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Abstract−A sulfation model was developed for dry flue gas desulfurization (FGD) at moderate temperatures to de-
scribe the reaction characteristics of the T-T sorbent clusters and the fine CaO particles that fall off the sorbent grains
in a circulating fluidized bed (CFB) reactor. The cluster model describes the calcium conversion and reaction rate for
various size sorbent clusters. The sulfation reaction is first order with respect to the SO2 concentration above 973 K.
The calcium conversion and reaction rate for the CaO particles were obtained by extrapolation. In the model for CaO
particle, the reaction rate is linearly related to the calcium conversion and the SO2 concentration in the rapid reaction
stage and linearly related only with the calcium conversion after the product layer forms. The sulfation model accurately
describes the sulfation of the T-T sorbent flowing through a CFB reactor.
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INTRODUCTION

Dry flue gas desulfurization (FGD) technology has been devel-
oped for moderate temperatures (673-1,073 K) using a circulating
fluidized bed (CFB) reactor as a potential measure to reduce SO2

emissions from coal-fired power plants in China.
The key to this technology is the T-T sorbent that is prepared by

hydrating and drying a mixture of lime and fly ash, resulting in a
large specific surface area and good pore structure. A high SO2 re-
moval rate of over 95% at a Ca/S ratio of 2 can be realized above
973 K [1]. The T-T sorbent with added industrial waste materials
containing iron oxide can be used to simultaneously remove SO2

and NO at 973-1,073 K [2].
The T-T sorbent particles flow through the CFB reactor as clus-

ters due to adhesion and as fine CaO particles that have fallen off
the sorbent grains, as shown in Fig. 1. Pilot-scale CFB tests showed
more CaO in the bag filter ash than in the cyclone separator ash [3],
which verifies that the CaO particles flake off the larger sorbent par-
ticles. The SO2 diffuses within the clusters by inter-grain diffusion,
inter-particle diffusion, and diffusion through the product layers. The
diffusion in the CaO particles is only through the product layers.

A previously developed kinetic model for the SO2 capture by
the T-T sorbent [4] modeled the apparent reaction rate as a func-
tion of temperature and time based on the chemical reaction acti-
vation energy, Ea, and the activation energy for product layer diffu-
sion, Ediff. However, that model did not completely describe the T-T
sorbent diffusion processes because of the complex conditions in
the CFB reactor. Other factors need consideration, such as the SO2

concentration and the mass of the sorbent clusters.

Various methods are used to eliminate the inter-particle diffusion
resistance to obtain kinetic data. A thin layer of Ca(OH)2 was depos-
ited onto a quartz glass plate to obtain a chemically controlled model
to study the reaction rate and gas diffusion [5]. A small amount of
Ca(OH)2 was put into the ‘net’ sample-holder to give a variety of
conditions to collect kinetic data from thermogravimetric data [6].
A differential fixed-bed reactor was also used to study the kinetics
of the reaction between Ca(OH)2/fly ash sorbent and SO2 to develop
a surface coverage model, which accurately describes the kinetics
at low temperatures [7,8].

The aim of this work was to study the reaction rates for the various
SO2 diffusion processes by measuring the effects of the sorbent mass
and the SO2 concentration on the reaction rate. A T-T sorbent sulfation
model was then developed for dry FGD at moderate temperatures.

PREPARATION OF SORBENT
AND MEASUREMENTS

The T-T sorbent was prepared from lime and fly ash. The crushed
lime particles were less than 20 mm in size and the fly ash particle
size distribution ranged from 50 to 100µm with a volumetric mean
particle diameter of 73µm. The lime and fly ash were slurried to-
gether with water for 2 h with a lime-to-fly ash mass ratio of 1 : 4,
and dried at 423 K for 0.5-1 h.

The T-T sorbent grains had rough surfaces composed of pin-like
and plate-like crystals at ambient temperature. When the sorbent
grains were heated to 673 K, the crystals began to decompose to
CaO as spherical particles as shown in Fig. 1(a) [4].

The experiments were performed in a thermogravimetric ana-
lyzer (TGA) that allows recording of the mass change of the solid
reagent with time, with the mass increasing during the sulfation reac-
tion. In this study, 5-50 mg samples for each run were spread on a
10 mm diameter sample pan. The sample was heated to the desired
temperature, which caused the Ca(OH)2 to decompose to CaO. The
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reactive gas was then admitted to start the run.
The dry gas flow rate was 100 Ncm3min−1. The experimental con-

ditions are shown in Table 1. No CO2 was included in these experi-
ments to avoid the interference between the sulfation and carbon-
ation reactions [9].

