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Kinetic model for calcium sulfate decomposition at high temperature
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Abstract: A modified shrinking unreacted-core model, based on thermogravimetric analysis, was developed to investigate CaSO,
decomposition in oxy-fuel combustion, especially under isothermal condition which is difficult to achieve in actual experiments due
to high-temperature corrosion. A method was proposed to calculate the reaction rate constant for CaSO, decomposition. Meanwhile,
the diffusion of SO, and O,, and the sintering of CaO were fully considered during the development of model. The results indicate
that the model can precisely predict the decomposition of CaSO, under high SO, concentration (>1100x10"°). Concentrations of SO,
and O, on the unreacted-core surface were found to increase first and then decrease with increasing temperature, and the average
specific surface area and porosity of each CaO sintering layer decreased with increasing time. The increase of SO, and/or O,
concentration inhibited CaSO, decomposition. Moreover, the kinetics of CaSO, decomposition had obvious dependence on

temperature and the decomposition rate can be dramatically accelerated with increasing temperature.
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1 Introduction

Coal is the most significant energy source in China,
and more than 70% of electricity is generated from
coal-fired power plants. However, great amounts of air
pollutants, including sulfur oxides (SO,), nitrogen oxides
(NO,), CO,, trace metals etc., are released along with the
coal combustion. Since 2002, emissions from large
industrial facilities have been strictly regulated by
Chinese government. Simultaneously, a much more
stringent regulation was issued by the National
Environmental Protection Agency in 2013 [1].

Oxy-fuel combustion is one of the new promising
technologies that mitigate the effect of CO, on climate
change and meanwhile could reduce the emissions of NO
and SO, [2—4]. This process uses oxygen mixed with
recycled flue gas instead of air to support combustion,
while only a small fraction of total flue gas is exhausted.
In an oxy-fuel combustion system, SO, is enriched in
furnace owing to the recirculation of flue gas, which
provides a good sulfation condition [5]. Furthermore, in
contrast with conventional air combustion, the sulfur
retention efficiency by calcium-based sorbents is
enhanced remarkably during oxy-fuel combustion

because of the two types of sulfation mechanism: direct
sulfation in Eq. (1) as well as indirect sulfation in
Eq. (2) [3,5]. Hence, flue gas desulfurization can be
substituted with more cost-effective in-furnace calcium-
based sorbents injection technology in order to ensure
the low SO, emission.

CaCO;3+S0,+1/20,—CaS0,4+CO, 1
CaCO;—Ca0O+CO,

Ca0+S0,+1/20,—>CaS0, 2)
CaS0O,—>Ca0+S0,+1/20, 3)

Notably, the decomposition of desulfurization
product, CaSO,, may cause secondary release of SO, in
furnace, as described in Eq. (3), and the corresponding
decomposition mechanism under various conditions has
been explored in recent years [3,6—15]. Thermal
gravimetric analysis (TGA) has been widely used to
investigate the decomposition behaviors of CaSO, in
0,/N,, O,/CO, or other reducing atmospheres [7,9,11],
meanwhile, some simplified kinetic models have been
developed to study the mechanism of CaSO,
decomposition in the presence of O, and SO, [15,16], as
well as the mechanism of CaSO, reductive decomposition
by methane, hydrogen and carbon monoxide [6,8,11].
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At high temperature with high SO, concentration,
however, experimental methods suffer from many
drawbacks due to stringent reaction conditions, i.e.,
serious instrument damage by highly corrosive SO,,
while numerical simulation provides a viable method to
explore the decomposition behavior of CaSO, [6,7,
17-19]. Nevertheless, the sintering of decomposition
product CaO, which performs a significant role in the
decomposition process [14], is always ignored when the
model was developed [15,16].

In this work, a modified shrinking unreacted-core
model was established to investigate the decomposition
of CaSO4 under temperature programmed and isothermal
condition. In order to improve the accuracy of the model,
temperature, diffusion behaviors of SO, and O,, as well
as the sintering kinetics of CaO were fully considered.
Based on the model, the conversion ratio of CaSO, was
determined under various conditions, and the effects of
temperature and concentrations of SO, and O, on the
decomposition of CaSO, were discussed. Moreover, the
average specific surface area and porosity were
respectively determined to explore the sintering kinetics
of CaO.

