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Abstract The calcination characteristics, sulfation con-
version, and sulfation kinetics of a white mud from paper
manufacture at fluidized bed combustion temperatures
were investigated in a thermogravimetric analyzer. Also,
the comparison between the white mud and the limestone
in sulfation behavior and microstructure was made.
Although the white mud and the limestone both contain
lots of CaCOs, they are different in the alkali metal ions
content and microstructure. It results in a marked differ-
ence in sulfation behavior between the white mud and the
limestone. The CaO derived from white mud achieves the
maximum sulfation conversion of 83% at about 940 °C
which is 1.7 times higher than that derived from limestone
at about 880 °C. The shrinking unreacted core model is
appropriate to analyze the sulfation kinetics of the white
mud. The chemical reaction activation energy E, and the
activation energy for product layer diffusion E, for the
sulfation of the white mud are 44.94 and 55.61 kJ molfl,
respectively. Ej, for the limestone is 2.8 times greater than
that for the white mud. The calcined white mud possesses
higher surface area than the calcined limestone. Moreover,
the calcined white mud has more abundant pores in
4-24 nm range which is almost optimum pore size for
sulfation. It indicates that the microstructure of the white
mud is beneficial for SO, removal.
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Introduction

Over the past 30 years, several processes have been pro-
posed and developed for the removal of SO, from various
exhausts. There is still no universally accepted solution to
this problem. The implementation of new and more strin-
gent regulations for the control of environmental pollution
has encouraged the search for more efficient desulfuriza-
tion processes [1, 2]. SO, in situ capture using calcium-
based sorbents such as limestone and dolomite during coal
combustion in circulating fluidized bed (CFB) boiler is a
competitive process for industrial boilers[3, 4], due to the
moderate desulfurization efficiency and low capital and
operating costs [5-8]. Unfortunately, efficiency of this
process is limited and limestone utilization in the range of
30-45% is not uncommon [5]. Due to larger size of CFB
boilers (600-800 MWe) development [9], the consumption
of limestone for SO, in situ capture will increase. Also, the
exploit of the limestone mine will be improved. It will
result in the aggravation of environmental destruction.

In China, lots of calcium-based industrial wastes such as
carbide slag, red mud, white mud, and steel slag containing
CaCOs3 or Ca(OH), are produced from chemical industry
(e.g., poly (vinyl chloride) as a raw material), alumina
industry, paper manufacture industry, and steel industry,
respectively every year [10]. It is an interesting and chal-
lenging topic to recycle the industrial wastes.

Recently, the industrial wastes were investigated as
coagulant, sorbent, catalyst, and so on [11, 12]. Yamada
and Harato [13] reported a study for SO, removal using red
mud slurry as sorbent in laboratory. Fan et al. [14] reported
on the work for coal gas desulfurization. They prepared a
fixed-bed reactor using mixed clay with red mud in labo-
ratory-scale and bench-scale operation. The results
revealed that the red mud possessed good performance
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with respect to both H,S capture capacity and durability.
Cheng et al. [15] investigated that the SO, capture capacity
of some industrial wastes including calcium carbide resi-
due, brine sludge, and white lime mud in fixed-bed reactor
for simulating the desulfurization in pulverized coal-fired
boiler at 1000-1600 °C. They found that combined
industrial wastes and limestone could achieve the desul-
furization efficiency above 45.8% at 1200 °C. It is easy to
found that the mentioned above are the research on the
industrial wastes as H,S sorbent, SO, sorbent in a wet flue
gas scrubbing process and in pulverized coal-fired boiler
above 1000 °C, but these reports do not involve the typical
fluidized bed combustion temperatures (800-950 °C).

The white mud is ordinarily abandoned from the paper
manufacture and chlor-alkali plants. The white mud could
be used as the soil nutrient amendment [16] and sorbent for
the removal of an anionic dye [17]. It is mainly composed
of CaCO;5; and possesses more impurities such as NaO,
K,>0, Fe,03, and SiO, than the natural limestone. These
impurities have possibly important effects on the sulfation
behavior of the white mud. Laursen et al. [18, 19] found
that the addition of alkali metal ions improved the sulfur
capture capacity of limestone. Siagi et al. [20] reported that
the presence of Fe,O5; had a positive effect on the perfor-
mance of the calcium-based sorbent during SO, capture.
Therefore, the sulfation behavior of the white mud may be
complicate, compared with the limestone. However, the
sulfation behavior and kinetics of the white mud as SO,
sorbent at fluidized bed combustion temperatures have
seldom been investigated.