After the mass change curves were recorded in each experiment,
the calcium conversion curves were calculated by using the con-
version expression:

(1)

Where x is the calcium conversion of the T-T sorbent, mt is the sam-
ple mass which increases with time, m0 is the initial dry sample mass,
and α is the mass fraction of CaO in the sorbent. MCaO is the molecu-
lar weight of CaO, and MCaSO4

 is the molecular weight of CaSO4.
The reaction rate, r, is the derivative of the calcium conversion

with respect to time:

(2)

RESULTS AND DISCUSSION

1. Effects of the Sorbent Mass
The conversion curves obtained by the TGA for various sorbent

masses are presented in Fig. 2(a). The sulfation process has two ob-
vious periods with the calcium conversion initially increasing rap-
idly and then more slowly later. There is a large amount of fresh
CaO on the sorbent surface in the initial stage. After a product layer
is generated, the diffusion resistance gradually increases with the
product layer thickness. The conversion increases fast with time as
the sorbent mass decreases. Thus, a given conversion will require
longer times as the sorbent mass increases.

The effect of the sorbent mass on the reaction rate is shown in
Fig. 2(b). As the sorbent mass decreases, the initial reaction rate
increases but the reaction rate slows faster with time. Larger sor-
bent masses result in larger inter-particle diffusion resistances and
smaller reaction rates, based on the assumption that the sorbent mass
reflects the sorbent cluster size.

For a given SO2 concentration, the increases in the absolute mass
per minute are the same for the various sorbent masses; however,
the changes of the relative mass, which is proportional to the con-
version, are different.

As shown in Fig. 3, the time to reach a specific conversion is lin-
early related to the initial sorbent mass, m0, as shown in Eq. (1).
The fits in Fig. 3 have correlation coefficients of all 0.99; thus, the
times can be related to the initial masses as:

x = 
mt − m0

m0 α⋅
----------------- MCaO

MCaSO4
 − MCaO

-------------------------------⋅

r = 
dx
dt
------

Fig. 1. Various kinds of SO2 diffusion processes.

Table 1. Experimental conditions in the TGA reactor

Serial no. T (K) [O2] (%) [SO2] (ppm) N2 m0 (mg)
3.1 973 5 2,080 balance 5-50
3.2 973 5 620-3,950 balance 10 (±0.2)

Fig. 2. Effects of sorbent mass on the calcium conversion (a) and reaction rate (b) (Conditions: T=973 K, [SO2]=2,080 ppm, [O2]=5%,
N2 balance, m0=5-50 mg).
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t=a+b·m0, (m0≤50 mg) (3)

When m0 is very small and trends to zero, bm0 is far smaller than
a; therefore, t≈a. A set of t−m0 plots for various x (shown in Fig. 3)
can then determine a set of values of a, which is the time for sor-
bent with m0→0 to reach a given conversion; therefore, the rela-
tionship of x to a is the same as x to t and the relationship for r to a
is the same as for r to t, as shown in Fig. 2.

The conversion for sorbent with m0→0 increases much faster
than conversions for larger sorbent masses. The initial reaction rate,
0.20 min−1, is much larger than for 5 mg sorbent which is 0.08 min−1.

The curve shape at m0→0 (actually m0=0) indicates that the phys-
ical effect at m0→0 is a CaO particle flaking off the T-T sorbent
surface. With CaO particles, the sulfation process involves diffu-
sion through the product layer without inter-grain diffusion and inter-
particle diffusion; therefore, the reaction rate is larger. However, the
physical effect for m0→0 does not reflect a CaO molecule, whose
mass is much smaller than the CaO particle, since the molecular

CaO reaction rate would be constant and not change with time. The
reaction rate at m0→0 was shown to decrease with time, in Fig.
2(b).

The relationship between b and x (Fig. 4) shows that b and x are
related linearly with a correlation coefficient of 0.99; therefore,

b=c·x, (x≤0.6) (4)

Where c is a function of the SO2 concentration. The linear relation
between b and x holds up to x=0.6, which means that the diffusion
has not reach the product layer diffusion controlled stage. At a given
SO2 concentration, c is the time for 1 mg sorbent to reach x=1. There-
fore, this parameter can be used to estimate the minimum time re-
quired for the sorbent to convert completely.