2 Model development

2.1 Decomposition model of CaSO,

Figure 1 gives the schematic model of CaSO,
decomposition at high temperature. The model is based
on the unreacted shrinking core [20], which assumes that
the thermal decompostion of CaSO, occurs at an explicit
chemical interface, i.e., the unreacted core surface. At the
reaction interface, no decomposition of CaSO, happens,
while outside the interface, a product layer of CaO is
generated from the decomposition of CaSO,. The
gasous products, SO, and O,, diffuse through the pores
of the CaO layer. At the same time, the newly-formed
CaO layer gradually with the increasing
temperature.

sinters

Decomposition
__ product
CaO layer

i

Unreacted
CaS0,
core

Gas
— diffusion
interface

Fig. 1 Schematic model of CaSO, decomposition at high
temperature

The following assumptions are made when the
model of CaSO, decomposition is developed.

1) Sintering decreases the specific surface area and
the average pore size of decomposition product CaO at
high temperature.

2) The decomposition of CaSO, only occurs at the
interface of unreacted core.

3) The spherical particles of CaSO, keep the same
during the reaction process.

4) The particle temperature is the same as the
ambient temperature.

5) The concentration of CO, in atmosphere is fixed
and its effect on CaSO,4 decomposition is ignored.

6) The decomposition of CaSO, is based on the
quasi-steady-state assumption, which means that the
partial derivative of time in differential equations is zero.

7) During CaSO,4 decomposition, the product layers
of CaO are generated one by one, and each specified
layer has constant physical properties.

The conversion ratio is defined to describe the
decomposition progress, which can be calculated
according to the following equation:

X:m—mo MCaO_MCaSO4 (4)
My M 50,

where m and m, indicate the instant sample mass during
experiment and the initial sample mass, respectively; and
Mecq0 and Mcaso, represent the relative molecular mass of
CaO and CaSOy, respectively.

2.1.1 Reaction kinetics

The decomposition reaction kinetics can be
described as the following equation:
dr, .
=Y (P50, o) (5)

where r.is the unreacted core radius of CaSQ,; ¢ stands
for the reaction time; k. represents the decomposition
reaction rate constant; Ve,so, is the molar volume of
CaSO4; and  f(pso,.Po,) is the function of SO, and
O, partial pressure, and can be calculated according to

Eq. (6).

S/ (pso,>Po,) =

(1= Peso, Ped, /Pe) eXp(=apy o, ) exp(=bpy o, ) (6)

where p. s0,, and p. o, are the partial pressures of SO, and
0O, at the CaO—CaSO, interface, respectively; p. is the
equilibrium partial pressure of SO, and O,, which can be
calculated by p.~(exp29.297)exp(—54865/T); pyso, and
Dvo, are the partial pressures of SO, and O, in the
reaction atmosphere, respectively; a and b are constants
to be determined.

The decomposition reaction rate is shown in Eq. (7),
which can be transformed to Eq. (8) by dividing
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4/3mrp:
W =k Af (pso,» Po,) (7
w k
} = f(Pso2 »Poz) (8)
gm’c P grcp

where W is the reaction rate; 4 represents the surface

area of unreacted core; p is the density of CaSO,. Thus,

the conversion ratio can be expressed as

da K,

=T , 9
a1 f(pso2 poz) )

grcp

where «a stands for the transformation rate of CaSO, to
CaO. At the initial stage of decomposition, the CaO layer
is pretty thin, so the diffusion of SO, and O, can be
ignored. Consequently, the gases own the same partial
pressure on the unreacted-core surface and in the
environment. According to the shrinking unreacted-core
model, the kinetic mechanism function for CaSO,
decomposition is 2(1—a)*”, and then
2

da B

—=3k(1-a)3 10
g kd-a) (10)
where £k, is the constant reaction rate. If the

decomposition is carried out in an inert atmosphere,
/(pso, Po,) is approximately 1 at the initial stage.
Then, the following equation can be deduced from
Egs. (9) and (10):

k= klr.p 11

If k., follows the Arrhenius law, then

Ee (12)

k =a,exp(— 2T

where a is the pre-exponential factor; E. is the activation
energy; R is the mole gas constant and 7 is the reaction
temperature.

