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Abstract: The characteristics of the simultaneous calcination/
sulfation of limestone under oxy-fuel fluidized bed combustion
were studied and compared with those of the sulfation of
precalcined CaO. During the calcination stage, SO, can react
with product CaO and slow down the CaCO, decomposition
rate by the covering effect of the CaSO, product. The sulfation
rate of simultaneous calcination/sulfation is slower than that of
precalcined CaO, but with a long enough sulfation time, the
calcium conversion of simultaneous calcination/sulfation is
higher than that of the precalcined CaO. A grain-micrograin
model is established to describe the simultaneous calcination,
sintering and sulfation of limestone.
model can reflect the true reaction process of the calcination
fluidized bed

The grain-micrograin
and sulfation of limestone in oxy-fuel
combustion.
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nder the oxy-fuel fluidized bed combustion condi-
U tions, CO, concentration in flue gas can be en-
riched up to 80% (air-dry basis) or even higher because
of recycle gases. Limestone is usually used for controlling
SO, emission. Furthermore, it can greatly decrease NO,
emissions because there is no N, in the combustion atmos-
phere. Therefore, oxy-fuel combustion is one of promis-
ing new technologies that can integrally control the dis-
charge of pollutants by coal combustion'™

ship of limestone decomposition temperature and CO, par-
141

. The relation-

tial pressure is

1gp.,. :7.079—@ (1)

Under the condition of 80% CO,, the temperature of
the limestone calcined to CaO is 885 C, and at the oper-
ating temperature (850 ‘C) of the conventional CFBB,
the sulfation of sorbent is called direct sulfation:
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CaCoO, + SO, + %Oz—>CaSO4 + CO, (2)

However, when the fuel is petroleum coke or anthra-

cite, the temperature of operation in the furnace is over

900 C and the sulfation occurring in this way is called in-
direct sulfation:

CaC0,—Ca0 + CO, (3)
CaO + SO, + %OZHCaSQ (4)

The common experimental method in previous studies
concerning reactions (2) and (4) is: First, limestone is
calcined to form CaQ, and then the sulfation characteris-
tics of CaO are investigated” ™.
oxy-fuel CFBB combustion conditions, the CO, concen-
tration in flue gas is high, which will delay the decompo-
sition of limestone,
and sulphated simultaneously.

In the past decades, many models were established to
simulate the process of calcination and sulfation of lime-
stone. The random pore model was established and used
for the reaction of CaO and SO, by Bhatia et al. """ and
the grain model was founded by Szekely et al'”’. Hart-

However, under the

and the limestone will be calcined

man et al. """ modified the pore structure. However, most
of the sulfation models treat the calcination and sulfation
of limestone separately, which is suitable for the sulfation
of limestone under the furnace injection conditions due to
the high reaction temperature and small particle size cau-
sing an instant calcination'*"". Yet, they are not appro-
priate for sulfation in the CFBB when the calcination and
sulfation occur simultaneously over a relatively long dura-
tion. A combined calcination and sulfation model for re-
action of SO, and CaCO, was built''” to study the calcina-
tion and sulfation of limestone integrally under furnace in-
jection conditions, but the applicability of this model to
the oxy-fuel CFBB is not clear.

In this work, a grain-micrograin model was used to
simulate the process of simultaneous calcination, sintering
and sulfation of limestone under the oxy-fuel CFBB con-
ditions. The calcination and sulfation experiments were
carried out in a constant temperature tube furnace which
can record sample weight change continuously to study
the simultaneous calcination and sulfation reactions and
verify the model.
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1 Model for Simultaneous Calcination and Sul-
fation

The grain-micrograin model for the simultaneous calci-
nation and sulfation of limestone is presented and the
physical schematic is shown in Fig. 1. The original lime-
stone particles are assumed to be nonporous as shown in
Fig. 1(a). CaCO, grains are calcined from outside to in-
side and CaO micrograins generate around the uncalcined
CaCO, grain. Meanwhile, CaO micrograins are sintered
and sulfated. The SO, from bulk gas and CO, generated
in the decomposition reaction diffuse inside and outside
respectively through the pores among CaO micrograins.
The CaSO, product layers was generated around the CaO
micrograins, as shown in Fig. 1(b). The heat transfer re-
sistance was ignored in the particle, so the temperature of
the particle is equal to the ambient temperature, and gas
diffusion resistance from the surface of the particle to bulk
gas is also ignored. Pseudo-steady-state approximation is
adopted here. According to the analysis above, the grain-
micrograin model is described as follows.