Eqs. (3) and (4) can be rearranged to give:

t=a+c·m0·x, (m0≤50 mg) (5)

The conversion change with time of clusters with any initial mass
can then be calculated from Eq. (5) for clusters up to 50 mg.
2. Sulfation Model for Sorbent Clusters

In Eq. (4), b is linearly related to x, and the slope, c, in Eqs. (4)
and (5), decreases with increasing SO2 concentration. The values of
c for the three curves in Fig. 4 are 3.92, 1.78 and 1.23. The recipro-
cal of c is linearly related to the SO2 concentration. Data for SO2

concentrations of 1,040 ppm, 2,080 ppm and 3,950 ppm were col-
lected to give:

(6)

Eqs. (5) and (6) can then be combined to give the calcium conver-
sion for clusters as a function of the initial mass, time and SO2 con-
centration:

(7)

Therefore, Eq. (6) applies for SO2 concentrations up to 3,950 ppm
with the value of c given in Eq. (5). The special condition of m0=0
will be analyzed further in the next section.

The reaction rate as a function of SO2 concentration cannot be

1
c
--- = 2.21 10−4 CSO2

⋅×

x = 
2.21 10−4×

m0
------------------------ t − a( ) CSO2

, CSO2
3.95 10−3×≤( )⋅ ⋅

Fig. 3. Linear relationship between the reaction time and the ini-
tial mass for various conversions (Conditions: T=973 K,
[SO2]=2,080 ppm, [O2]=5%, N2 balance).

Fig. 4. Relationship between b and x at various SO2 concentrations
(Conditions: T=973 K, [SO2]=1,040-3,950 ppm, [O2]=5%,
N2 balance, m0=5-50 mg).

Fig. 5. Effects of SO2 concentration on the conversion (Conditions:
T=973 K, [SO2]=620-3,950 ppm, [O2]=5%, N2 balance, m0=
10 mg).
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deduced directly from Eq. (7), since a changes with x. Marsh et al.
[5] showed that the sulfation reaction is first order in the SO2 con-
centration in the presence of O2 above 1,013 K. The effects of SO2

concentration on the conversion were then studied with an initial
sorbent mass of 10 mg at 973 K, with the results shown in Fig. 5.

The conversion and the slope of the curves in Fig. 5 both as the
SO2 concentration increase. Therefore, the reaction rate is signifi-
cantly stronger at higher SO2 concentrations. The relation between
the reaction rate and the SO2 concentration shown in Fig. 6 can be
obtained by assuming that the initial (x=0) reaction rate is the max-
imum reaction rate.

The reaction rate in Fig. 6 varies linearly with the SO2 concen-
tration with a correlation coefficient of 0.98. This linear correlation
means that the sulfation reaction is first order with respect to the
SO2 concentration. This apparent reaction order has been observed
by other authors [10-12], so it can be concluded that the sulfation
reaction is first order relative to the SO2 concentration above 973 K.
The reaction rate can be expressed as a function of the SO2 concen-
tration as:

r=k·CSO2
, (T≥973 K, CSO2

≤3.95×10−3) (8)

Further analysis has indicated that Eq. (8) can be applied for x≤
0.6. Inter-particle diffusion will be present for 10 mg sorbent grains;
therefore, the linear relationship between the reaction rate and the
SO2 concentration does not prove whether the chemical reaction or
the diffusion is the rate controlling step in the rapid reaction stage.

A sulfation model for the T-T sorbent clusters was then devel-
oped for dry FGD at 973 K. The model is accurate for the SO2 con-
centrations less than 3,950 ppm.
3. CaO Particle Sulfation Model

The special condition of m0→0 is analyzed in this section. The
reaction rate for the CaO particles was obtained by extrapolation
for various SO2 concentrations to get the relationship between the
reaction rate and conversion shown in Fig. 7. The reaction rate as a
function of time can be used in a Lagrangian analysis; however,
the reaction rate as a function of conversion is required for an Eule-
rian analysis.

The reaction process includes two stages with a critical point (xcr)

at about 0.6. Before the critical point, during the rapid reaction stage,
the reaction rate is relatively high and is sharply influenced by the
SO2 concentration with higher SO2 concentrations giving higher
reaction rates. The reaction rate decreases linearly as the conver-
sion increases. After the critical point, the product layer diffusion
becomes the rate-controlling step, and the reaction rate as well as
the effect of the SO2 concentration both decrease as the conversion
increases.

The curves for the different SO2 concentrations almost overlap
after the critical point. The critical point for CaO particles is slightly
larger than for the 10 mg sorbent grains, because the gas diffusion
in the particles and the grains cannot be avoided in the sorbent grains.