Figure 2 shows the fitting line for CaSO,
decomposition according to experimental data in argon
atmosphere [21], therefore, k. can be expressed as the
function of temperature:

k. = %exp(36.188) exp(=70012/T) (13)

Thus, k. can be calculated based on Eq. (11).
2.1.2 Mass transfer
For spherical particles, the mass transfer equation is

62_p+[z+ﬁ&ja_p_y_p

14
or> \r D, or Jor D, ot (19

where r is the radius, p is the system pressure. The
boundary conditions are

* Experiment data
— Fitting line

»=36.18829-70011.7261 1x
R*=0.94507

In[(da/dr)/(1-a)*?]

0.64 0.65 0.66 0.67
T71107K™!

Fig. 2 Linear fitting for CaSO, decomposition in argon

atmosphere

P~Pv, =T (15)
nD, Op

_R_;gzkcf(psoz’poz)”’:”c (16)

where n=1 for SO,, and n=2 for O,. The mass transfer
outside the particle surface is ignored. For small
particles, the gas concentration on the particle surface
can be approximately equal to that in the
atmosphere [22].

The effective gas diffusion coefficent (D.) inside the
particle can be calculated as follows [23]:

DD, & (17)

where ¢ is the porosity of decomposition product CaO;
and D, is the gas diffusion coefficent in the following
equation:

Dy = (Dypoy + Diy) ™ (18)
D01 and Dy, can be respectively determined by [24]

B 1><10_7T1‘75(M;1 +M];1)O'5 (19)
1/3)2

D
p(VA> +1y

mol —

T 0.5
D, =97r,, (ﬁ) (20)

where M, and My stand for relative molecular mass of
gases A and B, respectively; V', and Vp are respectively
liquid molecular volumes of A and B under normal
boiling point; M denotes the relative molecular mass of
gas O, or SO,. The liquid molar volumes of air, CO,,
SO, and O, are 29.9, 34.0, 44.8 and 25.6 m’/kmol,
respectively.
2.1.3 Sintering of CaO

So far, rare research has been carried out on the
properties of sintered CaO from CaSO,4 decomposition at
high temperature. In this work, the decomposition of
CaSQ, is considered to be similar to that of limestone,
and hence, the sintering behavior of CaSO,
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decomposition product was investigated based on the
chracteristics of sintered CaO from limestone
calcination.

During limestone calcination, the decomposition
product layer would garadually occupy the volume of
limestone particles, and the decomposition product layer
would possess the largest specific surface area and the
highest porosity without the sintering of CaO [25].
However, the specific surface area of CaO is influenced
by the sintering process. The sintering rate follows the
second-order reaction dynamics [26], and the
relationship bwtween sintering rate and time can be
expressed as

a5 _ —ky, (S—S,)* 1)
dt

where S is the specific surface area of CaO at time ¢; S,,
also known as asymptotic surface area, denotes the
specific surface area of CaO at infinite time; k,, the

sintering rate constant, can be calculated from
Eq. (22) [27]:
kg, =0.286exp(14500/7) (22)

It can be found that the change of porosity is
proportional to the change of specific surface area
[22,26]. The porosity is colse to zero when the specific
surface area reaches critical value S, (S,=5 m’/g when
temperature is over 1200 K). The relationship between
porosity and specific surface area can be obtained:

S-S,
g:%(%_SJ 23)

a

where ¢ is the initial porosity of decomposition product
CaO (g,=0.54 for the initial porosity of CaO from CaCO;
decomposition) [25]; S, represents the initial specific
surface area of CaO, 104 m%/g[25].