(b)

Fig.1 Grain-micrograin model. (a) The structure of a lomestone
grain; (b) A sulfated CaO micrograin

The calcination reaction rate is assumed to be propor-
tional to the reaction rate constant and reaction surface ar-
ea, and inversely proportional to the CO, pressure of the
reaction area. So the calcination rate of limestone is

kc ( P.—P c)
e (5)

e

V., =4xwr

where k_ is the reaction rate constant and p, is the CO,
equilibrium partial pressure of limestone. CO, generated
in the decomposition reaction diffuses outside through the
gaps between the CaO micrograins, which can be de-
scribed by

a;p+(2 +LLDe)(LP _&dp
2

= +Ve=—" 6
ar r D, gr)or © D, ot (6)

with the initial conditions t =0, p =0; and the boundary
conditions

r=ry, P.=Dy

r=r, -D, afpzkcpie P
ar ps
where D, is the effective diffusion coefficient of CO, and
it is primarily controlled by the Kundsen diffusion,

D, =D & (7)
and D, is the Kundsen diffusion coefficient

T

ch =97 ry Mi
co,

(8)

SO, from flue gas diffuses inside through the gaps be-
tween the CaO micrograins, which can be described as

1 9 9Cs0, aC
77( 2 . SOA)_ “© 9% _o (9)

# oar\” or = ot

with boundary conditions

r=r, Cy =C,
dCs0,
r=r., R -

Fso, 18 the sulfation reaction rate, and D, is the effec-
tive diffusion coefficient of SO, in the CaO particles,

D, =Dye; (10)
in which D, is the Kundsen diffusion coefficient,
T
Dy =97r [0 (11)

S0,

and r, is the average pore radius between the CaO micro-
grains
22, 12

" _SipCaO(l -&) (12
where ¢, is the local porosity of the particle and S, is the
local specific surface area. Due to the sintering and sulfa-
tion, the specific surface area and porosity of porous CaO
decrease quickly. The sintering rate of CaO is heavily in-
fluenced by the specific surface area, which has been in-
vestigated by many researchers, and the sintering rate
18191 So, the change
of specific surface area caused by sintering can be calcu-
lated by

meets the two order dynamic rules

ds _

2
ar - K.(S-S)

(13)

where S, is the asymptotic specific surface area with the

value of about 5 m*/g""”

, and K is the sintering rate
constant.

Integrating Eq. (13), we can obtain

1

Sexkv1/s,-s) "

S, (14)

The porosity is related to the specific surface area as

S_S“) (15)

EZEO(SO_Sa
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The local porosity ¢ decreases along with the sulfation
reaction because the molar volume of CaSO, is larger than
that of CaO. According to Hartman et al'"”', the porosity
change can be described as

es=&,—-(Z-1)(1 —gy)xs (16)
So the local porosity of CaO can be described as
S-S,
g,:gﬂ(so_sa)—(z—1)(1—gﬂ)XS (17)

with £, =0.54 and S, =104 m*/g according to the inves-

21 7 is the molar volume ratio of

tigation of Borgwardt
CaSO, to CaO, and y; is the local sulfation conversion of
CaO.

The local specific surface area of CaO particles can be
calculated by

S =28, ~S.) +5, (18)
£o

The calcination conversion of CaCO, to CaO is calcu-

lated by
r 3
X.=1- (—C) (19)
r
P
in which r, is the initial radius of CaCOj, grain.
The sulfation rate of CaO can be calculated by
3Ppe (1 —g) dr
Fewo = = e £, - (20)

r? dr

with the initial conditions t =0, r, =r, =r,.
The sulfation rate of per unit grain volume based on the

state ion diffusion obtained by Mahuli'"”! is

3k,
(1 -¢) CionCso,
r, :

(21)

Fso, =
The sulfation rate of sintered CaO equals the diffusion
rate of state ion through the CaSO, layer according to

. 21
Lindner™", so

D,

ion

rSOQ L

(CC B Cion)Sav (22)

where L =r, — r,; D,, is the state ion diffusion coeffi-
cient; C, is the state ion density on the reaction surface
equal to the molar density of CaO; and S, is the average
cross-sectional area of state ion diffusion.

