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Abstract

Ca(OH)2=silica fume sorbents were prepared with various Ca(OH)2=silica fume weight ratios and slurrying times at 65◦C and a
water/solid ratio of 10/1. Dry sorbents prepared were characterized, and their reactivities toward SO2 were measured in a di5erential
6xed-bed reactor at the conditions similar to those in the bag 6lters in the dry and semidry 'ue gas desulfurization (FGD) processes. The
reaction between Ca(OH)2 and silica fume in the slurry was very fast. The formation of calcium silicate hydrates, which were mainly
C–S–H(I), resulted in sorbent particles with a highly porous structure that seemed compressible under high pressures. The sorbents were
mesoporous, and their speci6c surface areas and pore volumes were much larger than those of Ca(OH)2 alone. The utilization of Ca of
sorbent increased with increasing silica fume content mainly due to the increase in the speci6c surface area of sorbent. The sorbent with
70 wt% Ca(OH)2 had the maximum 1 h SO2 capture. Sorbents with Ca(OH)2 contents less than 100 wt% and greater than 21 wt% would
have a SO2 capture greater than that of Ca(OH)2 alone. Both the 1 h utilization of Ca and SO2 capture per unit speci6c surface area of
sorbent decreased in general with increasing speci6c surface area. At the same Ca(OH)2 content, the 1 h utilization of Ca or SO2 capture
of the Ca(OH)2=silica fume sorbent was greater than that of the Ca(OH)2='y ash sorbent; however, the amount of SO2 captured per unit
surface area of the former sorbent was smaller than that of the latter sorbent. The results of this study are useful to the preparation of
silica-enhanced sorbents for use in the dry and semidry FGD processes.
? 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Combustion of fossil fuels, such as coal and oil, results
in SO2 formation. Reduction of SO2 emissions is a major
issue of environmental protection. Many 'ue gas desulfur-
ization (FGD) processes are available for the reduction of
SO2 emissions (Miller, 1986; Srivastava & Jozewicz, 2001).
Among these processes, the semidry and dry FGD processes
have the advantages of requiring smaller space, being easier
to retro6t, and producing dry solid product. However, the
sorbent, which is typically hydrated lime, is not highly con-
verted in the operation of these processes. How to increase
the sorbent reactivity and utilization has been an important
subject for the application of these processes.

Many researchers have shown that hydrated lime can
be activated by reacting with siliceous materials, such as
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'y ash (Jozewicz & Rochelle, 1986; Peterson & Rochelle,
1988, 1990; Peterson, 1990; Martinez, Izquierdo, Cunill,
Tejero, & Querol, 1991; Di5enbach, Hilterman, Frommell,
Boother, & Hedges, 1991; Ho & Shih, 1992, 1993;
Kind, Wasserman, & Rochelle, 1994; Kind & Rochelle,
1994; Sanders, Keener, & Wang, 1995; Tsuchiai, Ishizuka,
Ueno, Hattori, & Kita, 1995; Al-Shawabkeh, Matsuda, &
Hasatani, 1995; Garea et al., 1997a; FernKandez, Renedo,
Garea, Viguri, & Irabien, 1997; Renedo, FernKandez, Garea,
Ayerbe, & Irabien, 1999; Ishizuka, Tsuchiai, Murayama,
Tanaka, & Hattori, 2000; Liu, Shih, & Lin, 2002), diatoma-
ceous earth (Jozewicz, Chang, Sedman, & Brna, 1988a;
Jozewicz, Jorgensen, Chang, Sedman, & Brna, 1988b), and
silica (Chiu, 1989; Chiang, 1994; Kind, 1994; Jung, Kim &
Kim, 2000a, b), in the presence of water, and the sorbents
thus obtained have higher capacity of SO2 capture and de-
gree of Ca utilization than hydrated lime has. During the
activation process, the active silica contained in siliceous
materials reacts with hydrated lime to form calcium sili-
cate hydrates (xCaO · SiO2 · yH2O); this reaction is called

0009-2509/03/$ - see front matter ? 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/S0009-2509(03)00222-7

mailto:smshih@ccms.ntu.edu.tw


3660 R.-B. Lin et al. / Chemical Engineering Science 58 (2003) 3659–3668

“pozzolanic reaction” (Taylor, 1964). It is believed that the
pozzolanic reaction is responsible for the enhancement of the
sorbent reactivity (Jozewicz & Rochelle, 1986; Peterson &
Rochelle, 1988; Ho & Shih, 1992, 1993; Sanders et al.,
1995; Lin, Shih, & Liu, 2002).

Among the siliceous materials, 'y ash has attracted the
most attention because it is the solid waste produced in
coal-6red power plants. Only some research work on the
sorbents prepared with pure silicas, such as quartz (Jung et
al., 2000a, b) and silica fume (Chiu, 1989; Chiang, 1994;
Kind, 1994; Lin, 1998; Liu, 1999), has been done. Fly ash
contains both quartz and amorphous silica. The amorphous
silica is more active than the crystalline quartz, therefore
it predominates in participating in the pozzolanic reaction.
Because silica fume is an amorphous silica, its reaction with
Ca(OH)2 can closely simulate the pozzolanic reaction be-
tween 'y ash and Ca(OH)2, thus the study on sorbents pre-
pared with silica fume will enhance the understanding of the
reactivities of Ca(OH)2='y ash sorbents. On the other hand,
silica fume is an industrial waste that forms during the pro-
ductions of silicon and silicon-containing alloys (Grutzeck,
Atkmson, & Roy, 1983). A successful use of this alterna-
tive silica source for the activation of Ca(OH)2 also has the
merit of waste utilization.