It is supposed that CaO from CaSO, decomposition
occupies the volume of CaSO, particles in the
non-sintering situation, and the initial porosity of CaO
from CaSO, decomposition can be calculated according
to the molar volumes of CaSO, and CaO. At high
temperature, the molar volume ratio of CaSQ,4 to CaO is
2.72 [25]. Hence, the initial porosity of CaO from CaSO,
decomposition is

£5=(2.72-1)/2.72=0.63 (24)

The average pore diameter of CaO from CaSO,
decomposition can be considered to be similar with that
from limestone calcination. Then, the initial specific
surface area of CaO from CaSO, decomposition should
be:

S=104x0.63/0.54=121.33 m’/g 25)

2.2 Model solution
In our calculation, the time interval At was set as

10 s. The physical properties were assumed to be
constant, while the thickness of CaO layer varied in
different time intervals, as shown in Fig. 3.

Ca0

Fig. 3 Solution procedure of model

During temperautre programmed process, CaSO4
starts to decompose when p g0, pgéz <pe (pe 1is the
equilibrium partial pressure). In each calculation, the
outermost CaSO, layer, namely the surface of unreacted
core, decomposes into CaO. Every specific CaO layer
has different sintering time and thicknesses, while
posseses the same physical properties such as the
average porosity, pore diameter and specific surface
area. Before next iteration, the average porosity (&),
pore diameter (r,,) and specific surface area of CaO
(§) must be updated according to the following
equations:

_ N

S=>Sfv. (26)
i=1

S =8" kg, (S —8,)* At (27)

_ N

E=Q &/, (28)
i=1

28
rom— (29)
Y Speyo(1-8)

where &£, S; and fy; are the average porosity, specific
surface area and volume proportion at the ith product
layer; pc.o is the density of product layer; m—1 denotes
the (m—1)th calculation. The conversion ratio of CaO
from CaSO, decomposition is

o=1—(rc/ro)’ (30)
According to the quasi-steady-state assumption, the

effective diffusion coefficent of CaO layers, D,, is a
constant, and thus Eq. (14) can be simplified as follows:

dr?  rdr
The solution of Eq. (31) is

2
dp 2 31)

A
Pso, == +5, (32)
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A
Po, ==—*+B, (33)
where 4,, 4>, B; and B, are constants to be determined.
For each calculation, the differential equations can be

written as

_[)e,O2 i _

RT rcz
0.5

pc,sozpc,02

0.5k, | 1-

—D; 50, 4|
RT | ?

0.5
! Pe.so, P,

k. I — exlf’(_apb,so2 )eXP(_bpb,o2 )

Pe

eXP(—apb,so2 )exp(—bpb’oz )

€

(34)
Combining with the boundary conditions, the
equations can be solved as

A A
Pvso, = -—L+B, Peso, = -—L+B
o e
(35)
4, 4,
Pvo, = +Byp.o, =——+B,
) e
From Eq. (35), 4;, By, 4, and B, can also be
expressed as the function of p. s0,, Pv.s0,, 2.0, and pyso,:

_ Ppso, ~ Peso, _ Pbs0,70 ™ Peso,’e

| =

1 — b
1/r, —1/r, -
c 0 0 c (3 6)
_ Pvo, 7 Pe, _ Pv0,70 7 Pc0,c
2 lr,—1/7 T2 =",

Comparing the expressions of 4, and 4, in Egs. (34)
and (36), the nonlinear equations of p. so, and p. o, can be
obtained as

—D.o, | Pbso, = Peso, _
RT rc2 (l/rc —l/ro)

05
Peso, P,
0.5k, | 1= ——— |exp(=apy, 50, ) exp(=bpy, o, )

€

_De,SOZ [ Pv0, ~ Pco0, J_

RT {77 (U, —Vry)
0.5
Peso, P
k. 1—% eXp(_apb,so2 )exp(—bpb,oz )
€

(37)
Thus, the numerical solutions are obtained.