It is the aim of this study to research the calcination
characteristics, sulfation conversion, sulfation kinetics, and
microstructure of the white mud from paper manufacture at
the fluidized bed combustion temperatures.

Experimental

A kind of white mud was sampled from a paper mill in
Jinan, China. And a kind of limestone from Jinan was
employed to compare the sulfation behavior with the white
mud. The chemical compositions of the two sorbents are
presented in Table 1. The particle size distributions of the

10 £ 0.1 mg. The furnace was first heated with a scanning
rate of 30 °C min~' to a calcination temperature which
was chosen from 850 to 1050 °C. When the TGA tem-
perature reached the specified value, the sample was put in
the TGA under a pure N, atmosphere.

In order to conveniently study the sulfation behavior of
the white mud and the limestone, 3 g of each sorbent was
calcined under a pure N, atmosphere in a fixed-bed reactor
before putting in the TGA. The calcination temperature
was the same as that in TGA and the calcination time is
10 min. The sulfation experiments of 10 & 0.1 mg of the
calcined sorbent from the fix-bed reactor were done in the
TGA. The sulfation temperature in the TGA is the same as
the calcination temperature in the fixed-bed reactor. A gas
mixture containing 0.13 mol m~ of SO,, 2.23 mol m~> of
0,, 6.7 mol m~ of CO; and N; as an equilibrium gas was
allowed to pass through the sorbents with a flow rate of
120 mL min~"'. The sulfation conversions of CaO derived
from sorbents were calculated as follows:

(msul - ml) : MCaO

X =
my - A - (Mcaso, — Mcao)

(1)

where X is sulfation conversion of CaO derived from sor-
bent, %; my is initial sorbent mass, mg; m, is calcined
sorbent mass, mg; my, is sulfated sorbent mass, mg; A is
CaO mass fraction in calcined sorbent, %. Mc,o and
Mcaso, is molecular mass of CaO and CaSO,, mg mol .

The surface areas and pore size distributions of the
calcined sorbents sampled from the fixed-bed were ana-
lyzed by Quantachrome Poremaster-60 GT mercury intru-
sion porosimeter.

Results and discussion
Calcination characteristics

Figure 1 shows the effect of calcination temperature on
calcination behavior of the white mud and the limestone.
The mass loss and mass loss rate are used to describe the
calcination behavior of the white mud and the limestone.
Mass loss and mass loss rate are defined as follows.

. . W= Mca) )
white mud and limestone range from 0.105 to 0.3 mm. ~ o (2)
The calcination experiments of the two sorbents were dW
performed in a thermogravimetric analyzer (TGA) from rw o= — (3)
Mettler-Toledo Inc. The mass of the sample was dr
Table 1 The chemical compositions of white mud and limestone in wt%
Sample SiO, Al,O3 Fe, 05 CaO MgO SO; Na,O K,O Others LOI
White mud 10.7 0.86 0.72 48.55 1.89 0.00 0.42 0.63 0.87 35.36
Limestone 2.10 0.46 0.05 51.60 2.50 0.00 0.00 0.00 0.29 43.00
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Fig. 1 Calcination behavior of white mud and limestone at the
different calcination temperatures. a Mass loss and b Mass loss rate

where W is mass loss, %; mc, is mass of sorbent at any
reaction time during calcination process, mg; ry is mass
loss rate, % minfl; and t is reaction time, s.

The white mud and the limestone are completely
decomposed at the range of 850—-1050 °C as demonstrated in
Fig. la. The ultimate mass loss for the white mud and the
limestone is 43 and 35%, respectively. That is because white
mud contains more impurity instead of CaCO;5 than the
limestone. The result is in accordance with XRF analysis for
the two sorbents as seen in Table 1. The complete decom-
position time of the two sorbents becomes shorter with the
calcination temperature. The complete decomposition time
of the white mud at 850 °C is almost twice as long as that of
the limestone at 850 °C, however, that of the former above
850 °C is similar to that of the latter at the same calcination
temperature. Therefore, the calcination temperature above
850 °C is beneficial to the rapid decomposition of the white

mud. The maximum mass loss rate of the white mud is lower
than that of the limestone as shown in Fig. 1b. The differ-
ence in calcination behavior of the white mud and the
limestone is attributed to their different components.

