulfation conversion degree

The changes of the sulfation conversion degree for com-
mercial CaO and CaO calcined from  CaCO3 with  SO2 con-
centration at 850 °C are presented in Fig. 3.

As shown in Fig. 3, with the increasing  SO2 concentration, 
the sulfation rate and final conversion degree rise for both 
commercial CaO and CaO calcined from  CaCO3. As  SO2 
concentration increases from 1000 to 4000 ppm, the sulfation 
conversion degree of commercial CaO rises by about 37% 
(from 0.27 to 0.37). As  SO2 concentration degree increases 
from 1000 to 4000 ppm, the sulfation conversion degree of 
CaO calcined from  CaCO3 enhances by about 58% (from 
0.53 to 0.84). Abanades et al. [19] also noted the similar 
trend about  SO2 effect on the sulfation conversion degree for 
a kind of limestone with the  CaCO3 concentration of 97.1%.

The reaction rate is proportional to  SO2 concentration 
with a power between 0 and around 1 [11], which means that 
the sulfation reaction is improved at higher  SO2 concentra-
tion [31]. The chemical reaction of the gas–solid reactants 
is completed through the adsorption of  SO2 at active sites 
on the solid surface followed by the formation of sulfite 
ions  (SO3

2−) that is further oxidized into sulfate ions [55]. 
Therefore, the higher  SO2 concentration means the more 
 SO2 molecules can be adsorbed at the surface of the solid 
reactant, which would cause more  CaSO4 product formed.

Moreover, at a certain  SO2 concentration, CaO calcined 
from  CaCO3 displays higher sulfation conversion degree 

Table 3  Physical analysis of two CaO samples and  CaCO3

Samples Specific 
surface area/
m2  g−1

Pore 
volume/
cm3  g−1

Pore diameter/nm

Commercial CaO 3.98 0.011 13.6
CaCO3 2.23 0.003 7.24
CaO calcined from 

 CaCO3

11.13 0.110 39.52

Fig. 2  Pore size distribution of 
commercial CaO,  CaCO3 and 
CaO calcined from  CaCO3
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than commercial CaO, because the CaO calcined from 
 CaCO3 is more reactive and has higher specific surface 
area than commercial CaO. Between  SO2 concentrations 
of 1000 and 4000 ppm, the sulfation conversion degree of 
CaO calcined from  CaCO3 is one time higher than com-
mercial CaO.

The changes of the sulfation conversion degree for two 
CaO samples with temperatures for 2000 ppm  SO2 are 
depicted in Fig. 4.

From Fig. 4, as the reaction temperature increases, the 
sulfation rate and ultimate conversion degree of two CaO 
samples  rise. The sulfation conversion degree for the com-
mercial CaO at 950 °C is 0.45, which is one time higher 
than at 800 °C. The sulfation reaction rate in the initial stage 
increases with increasing temperature between 800 and 850 
°C, which could be related to that thin product layer formed 
at low temperature is not enough to block the pores. How-
ever, the reaction rates over 850 °C for commercial CaO 
change slightly, which could be linked to the fact that thick 
product layer formed at high temperature, which is mainly 
controlled by diffusion through the particles [9]. And for 
the CaO calcined from  CaCO3, within 800–950 °C, the sul-
fation reaction rate for initial stages (within 1 h) is almost 
independent on temperature, which can be related to thick 
product layer formed from its strong activity, indicating that 
the turning point temperature should be less than 800 °C. 
García-Labiano et al. [9] identified that the turning point 
temperature for limestone (97%  CaCO3) is about 700 °C.

The sulfation conversion degree for the CaO calcined 
from  CaCO3 at 950 °C increases by about 31% compared to 
that (0.55) at 800 °C. Yang et al. [7] and Chen et al. [56] pro-
posed that the decomposition rate of  CaCO3 increases with 
the rising of temperature, and the nascent CaO subgrains 
formed leads to the more specific surface area. Moreover, 
the high temperature can enhance the chemical reaction rate 
[57] and reduce the resistance of solid-state diffusion, which 
would accelerate the diffusion of product layer [51, 58]. Shih 
et al. [4] and Cheng et al. [59] noted that the product layer 
formed at higher temperature is more porous.