3 Results and discussion

3.1 Model validation
The proposed model for decomposition of CaSOy is

verified based on the experimental data from TGA
experiments under various conditions [21], and constants
a and b in Eq. (6) are respectively determined as 250 and
3 after iterative calculations. Figures 4 and 5 show the
comparison of experimental data and modeling results at
high temperature. It can be easily found that the CaSO,
conversion ratios exhibit an “S” type curve under
temperature programmed condition. To be specific, in the
initial stage of decomposition (<1600 K), the gas
diffusion rate and chemical reaction rate are slow, while
with the rise of temperature, the gas diffusion rate and
the chemical reaction rate are boosted, leading to a sharp
increase of the conversion ratio. In the final stage
(>1750 K), the decomposition rate is kept low due to the
shrinking of unreacted core and the sintering of CaO
though the chemical reaction rate is the highest. Overall,
the model can precisely describe the decomposition
behavior of CaSO,4 when the temperature is lower than

1.0 —
» Experimental, 800x10 SO, .yt
o Experimental, 1160x107® SO, * /.
0.8 o Experimental,2000x107 SO, /¢
) — Simulated, 800x10° S0, *§¢
8 --- Simulated, 1160x107¢ SO, +f4
£ 0.6[ ... Simulated, 2000%10 SO/
&
5 04}
=
(=]
o
0.2t

(500 15501600 1650 1700 1750 1800
Temperature/K

Fig. 4 Experimental and simulated conversion curves with

various SO, initial concentrations (Heating rate: 13 K/min,

initial atmosphere: 10% O,+ 79% CO,+ balanced Ar, volume

fraction)

1.0 -
s Experimental, 5% O,

0.8r o Experimental, 10% O, ’
8 o Experimental, 20% O,
8 — Simulated, 5% O,
£ 067 - Simulated, 10% O, ;
8 - Simulated, 20% O, i
S 04
=
=
o

0.2F

1600 1650 1700 1750 1800
Temperature/K

0 i ;
1450 1500 1550

Fig. 5 Experimental and simulated conversion curves with
various O; initial concentrations (Heating rate: 13 K/min, initial
atmosphere: 1160x107° SO, + 79% CO, + balanced Ar, volume
fraction)
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1700 K. Simultaneously, with increasing temperature, the
modeling results were close to actual data when the
concentration of SO, or O, was high. In particular, the
kinetics derived in this work is appropriate for studying
the decomposition of CaSO,4 during oxy-fuel combustion
because of the enriched SO, in flue gas.

3.2 Decomposition of CaSO, under temperature

programmed condition

Based on the proposed model, the changes of O,
and SO, concentrations on the unreacted core surface are
presented in Fig. 6. On the other hand, the variation of
the average porosity as well as specific surface area of
product layer is shown in Fig. 7. In the initial stage
(<1650 K), CaSOQ, starts to decompose and the partial
pressures of SO, and O, increase slowly while steadily.
Meanwhile, the sintering of product layer occurs on the
unreacted core surface. With the proceeding of
decomposition, the concentrations of SO, and O,
experience a sharp increase followed by a rapid drop at

1.8
250
i 116
£ 150 114 £
< 100t %
112
50}
1.0

1550 1600 1650 1700 1750 1800
Temperature/K

Fig. 6 Partial pressures of SO, and O, on unreacted core
surface (Initial atmosphere: 1160x107° SO, + 20% O, + 79%
CO, + balanced Ar)
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Fig. 7 Average pore diameter and average porosity of product
layer (Initial atmosphere: 1160x107° SO, + 20% O, + 79% CO,
+ balanced Ar)

1785 K. During this process, the average porosity and

specific surface area decrease all the time.

3.3 Decomposition of CaSO, under isothermal
condition

As a matter of fact, it is much more important to
investigate the kinetics of CaSO4 decomposition under
isothermal condition because CaSO, particles suffer from
the cruel actual conditions, i.e., high temperature and
short residence time. Fortunately, the effects of
temperature, SO, and O, concentrations on the CaSQOy,
decomposition properties can be discussed under
isothermal condition according to the proposed model,
simultaneously, the average pore size and the average
porosity were also studied.