Sulfation behavior

Figures 2 and 3 displays the sulfation conversions of CaO
derived from the white mud and the limestone, respec-
tively, at the different sulfation temperature and reaction
time. CaO derived from the white mud exhibits the maxi-
mum sulfation conversion of 83% at about 940 °C, and the
sulfation conversion can reach above 76% at the range of
890-980 °C. CaO derived from the limestone achieves the
highest conversion of 50% at approximately 880 °C and it
can retain higher conversion above 45% at 850-920 °C
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Fig. 2 Effect of sulfation temperature and reaction time on sulfation
conversion of white mud. a Surface plot and b Contour plot
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Fig. 3 Effect of sulfation temperature and reaction time on sulfation
conversion of limestone. a Surface plot and b Contour plot

than at other sulfation temperatures. The white mud as SO,
sorbent is more appropriate for the fluidized bed boiler with
the combustion temperature above 920 °C. CaO derived
from the white mud displays higher sulfation conversion
than that derived from the limestone at the same reaction
conditions. For example, the sulfation conversions at
950 °C and after 60 min for CaO derived from the white
mud and the limestone are 63 and 32%, respectively.

Figure 4 plots the sulfation rates of CaO derived from
the white mud and the limestone at the different sulfation
temperatures. The sulfation rate of the sorbent is defined as
follows.

dx
- 4
r=- (4)

The sulfation rates of CaO derived from the two sor-
bents decrease with the reaction time due to increase in
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Fig. 4 Sulfation rates of white mud and limestone at the different
sulfation temperatures

CaSO, product layer. CaO derived from the white mud
exhibits greater sulfation rate than that derived from the
limestone at the same sulfation temperature. For instance,
the sulfation rate of CaO derived from the limestone is very
low less than 0.21% min ™" after 70 min, while that derived
from the white mud is above 0.55% min ™. It indicates that
the white mud possesses better SO, capturing activity than
the limestone at fluidized bed combustion temperatures.

Sulfation kinetics

The shrinking unreacted core model was used to describe
the sulfation kinetics of calcium-based sorbent [21-23].
The calcium oxide derived from limestone is thought to
be consisting of numerous solid particles which are con-
sidered to be small but dense grains. The reaction initiates
on the grain surface in early stages which is called the
chemical reaction-controlled stage. A layer of CaSO,
products is formed around each CaO grain that separates
the reaction surface of the solid from gas reactant with the
reaction going on. The gas molecules have to diffuse
through the product layer to the reaction surface. And
then the sulfation reaction shifts to the product layer-
diffusion-controlled stage [24]. Here, we still employ the
shrinking unreacted core model to simulate the sulfation
behavior of the white mud with the reaction time and
analyze its sulfation kinetics. And the difference between
the white mud and the limestone in sulfation kinetics is
also compared.

The model in this investigation assumes negligible mass
transfer through the gas film and isothermal conditions in
the reactor [25]. If the chemical reaction is the rate-limiting
step, the relationship between the reaction time and the
sulfation conversion is given as
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= 8$,G(X) (5)
PpRp

Sy =2 6

1= kO (6)

If the diffusion through the product layer is the rate-
limiting step, the relationship is shown as follows

t=S$,P(X), (7)
ppRﬁ

Sy = PP 8

27 60D, Cao )

where S| and S, is parameters in Egs. 5 and 7, min; G(X) and
P(X) is function defined by Eqgs. 5 and 7, dimensionless; p,,
is sorbent density, g cm_3; R, is radius of unreacted core for
single CaQO particle, cm; k is kinetic parameters, cm min_l;
Cao is concentration of SO,, mol cm Dy is effective
diffusivity, cm? minfl; o 18 stoichiometric coefficient of
solid reactant, o« = 1. G(X) and P(X) are two functions

related to the sulfation conversion as follows:

GX)=1-(1-x)"° (9)

PX)=1-31-X)"*+2(1-X) (10)

k and Dy can be calculated according to Arrhenius’ law as
follows

E
k = ko exp (—ﬁ)

E,
D = Dy exp RT

where ko is pre-exponential factor, cm min~'; D is
effective diffusivity at external grain surface, cm? min™';
E, is chemical reaction activation energy, kJ mol ™! E, is
activation energy for product layer diffusion, kJ mol™';
R is gas constant, 8.314 J mol~! K~!; T is sulfation tem-
perature, K.