Combining Egs. (21) and (22), we obtain the sulfa-
tion rate controlled by intrinsic kinetics and product layer

state ion diffusion as

3D,,CcS, ks(1 - g5) Cy,

so. = rD,,S, "'3kscsol(1 —eg)(r =1)

r

(23)

For CaO grains at the same area,

S0, Ca0 (24)
Combining Egs. (20), (23) and (24), we obtain

Feo. =T,

er DionSavksCSO r?
- =-- : > (25)
dr 3rikg(1 —&5) Coo (1, = 1) +1,1,D,,. S,
The local sulfation conversion conversion yj is
r 3
MZL(i) (26)
rO

and the grain size changes along with the sulfation reac-
tion
n=r o+ At (27)
The Ca conversion to CaSO, can be obtained by in-
tegrating local conversion conversion of all layers, so

3J'>X3r2dr

S 3
rS

X (28)
The relative quality change at the simultaneous calcina-
tion and sulfation is

w M CaCoO, M CaO M CaSO, M CaO

—=1- X
W, M <ty

X, (29)

Caco, CaCo,

2 Experiment Facility and Procedure

The isothermal thermo-gravimetric experiment system
to investigate simultaneous calcination and sulfation of
limestone at constant temperature is shown in Fig.2. The
tube furnace is 40 mm in diameter and 800 mm in length.
The temperature in the furnace was monitored by an auto-
matic controller with a range of 20 to 1 200 C. The
change of sample weights was monitored by the computer
constantly and the precision of the weight sensor was 0. 1
mg. Simulated flue gas consists of 75% CO,, 5% O,,
0.2% SO, and N, as balance. In all tests, the flow rate of
the gas mixtures was maintained at 1 200 mL/min. This
flow rate is selected as it has been verified that at this
flow rate, the mass transfer is not the limiting factor for
the reactions. Previous work'” > operated on this device
has verified that it has sufficient accuracy.

Shandian limestone was used in the experiment. The
X-ray fluorescence ( XRF) analysis result of limestone is
given in Tab. 1. A known amount of limestone sample
(about 80 mg) was loaded into a quartz boat (100 mm in
length, 10 mm in width and 10 mm in depth). In order
to be close to the working conditions of industry as much
as possible, the temperature was raised to the desired lev-
el and maintained for 60 min, and then the quartz boat
(with limestone) was sent into the furnace quickly.

Tab.1 Main component of limestone %
w(CaCO,;)  w(MgCO,;) w(Fe,0;,)  w(Si0,)  w(ALO,)
95 2.24 0.47 1.92 0.37

The calcium conversion of sample (after limestone de-
composes into CaO completely) is calculated by

(5l

(30)

Weaco, )

WCaso, ~Weao
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Fig.2 Experimental system

where X is the conversion of calcium; m, is the mass at
the time #; m, is the original sample mass of CaO formed
by calcined limestone without SO,; m;, is the initial sam-
ple mass of limestone; A is the mass fraction of the Ca-
CO, in the original samples; We,co, Weso, and we,, are
the molar mass of CaCO,, CaSO, and CaO, respectively.

The experiments of simultaneous calcination and sulfa-
tion (termed simultaneous calcination/sulfation) are car-
ried out with 0.2% SO,; and are compared, experiments
in which limestone calcined in pure N, to CaO and then
sulfated (termed calcination-sulfation) with 0. 2% SO,
are also given.

3 Results and Discussion

The characteristics of simultaneous calcination/sulfa-
tion and calcination-sulfation along with the calculation
result of the model is shown in Fig. 3.

1.0F

—s— Calcination-sulfation experiment

L] —o— Simultanous calcination/sulfation experiment
—— Simultanous calcination/ sulfation model

W/W,

0.5 1 1 1 1 l

t/10%s

Fig.3 Tesing and model prediction(900 C, 150 to 250 pm,
0.2% SO,,5% O,, 75% CO,, N, as balance)

Fig. 3 shows the ratio of sample weight W to the initial
weight W, in the process of experiment. First, a signifi-
cant difference can be found when comparing the experi-
mental data of calcination-sulfuration to those of the sim-
ultaneous calcination/sulfation reaction. Compared with
calcination-sulfuration, the weight loss rate of simultane-
ous calcination/sulfation in the weight decline stage is
slightly slower, but the lowest weight point is obviously

higher. The cause is that the calcination and sulfation re-
action occurs at the same time in the calcination stage of
the experiment,
which, on the one hand, increases the sample weight due
to the sulfation of CaO; and on the other hand, prevents

simultaneous  calcination/sulfation

the calcination of CaCO, by the product layer of CaSO,.
What should be pointed out is that when calcination and
sulfation occur simultaneously, the limestone loses weight
due to calcination but gains weight by sulfation; which
can lead to the result that the lowest weight point is not
the point that limestone is calcined completely usually,
but only a balance point between weight gain and loss.

The next significant difference obtained from Fig. 3 is
that during the period of weight rise, although there re-
mains two reaction stages which include a fast reaction
stage controlled by reaction kinetics and a slow reaction
stage controlled by product layer diffusion for both of the
two experimental conditions; the percentage of weight gain
is relatively lower in the early stage and higher in the later
stage for simultaneous calcination/sulfation experiments.