There is no doubt that temperature performs an
important role in the CaSO,4 decomposition, and thus a
short and a long temperature interval such as 5 and 25 K
were selected to study the sensitivity of temperature. As
can be seen from Fig. 8, the CaSO, conversion
experiences a notable increase with the rise of
temperature. Figure 9 illustrates the impact of SO, over

1.0
—~—1720K
0.8 % 1725 K
%1750 K

2
=)

<
=

Conversion ratio, «

et
(¥}

0 200 400 600 800 1000 1200 1400
Time/s

Fig. 8 Simulated conversion curves at various temperatures
(Initial atmosphere: 1160x107% SO, + 20% O, + 79% CO, +
balanced Ar)
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b
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B 061 [/
g £ —=— 5% 0:
P ¥ % 10% O,
S 0411 ot 20% O,
g
o
0.2

0 200 400 600 800 1000 1200 1400
Time/s

Fig. 9 Simulated conversion curves for various O, initial
concentrations (Temperature: 1725 K, initial atmosphere:
1160x107° SO, +79% CO, + balanced Ar)
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the conversion ratio of CaSO,, and the effect of O, is
shown in Fig. 10. Conclusion can be drawn that the
partial pressure increase of either O, or SO, can
effectively inhibit the decomposition of CaSO,.

,*‘f.

081 ,"‘#
& P
g J &
g 067 i SO, concentration:
g 4 ——800 % 107
z -%-- 1160 x 107
2 041 Jo e 2000 % 1076
g
ot

02t

0 100 200 300 400 500 600
Time/s

Fig. 10 Simulated conversion curves for various SO, initial
concentrations (Temperature: 1750 K, initial atmosphere:
20% O, +79% CO,+ balanced Ar)

For better understanding the decomposition of
CaSO, under isothermal condition, surface properties of
the unreacted core including partial pressures of SO, and
O,, the average porosity and specific surface area, were
also examined. Figure 11 displays the variation of O, and
SO, concentrations on the unreacted core surface at
1750 K, and the average porosity and specific surface
area of product layer are given in Fig. 12. As can be seen
from Fig. 11, over the unreacted core surface, the
concentrations of O, and SO, are found to increase first
and then decrease, indicating very similar profiles with
those under temperature programmed condition (Fig. 6).
However, curves in Fig. 11 are much smoother than
those under temperature programmed condition (Fig. 6)
perhaps due to much higher reaction rate and shorter
residence time under isothermal condition. In addition,

1.30
120 ¢
. 11.25
100 | Pesoll h‘sﬂ'x__
. 11.20
g 80 g
< {1115 &
g 60r S
ol 11.10
20 11.05
1.00

0 100 200 300 400 500 600
Time/s

Fig. 11 SO, and O, concentrations on unreacted core surface

(Temperature: 1750 K, Initial atmosphere: 2000x10°° SO, +

20% O, + 79% CO, + balanced Ar)
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'en 120
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@ X 2
= 104 5
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3 <
) 102

g 40

]

-

<

0 100 200 300 400 500 600

Time/s
Fig. 12 Average specific surface area and average porosity of
product layers (Temperature: 1750 K, initial atmosphere:
2000%107° SO, +20% 0,+79% CO,+ balanced Ar)

the average porosity and specific surface area decrease
with increasing time; however, the decreasing rate is
much lower than that under temperature programmed
condition, suggesting that the sintering of CaO is much
mitigated under isothermal condition.

4 Conclusions

1) The decomposition of CaSO, has a significant
dependence on the temperature, and the decomposition
rate is accelerated with the increase of temperature.

2) The increase of SO, or O, concentration
obviously inhibits the decomposition of CaSO,.

3) The concentrations of SO, and O, over the
unreacted-core surface are found to increase first and
then decrease with the proceeding of reaction, while the
average porosity and pore size for each CaO sintering
layer decrease with increasing time.