Incorporating Egs. 6 and 8, we get the new equations by
taking the logarithm of both sides in Eqgs. 11 and 12 as
follows

(11)

(12)

1 Crno E

In— = Inky 4+ In—o2 — 2% (13)
S| pR, RT
1 6Cao  E,

In— = InDy 4 In—22 _ 2 (14)

S ppRE  RT

The physical property parameters such as p, and R, are
difficult to know due to the heterogeneous structure.
Therefore, these parameters are assumed constant at
different temperatures. The shrinking unreacted core
model is determined by ko, E,, Doy, and E; in different
reaction stages, so these parameters for the white mud and
the limestone must be calculated according to the
experiment data.

G(X)-t in Eq. 5 and P(X)-t in Eq. 7 are related linearly,
respectively. X is obtained from Fig. 3. Plots of G(X)-f and
P(X)-t are shown in Figs. 5 and 6, respectively. And the
solid lines obtained from linear fitting refer to the slopes of
G(X)-t and P(X)-t. The correlation coefficient for the linear
fit of G(X)-t is between 0.973 and 0.998, and that of P(X)-
t is between 0.948 and 0.998. It indicates that the shrinking
unreacted core model is appropriate to describe the sulfa-
tion kinetics of the white mud and the limestone. S; and S,
are the slope coefficients of the fitting lines for G(X)-¢ and
P(X)-t, so S| and S, is easily determined. Inl/S; — 1/T in
Eq. 13 and Inl/S, — 1/T in Eq. 14 are related linearly,
respectively. Thus, ko, E,, Dy, and E, can be all calculated
as demonstrated in Table 2. kK and D, are also obtained
according to Eqgs. 11 and 12 as shown in Table 3.

The reaction time of the white mud in chemical reaction
controlling stage is longer than that of the limestone in the
same reaction stage, as plotted in Fig. 5. The white mud
exhibits higher values of k; and E, than the limestone in the
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Fig. 5 Plots of the function G(X) vs. t for the sorbents in chemical
reaction controlling stage. a White mud and b Limestone
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Fig. 6 Plots of the function P(X) vs. ¢ for the sorbents in product
layer diffusion stage. a White mud and b Limestone

Table 2 Activation energy and pre-exponential factor

Sample E,/kJ mol™" ko/cm min~' E/K] mol ™! DO/cm2 min~!

White 44.94 565.10 55.61 2.62
mud

Limestone 27.56 89.00 156.07 10784.42

chemical reaction controlling stage, while the former
shows lower Dy and E;, than the latter in the product layer
diffusion stage. However, it is difficult to appraise the
difference in the sulfation behavior of the two sorbents
only depending on the values of ko, E,, Dy, and E, due to
the compensating effect in the sulfation. The kinetic
parameter k and effective diffusivity Dy should be known at
the different sulfation temperatures in order to understand
the sulfation kinetics of the white mud and the limestone.
k for the white mud is higher than that for the limestone as
shown in Table 3. It shows that the white mud possesses a

@ Springer

Table 3 Sulfation kinetic parameters for white mud and limestone

Parameter T/°C White mud Limestone

k/em min~" 850 4.6 4.0
900 5.6 53
950 6.8 5.8
1000 8.1 6.6
1050 9.5 73

D, x 10™*/cm? min™"' 850 6.78 0.59
900 8.74 1.21
950 11.03 2.33
1000 13.68 4.25
1050 16.68 743

better sulfation activity than the limestone in the chemical
reaction controlling stage. Dy for the white mud is also
larger than that for the limestone in the product layer dif-
fusion stage. It suggests that the white mud holds higher
SO, diffusion and calcium cation diffusion capacity
through CaSO, product layer than the limestone. The white
mud contains more potassium and sodium ions than the
limestone as presented in Table 1. Wu et al. [24] thought
the addition of alkali metal ions to CaO can improve the
calcium cation diffusion. Therefore, the white mud pos-
sesses greater calcium cation diffusion than limestone.