The calculating results of the grain-micrograin model
established is consistant with the testing results and can be
used to describe the simultaneous calcination and sulfation
of limestone, as shown in Fig. 3. Even if in pure N,, it
needed about 500 s for the limestone particle of 150 to
250 pm to be calcined completely. Therefore, it is neces-
sary to take the sulfation of CaO into account in this long
calcination stage, because not only the calcination of Ca-
CO, but also the sulfation of CaO are influenced by it.
Data will not reflect reality if sulfation of the precalcined
CaO is taken as the sulfation of limestone in an oxy-fuel
CFBC. Simultaneous sulfation with calcination of lime-
stone should not be ignored for both experiment and mod-
el derivation when studying sulfation phenomenon in oxy-
fuel CFBB.

To calculate the sulfation ratio of limestone, it must be
ensured that all CaCO, in the sample is calcined to CaO
completely. To detect if there is CaCO, in the samples,
several samples undergoing different reaction times after
the lowest weight point are quickly cooled in N, to room
temperature and grinded to less than 10 wm, and then cal-
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cined again at 900 C in pure N, within sufficient time. If
a sample does not lose weight in this process, it can be
ensure that there is no CaCO, in the sample. Also, the
test results show that the samples after 680 s do not lose
mass anymore, which means that there is no CaCO, in
these samples. So, the calcium conversion formula can
be used to calculate the calcium conversion to CaSO,, as
shown in Fig. 4.

0.40

—=— Simultanous calcination/sulfation experiment
—v— Calcination-sulfation model

X
e
)
G
T

0. 10 1 1 1 1 1
0 1 2 3 4 5

t/10%s

Fig. 4 Conversion for simultaneous calcinations/sulfation and
calcinations-sulfation of limestone

From Fig. 4, it can be shown that the sulfation rate of
calcination-sulfation experiment was faster at first but de-
clined quickly when compared with simultaneous calcina-
tions/sulfation. Although the calcium conversion of calci-
nation-sulfation is higher after the cross point in Fig. 4,
its conversion rate slowed down finally, so if with a lon-
ger reaction time, the conversion of simultaneous calcina-
tions/sulfation should exceed that of calcinations-sulfa-
tion.

Perhaps one contrast test is not sufficient to illustrate
the problems, so several other contrast tests and model
calculations are carried out, and Fig. 5 and Fig 6 show
two of them.

Fig. 5 is the result of experiment and model calculation
for a particle size of 75 to 97 pm, and Fig. 6 is for a tem-
perature of 950 C compared with Fig. 4. It can be found

1.0

0.9

0.8 1

W/W,

0.7

—=u— Calcination-sulfation experiment

0.6
—a— Simultanous calcination/ sulfation model
—o— Simultanous calcination/sulfation experiment
0. 5 1 1 1 1 ]
0 1 2 3 4 5

t/103s

Fig.5 Tesing and model prediction (900 C, 75 to 97 um,
0.2% S0,, 5% 0,, 75% CO,, N, as balance)

1.0p

—o— Simultanous calcination/sulfation model
—o— Simultanous calcination/sulfation experiment
0.9 } —— Calcination-sulfation experiment

0.8

W/W,

0.7

0.6 ®

0.5 1 1 1 1 )
0

t/10%s

Fig.6 Tesing and model prediction (950 C, 150 to 250 pm,
0.2% S0,, 5% 0,, 75% CO,, N, as balance)

that a similar phenomenon occurs for different experimen-
tal temperatures and particle sizes, which illustrates that
the differences between simultaneous calcination/sulfation
and calcination-sulfation conditions are not an accidental
phenomenon. The grain-micrograin model established in
this work can also describe the true process of simultane-
ous calcination/sulfation under different experimental
conditions.

4 Conclusion

The simultaneous calcination/sulfation of limestone un-
der oxy-fuel fluidized bed combustion conditions is differ-
ent from the sulfation of CaO. Also, during the calcina-
tion stage, SO, will slow down the CaCO, decomposition
rate via the covering effect of the CaSO, product. The
sulfation rate of simultaneous calcination/sulfation de-
clines slower than that of precalcined CaO, and with a
long enough sulfation time, the calcium conversion of
simultaneous calcination/sulfation is higher than that of
precalcined CaO. The grain-micrograin model combining
simultaneous calcination, sintering and sulfation can re-
flect the true process of the calcination and sulfation of
limestone under an oxy-fuel fluidized bed combustion.
When studying the calcination and sulfation of limestone
under oxy-fuel CFBB conditions, it is necessary to pay
attention to the calcination and sulfation of limestone at
the same time.
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