References

[1]  Hubei Environmental Protection Bureau. Technical regulation for
ambient air quality assessment (on trial) [EB/OL]. [2014—11-13].
http://www.hbepb.gov.cn/xxcx/dghjbhbz/
qjcbz/qjchb/201309/P020130926345212734665.pdf. (in Chinese)

[2]  CHEN Hui-chao, ZHAO Chang-sui. Development of a CaO-based
sorbent with improved cyclic stability for CO, capture in pressurized
carbonation [J]. Chemical Engineering Journal, 2011, 171(1):
197-205.

[31 SPORL R, MAIER J, SCHEFFKNECHT G. Sulphur oxide emissions
from dust-fired oxy-fuel combustion of coal [J]. Energy Procedia,
2013, 37: 1435-1447.

[4]  WALLT,LIU Y H, SPERO C, ELLIOTT L, KHARE S, RATHNAM
R, ZEENATHAL F, MOGHTADERI B, BUHRE B, SHENG
Chang-dong, GUPTA R, YAMADA T, MAKINO K, YU J L. An
overview on oxyfuel coal combustion—State of the art research and
technology development [J]. Chemical Engineering Research and
Design, 2009, 87(8): 1003—1016.

[5] LIU H, KATAGIRI S, KANEKO U, OKAZAKI K. Sulfation



(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

Zhi-qiang YAN, et al/Trans. Nonferrous Met. Soc. China 25(2015) 3490-3497

behavior of limestone under high CO, concentration in O,/CO; coal
combustion [J]. Fuel, 2000, 79(8): 945-953.

LI Xue-run, ZHANG Yu, SHEN Xiao-dong, WANG Qian-qian, PAN
Zhi-gang. Kinetics of calcium sulfoaluminate formation from
tricalcium aluminate, calcium sulfate and calcium oxide [J]. Cement
and Concrete Research, 2014, 55: 79—87.

ZHENG Da, LU Hai-lin, SUN Xiu-yun, LIU Xiao-dong, HAN
Wer-qing, WANG Lian-jun. Reaction mechanism of reductive
decomposition of FGD gypsum with anthracite [J]. Thermochimica
Acta, 2013, 559: 23-31.

ZHANG Xue-mei, SONG Xing-fu, SUN Ze, LI Ping, YU Jiang-guo.
Density functional theory study on the mechanism of calcium sulfate
reductive decomposition by methane [J]. Fuel, 2013, 110: 204-211.
ZHANG Shuai, XIAO Rui, LIU Jian, BHATTACHARYA S.
Performance of Fe,03/CaSO, composite oxygen carrier on inhibition
of sulfur release in calcium-based chemical looping combustion [J].
International Journal of Greenhouse Gas Control, 2013, 17: 1-12.
WANG Wen-long, WANG Peng, MA Chun-yuan, LUO Zhong-yang.
Calculation for mineral phases in the calcination of desulfurization
residue to produce sulfoaluminate cement [J]. Industrial &
Engineering Chemistry Research, 2010, 49(19): 9504-9510.

TIAN Hong-jing, GUO Qing-jie, YUE Xue-hai, LIU Yong-zhuo.
Investigation into sulfur release in reductive decomposition of
calcium sulfate oxygen carrier by hydrogen and carbon monoxide [J].
Fuel Processing Technology, 2010, 91(11): 1640—1649.

WANG Hong, XU Hui-bi, ZHENG Chu-guang, QIU Jian-rong.
Temperature dependence on reaction of CaCO; and SO, in O,/CO,

coal combustion [J]. Journal of Central South University, 2009, 16(5):

845-850.

LIU Hao, QIU Jian-rong, XIONG Quan-jun, KONG Fan-hai,
ZHANG Xiao-ping, WANG Quan-hai, XIAO Xian-yun.
Transportation and heterogeneous reactions of calcium containing
minerals in coal combustion solid residues [J]. Proceedings of the
CSEE, 2005, 25(11): 72-78.