There is an optimum temperature for  SO2 capture sorb-
ent [21, 31], and the sinterization of sorbent occurs as the 
sulfation temperature exceeds the optimum temperature [9], 
which would reduce the surface area and pore volume. In 
this work, the optimum sulfation temperature for two CaO 
samples should be around 950 °C, which can be due to the 
fact that the two samples  possess high sinterization resist-
ance due to low alkali metal ion content [51]. Shih et al. 
[4] and Yang et al. [7] stated that the sulfation conversions 
of CaO samples calcined from Ca(OH)2 or  CaCO3 at 950 
°C reach the maximum value. Bragança and Castellan [27] 
examined the sulfation of a kind of limestone (0.14%  Na2O 
and 0.74%  K2O) and noted that the optimum temperature is 
850 °C. At a certain temperature, CaO calcined from  CaCO3 
displays higher sulfation conversion than the commercial 
CaO, which indicate that CaO calcined from  CaCO3 pos-
sesses better  SO2 capturing capacity than the commercial 
CaO. For example, the sulfation conversion degree of CaO 
calcined from  CaCO3 at 900 °C is 68% higher than the com-
mercial CaO.

At 2000 ppm  SO2 and 900 °C, the changes of the sulfation 
conversion degree for CaO calcined from  CaCO3 with  CO2 
concentration are shown in Fig. 5.

From Fig. 5, both the initial sulfation rate and ultimate 
conversion degree of CaO calcined from  CaCO3 rise with 
the decreasing in the  CO2 concentration. The calcium con-
version degree of CaO calcined from  CaCO3 is 0.59 in the 
absence of  CO2, and the conversion degree with the  CO2 
concentration of 45% reduces by about 31%. For this rea-
son,  CaCO3 decomposition occurs at higher temperature as 
the  CO2 concentration increases [35], which means that the 
presence of  CO2 would result in the delay of  CaCO3 decom-
position [60]. In addition,  CO2 can enforce the sintering of 
CaO [7, 38]. Although  CaCO3 can react with  SO2 directly, 
its specific area and pore volume are lower than the formed 
CaO, which would lead to its low reactivity. At high tem-
perature, CaO particles would coalesce with each other to 
form denser ones. The coalescence degree of CaO would 

Fig. 4  Changes of the sulfation 
conversion degree for two CaO 
samples with temperature. (15% 
 CO2; 2000 ppm  SO2; 0.1–0.25 
mm)
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increase with increasing  CO2 concentration, leading to the 
decrease in the specific surface area and pore volume [7].

Kinetic parameters

According to Eq. (4a), fitting curves of Gfp(x) − t for two 
CaO samples at 2000 ppm  SO2 are shown in Fig. 6, and the 
slopes of the Gfp(x) − t, 1/A values are determined.

As shown in Fig. 6, Gfp(x) with t for the sulfation reac-
tion of the two CaO samples  shows linear relationship. 
For the commercial CaO, the correlation coefficients range 

from 0.997 to 0.999, while those for the CaO calcined from 
 CaCO3 are 0.999.

According to Eq. (4b), fitting curves of Pfp(x) − t for two 
CaO samples at 2000 ppm  SO2 are presented in Fig. 7, and 
the slopes of the Pfp(x) − t, 1/B values are estimated.

As shown in Fig. 7, Pfp(x) with t for the sulfation reaction 
of two CaO samples shows linear relationship. For the com-
mercial CaO, the correlation coefficients of Pfp(x) − t are 
between 0.995 and 0.998, while those for the CaO calcined 
from  CaCO3 are between 0.992 and 0.996.

From Figs. 6 and 7, the shrinking unreacted core model 
is appropriate to describe the sulfation kinetics of two CaO 
samples.

According to Eq. (9a), fitting curves of ln(1/A) − 1/T for 
two CaO samples are shown in Fig. 8.

From the linear fits of ln(1/A) − 1/T in Fig. 8, the activa-
tion energy (Ea) and the pre-exponential factor (k0) for the 
surface reaction for two CaO samples are determined, as 
given in Table 4.

According to Eq. (9b), fitting curves of ln(1/B) − 1/T for 
two CaO samples are presented in Fig. 9.