Microstructure analysis

Figure 7 demonstrates the surface areas of the white mud
and the limestone after the calcination. The physical
properties of a calcine depend largely on the calcination
conditions (e.g. temperature, time, and atmosphere) and on
the presence of impurities in the calcium-based sorbent
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2

Surface area/m/g
[=)}
T

4r O

2 -

0 1 " 1 " 1 " 1 " 1
850 900 950 1000 1050

Calcination temparature/°C

Fig. 7 Surface areas of white mud and limestone after calcination
(calcination time 10 min)
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[26-29].The surface areas for the two calcined sorbents
decrease with increasing the calcination temperature from
850 to 1050 °C. Higher calcination temperature aggravates
the sintering of the calcined sorbents. However, the surface
area of the calcined white mud is approximately twice as
large as the calcined limestone at the same calcination
temperature. The calcined white mud at 1050 °C is almost
equal to the calcined limestone at 850 °C in the surface
area.

The calcines with large surface area and pore volume
are the most reactive, because the rate of gas—solid reac-
tions is determined primarily by the total area accessible to
the gas and by the space available for the reaction product
[26]. Laursen et al. [30] also thought that the calcium uti-
lization and the sulfation pattern of calcium-based sorbents
depended on the morphology and microstructure of the
calcined sorbents. Higher surface area is beneficial to the
sulfation of the sorbents, so the white mud exhibits better
SO, capture behavior than the limestone.

The pore size distributions of the calcined white mud
and the calcined limestone at different temperatures are
exhibited in Fig. 8. The pores of calcined white mud at 850
and 950 °C dominantly distribute in 4-24 nm sizes. Also at
950 °C, the calcined white mud possesses the abundant
pores in 24-263 nm sizes. When the temperature increases
to 1050 °C, pores of the calcined white mud mainly lie in
24-498 nm sizes because the sintering at higher tempera-
ture induces a abrupt drop in the pores less than 24 nm
sizes. The pore distribution of the calcined limestone is
different from that of the calcined white mud. The pores of
the calcined limestone at 850 °C mainly range from 17 to
312 nm, while its pores at 950 and 1050 °C dominantly
distribute in 44.7-342 nm sizes. Mahuli et al. [31] pro-
posed that the calcium-based sorbents could reach the
maximum sulfation capacity when the pores of their

calcines distributed predominantly in the 5-20 nm sizes.
The pores of the white mud for calcination below 950 °C
are dominant in the optimum pore size range, but few pores
of the calcined limestone are in that range. Therefore, it is
also a reason why the sulfation conversion of the white
mud is higher than that of the limestone.

Conclusions

The white mud from paper manufacture was proposed as
SO, sorbent for fluidized bed boiler. The calcination tem-
perature above 850 °C is beneficial to the rapid decompo-
sition of the white mud. The difference in calcination
behavior of the white mud and the limestone is attributed to
their different components. CaO derived from the white mud
exhibits the maximum sulfation conversion of 83% at about
940 °C, and the sulfation conversion can reach above 76% at
the range of §890-980 °C. CaO derived from the limestone
achieves the highest conversion of 50% at approximately
880 °C and can retain higher conversion above 45% at
850-920 °C than at other sulfation temperatures. The white
mud is more appropriate for SO, removal than the limestone
at the fluidized bed combustion temperature above 920 °C.
CaO derived from the white mud displays higher sulfation
conversion than that derived from the limestone at the same
reaction conditions. It indicates that the shrinking unreacted
core model is appropriate to describe the sulfation kinetics of
the white mud. The reaction time of the white mud in
chemical reaction controlling stage is longer than that of the
limestone in the same reaction stage. k for the white mud is
higher than that for the limestone. Dy for the white mud is
also larger than that for the limestone in the product layer
diffusion stage. It suggests that the white mud holds higher
SO, diffusion and calcium cation diffusion capacity through
CaSOQ, product layer than the limestone. The surface area of
the calcined white mud is approximately twice as large as the
calcined limestone at the same calcination temperature. The
pores of the calcined white mud below 950 °C dominantly
distribute in 4-24 nm range which is almost optimum pore
size for sulfation of calcium-based sorbents. That is a reason
why the white mud shows better sulfation capacity than the
limestone.
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