CHENG Jun, ZHOU Jun-hu, LIU lJian-zhong, ZHOU Zhi-jun,
HUANG Zhen-yu, CAO Xin-yu, ZHAO Xiang, CEN Ke-fa. Sulfur
removal at high temperature during coal combustion in furnaces: A
review [J]. Progress in Energy and Combustion Science, 2003, 29(5):
381-405.

LIU H, KATAGIRI S, OKAZAKI K, Decomposition behavior and
mechanism of calcium sulfate under the condition of O,/CO,

[1e]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

3497

pulverized coal combustion [J]. Chemical
Communications, 2001, 187(1): 199-214.

FUERTES A B, FERNANDEZ M J. Kinetics of the calcium sulphate
decomposition [J]. Chemical Engineering Research and Design, 1995,
73(7): 854—862.

GUTIERREZ ORTIZ F J. A simple realistic modeling of full-scale
wet limestone FGD units [J]. Chemical Engineering Journal, 2010,
165(2): 426—439.

LEE K T, KOON O W. Modified shrinking unreacted-core model for
the reaction between sulfur dioxide and coal fly ash/CaO/CaSO,
sorbent [J]. Chemical Engineering Journal, 2009, 146(1): 57-62.

LEE K T, TAN K C, DAHLAN I, MOHAMED A R. Development of
kinetic model for the reaction between SO,/NO and coal fly
ash/Ca0O/CaSOy sorbent [J]. Fuel, 2008, 87(10—11): 2223-2228.
HOMMA S, OGATA S, KOGA J, MATSUMOTO S. Gas-solid
reaction model for a shrinking spherical particle with unreacted

Engineering

shrinking core [J]. Chemical Engineering Science, 2005, 60(18):
4971-4980.

LIU Yan. The experimental and theory study of characteristics about
desulfurization and NO release under O,/CO, coal combustion [D].
Hangzhou: Zhejiang University, 2004. (in Chinese)

MAHULI S K, AGNIHOTR R, JADHAV R, CHAUK S, FAN L S.
Combined calcination, sintering and sulfation model for CaCO;—SO,
reaction [J]. AIChE Journal, 1999, 45(2): 367—382.

RAHMANI M, SOHRABI M. Direct sulfation of calcium carbonate
using the variable diffusivity approach [J]. Chemical Engineering &
Technology, 2006, 29(12): 1496—1501.

EDWARD N F, PAUL D S, J] CALVIN G A new method for
prediction of binary gas-phase diffusion coefficients [J]. Industrial &
Engineering Chemistry, 1966, 58(5): 19-27.

BORGWARDT R H. Sintering of nascent calcium oxide [J].
Chemical Engineering Science, 1989, 44(1): 53—60.

GHOSH D A, MAHULI S, AGNIHOTRI R, FAN L. Ultrafast
calcination and sintering of Ca(OH), powder: experimental and
modeling [J]. Chemical 1995, 50(13):
2029-2040.

SILCOX G D, KRAMLICH J C, PERSHING D W. A mathematical
model for the flash calcinations of dispersed CaCOs and Ca(OH),
particles [J]. Industrial & Engineering Chemistry Research, 1989,
28(1): 155-160.

Engineering Science,

MER S SR 0 s h S RE

A&%, LiFwe, T, 3, HER

Herh BHEORE: BURBEE X s =, 0l 430074

i F: A TR THE ST RO B B R R AL
AR A B G LR R ST AB TR AR R B 20 A AR S N A ALY

LR IS SO 5 O IR MY B UL L ABSE 4>
SERARYT, BRI PR v i 2 A U R

U, $E7 SO, M O, M2 e AMRIBR IR ES (M iR 0k BEAE R O I HEA T, ARG 0e 4 =4 /2 (17 2 LE R TR
FE3FLBR R B WA, (AN 2R N % 2 1T SO, Ml O MR B SEH KGR/, 7R SO, REE(>1100x1078) 441 T 440

VA RS SR 17 KA
KEEIR: SURLE; RIS

TRERES; orfif; A

(Edited by Xiang-qun LI)