From Fig. 9, the activation energy (Ep) and the pre-expo-
nential factor (D0) of product layer diffusion reaction for 
two CaO samples are calculated, which are listed in Table 4.

From Table 4, for two CaO samples, the activation ener-
gies in the product layer diffusion (Ep) are always greater 
than activation energies of the surface reaction (Ea), 
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Fig. 5  Changes of the sulfation conversion degree for CaO calcined 
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Fig. 6  Gfp(x) versus time for 
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indicating that the diffusion through the product layer is 
much more difficult than the chemical reaction, which means 
that the diffusion has a critical influence on the sulfation 
[52]. Han et al. [51] estimated the activation energies of 
limestone between the temperatures of 800–1000 °C, which 
is 19.5 kJ  mol−1 for Ea and 59.8 kJ  mol−1 for Ep. Jeong et al. 
[50] also evaluated the activation energies of limestone 
between the temperatures of 700–850 °C and identified that 
the value of Ea is 25.75 kJ  mol−1, while the value of Ep is 
73.13 kJ  mol−1. The values of Ea and Ep for the CaO calcined 
from  CaCO3 in this work are relatively smaller, which can be 
related to the fact that there is less impurity in the  CaCO3.

The values of k0 and Ea for the sulfation reaction of CaO 
calcined from  CaCO3 are less than the commercial CaO in 
the chemical reaction controlled stage as well as smaller 
values of D0 and Ep in the product layer diffusion stage. 
However, the activity of sorbent cannot be exactly evaluated 
only by activation energy because of the compensation effect 
between the activation energy and the pre-exponential fac-
tor in Arrhenius equation [51]. The values of k and Ds can 
further explain the sulfation reaction [53].

k and Ds for two CaO samples at different temperatures 
are obtained according to Eqs. (8a) and (8b), as given in 
Table 5.

Li et al. [46] noted that a larger k value means a better sul-
fation activity, and a larger Ds indicates higher  SO2 diffusion 
and calcium cation diffusion capacity through product layer. 
From the above results, the k value for CaO calcined from 
 CaCO3 is higher than that for the commercial CaO, which 
means that CaO calcined from  CaCO3 possesses a better 
sulfation activity than the commercial CaO in the chemical 
reaction-controlled stage. Ds for CaO calcined from  CaCO3 
is larger than that for the commercial CaO in the product 
layer diffusion stage. Therefore, CaO calcined from  CaCO3 
holds higher  SO2 diffusion and calcium cation diffusion 

Fig. 8  ln(1/A) − 1/T fitting 
curves for two CaO samples
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Table 4  Kinetic parameters for 
two CaO samples

Samples Ea/kJ  mol−1 k0/cm  min−1 Ep/kJ  mol−1 D0/cm2  min−1

Commercial CaO 10.17 39.47 136.77 1487.37
CaO calcined from  CaCO3 6.43 35.76 96.62 76.62

Fig. 9  ln(1/B) − 1/T fitting 
curves for two CaO samples
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Table 5  k and Ds values for two CaO samples

Samples T/K k/cm  min−1 Ds × 103/
cm2 
 min−1

Commercial CaO 1073 12.80 0.33
1173 14.09 1.21
1223 14.69 2.14

CaO calcined from  CaCO3 1073 17.39 1.52
1173 18.50 3.82
1223 19.00 5.72
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capacity through  CaSO4 product layer than the commercial 
CaO in the product layer diffusion-controlled stage.

Conclusions

As  SO2 concentration increased from 1000 to 4000 ppm, the 
sulfation conversion degree of the commercial CaO at 850 
°C rose by about 37%, and the sulfation conversion degree 
of CaO calcined from  CaCO3 enhanced by about 58% (from 
0.53 to 0.84). The optimum sulfation temperature of two 
CaO samples should be around 950 °C. CaO calcined from 
 CaCO3 had better  SO2 capture capacity than the commercial 
CaO due to its higher specific surface area and pore volume. 
For two samples, the activation energies of the product layer 
diffusion (Ep) were always greater than activation energies of 
the surface reaction (Ea). The values of k0 and Ea for the sul-
fation reaction of CaO calcined from  CaCO3 were less than 
the commercial CaO in the chemical reaction controlling 
stage as well as smaller values of D0 and Ep in the product 
layer diffusion stage.
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