As the reaction continues, the product layer gradually covers the
sorbent surface and the reaction rate tends to be controlled by the
diffusion through the product layer. In this case, the product layer
diffusion may be related to the ionic outward diffusion where the
solid reactant migrates outward through the product layer by Ca2+

and O2− ionic diffusion to react with the SO2 and O2 on the surface
[13-15]. If the number of ions diffusing to the gas/CaSO4 interface
is less than the number of SO2 molecules there, increases of the SO2

concentration will not contribute much to the reaction rate.
The sulfation model for CaO particles based on these results with

xcr=0.6 is given by:

r=k1·CSO2
·(1−a1x), (x≤0.6) (9)

r=k2·(1−a2x), (x>0.6) (10)

(11)

(12)

Before the critical point, the reaction rate is a first order function
of the conversion and the SO2 concentration. After the critical point,
the reaction rate is only a function of the conversion.

In Eqs. (11) and (12), the reaction rate constant, k1, is applied in
the rapid reaction stage, while the diffusion rate constant, k2, is ap-
plied after the product layer is completely generated. The chemical

k1= k1 0, − 
Ea

RT
-------⎝ ⎠

⎛ ⎞, 973 K T 1073 K≤ ≤( )exp

k2  = k2 0, − 
Ediff

RT
--------⎝ ⎠

⎛ ⎞, 973 K T 1073 K≤ ≤( )exp

Fig. 7. Reaction rates for CaO particles at various SO2 concentra-
tions (Conditions: T=973 K, [SO2]=1,040-3,950 ppm, [O2]=
5%, N2 balance).

Fig. 6. Reaction rate for various SO2 concentrations (Conditions:
T=973 K, [SO2]=620-3,950 ppm, [O2]=5%, N2 balance, m0=
10 mg).
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reaction activation energy, Ea, of 13.9 kJ/mol and the activation en-
ergy for the product layer diffusion, Ediff, of 49.3 kJ/mol were ob-
tained previously [4]. At 973 K, k1, 0 is 5.57×10−4 min−1ppm−1 and k2, 0

is 21.3 min−1. The other two parameters are a1 equal to 1.61 and a2

equal to 1.25.
In Eqs. (9) and (10), the reaction rate is proportional to the con-

version. Similar equations have been used in the surface coverage
model that describes the reaction between Ca(OH)2 or Ca(OH)2/fly
ash sorbent and SO2 at low temperatures [7,8]. Similar equations
obtained from the pore-plugging model have been used to analyze
the sulfation of limestone at high temperatures [16].

The sulfation model for CaO particles expressed by Eqs. (9)-(12)
gives the reaction rate as a function of T, x and CSO2. The model can
be used for 973-1,073 K as the parameters, xcr, k1, 0, k2, 0, a1 and a2

change with temperature. The critical point, xcr, ranges from 0.6 to
0.65.

The sulfation model describes the sulfation of CaO particles in
CFB reactor. The other components in the flue gas, such as CO2

and NOx, will also affect the reaction, so the sulfation model needs
further improvement before used in numerical simulations of des-
ulphurization.

CONCLUSIONS

The sorbent cluster mass greatly influences the calcium conver-
sion and reaction rate in desulfurization processes. A sulfation model
for sorbent clusters was developed as a function of the time, SO2

concentration and initial mass. The model describes the calcium con-
version and reaction rate for sorbent clusters with different masses.
The sulfation reaction is first order with respect to the SO2 concen-
tration for conversion less than about 0.6 above 973 K.

The calcium conversion and reaction rate for CaO particles was
then obtained by extrapolation. A sulfation model for CaO particles
was developed in which the reaction rate is a linear function of the
calcium conversion and SO2 concentration before the dense prod-
uct layers form and is a linear function of the calcium conversion
after the product layers form.
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NOMENCLATURE

a : fit parameter in Eq. (3) [min]

a1, a2 : constants in Eqs. (9) and (10) [-]
b : fit parameter in Eq. (3) [min/mg]
c : fit parameter in Eq. (4) [min/mg]
CSO2

: SO2 concentration [ppm]
Ea : chemical reaction activation energy [kJ/mol]
Ediff : activation energy for product layer diffusion [kJ/mol]
k : fit parameter in Eq. (8) [1/(min ppm)]
k1 : reaction rate constant [1/(min ppm)]
k2 : diffusion rate constant [1/min]
k1, 0 : pre-exponential factor [1/(min ppm)]
k2, 0 : pre-exponential factor [1/min]
m0 : initial mass of sorbent sample [mg]
mt : mass increment during reaction in TGA [mg]
r : reaction rate [1/min]
R : gas constant, [J/(mol K)]
t : reaction time [min]
T : reaction temperature [K]
x : calcium conversion [-]
a : mass fraction of CaO in T-T sorbent [-]
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