In this work, Ca(OH)2=silica fume sorbents were pre-
pared with various Ca(OH)2=silica fume weight ratios and
slurrying times. Sorbents were characterized and their reac-
tivities toward SO2 were measured. The relations between
the reactivity and properties of sorbent were analyzed.

2. Experimental section

2.1. Preparation of sorbents

Reagent grade Ca(OH)2 (purity¿ 95%; Hayashi Pure
Chemical Industries, Ltd.) and commercial silica fume
(Finesil X70, purity¿ 94%; Tokuyama Soda Co., Ltd.)
were used to prepare the sorbents. The physical properties
of these starting materials are shown in Table 1.

The Ca(OH)2 and silica fume, together with 80 g of
deionized water, were placed into a 250 ml polypropy-
lene 'ask at a water/solid weight ratio (L=S) of 10. The
Ca(OH)2=silica fume weight ratios tested were 0/10, 1/9,
3/7, 5/5, 7/3, 9/1, and 10/0. The 'ask was sealed with a

Table 1
Physical properties of Ca(OH)2 and silica fume

Physical properties Ca(OH)2 Silica fume

Particle mean diameter (�m) 7.4 6.3
BET speci6c surface area (m2=g) 9.6 220
True density (g=cm3) 2.29 2.93
Porosity 0.45a 0.84b

aPore dia:6 1 �m, measured by mercury intrusion method.
bPore dia:6 0:3 �m, measured by N2 adsorption.

rubber stopper at the mouth and inserted into a water bath
at 65◦C. The slurry was stirred with a magnetic stirrer. The
samples with a ratio of 7/3 were stirred for di5erent periods
from 25 min to 16 h; the samples with other ratios were
stirred for 16 h. After slurrying, the slurry was placed in a
vacuum oven to evaporate the water; the solid phase left was
further vacuum-dried at 110◦C. The dried cake obtained was
crashed into powder and sealed in a bottle before subjecting
to characterization and sulfation test.

2.2. Sulfation test

Experiments for the reaction of sorbents with SO2 were
carried out using a di5erential 6xed-bed reactor under the
conditions of 60◦C, 70% RH, and 1000 ppm SO2 up to 1 h.
The experimental conditions were the typical bag 6lter con-
ditions in dry and semidry FGD processes. About 20 mg
of sample was used for each run. The total gas 'ow rate
was 4 l=min (STP). CO2 and O2 were not added into the
gas mixture because their presence produced little e5ect on
the SO2 uptake of sorbent at this low temperature (Garea,
Viguri, & Irabien, 1997b). The experimental setup and pro-
cedure were described in detail in previous work ( Ho &
Shih, 1992; Liu, 1999). At least two replicate measurements
were made for each sorbent.

The reactivity of sorbent toward SO2 was expressed as
the utilization of Ca and the SO2 capture. The utilization
of Ca or the conversion of Ca(OH)2 for a reacted sample
was determined by its SO2−

3 =Ca2+ molar ratio. The SO2−
3

content in a sample was determined by iodometric titration,
and the Ca2+ content by EDTA titration. The SO2 capture
(SC) for a sample was de6ned as the ratio of the weight of
the SO2 captured to the initial weight of the sample. SC is
related with the utilization of Ca by

SC =MSO2M
−1 Utilization of Ca; (1)

where MSO2 is the molecular weight of SO2, M is the initial
sorbent weight per mole of Ca. M was calculated from the
Ca(OH)2=silica fume weight ratio for the sample.

2.3. Chemical and physical analyses

The sorbents were subjected to X-ray di5raction (XRD)
analysis using a Mac Science M03XHF X-ray di5ractome-
ter. Scanning electron microscope (SEM), Hitachi S-2400,
was used to observe the sorbent morphology. The sorbent
particle size distribution was measured by laser di5raction
using a Coulter LS-230 analyzer. The speci6c surface area
of sorbent was determined from the nitrogen adsorption data
by the BET method and the pore volume distribution was
determined from the nitrogen desorption isotherm by the
BJH method, using a Micromeritics ASAP 2010 analyzer.
Prior to the measurement of N2 adsorption, the sample was
degassed under vacuum at a temperature of 65◦C for 8 h in
order to deplete the adsorbed gas molecules. Further exper-
imental details were described elsewhere (Lin, 1998).



R.-B. Lin et al. / Chemical Engineering Science 58 (2003) 3659–3668 3661

0 10 20 30 40 50 60

t
h

s

h

h

h h
h

h: Ca(OH)2

s: silica fume
t: CSHs

(d)

(e)

(c)

(b)

(a)

R
el

at
iv

e 
in

te
ns

ity
 (

cp
s)

2θ (degree)

Fig. 1. XRD patterns of Ca(OH)2=silica fume sorbents prepared with
various Ca(OH)2=silica fume weight ratios: (a) 9/1, (b) 7/3, (c) 5/5, (d)
3/7, (e) 1/9; slurrying conditions: 65◦C, L=S = 10=1, and 16 h.

3. Results and discussion

3.1. XRD analysis

As seen in Fig. 1, the X-ray di5raction patterns of the
sorbents prepared with various Ca(OH)2=silica fume ratios
show the existence of Ca(OH)2, silica fume, and CSHs. The
pattern of silica fume shows a mild hump with a peak at
2
 of about 23◦, characterizing its amorphism. The peaks
of calcium silicate hydrates (CSHs) are weak and belong
to illcrystallized tobermorites (2
 = 29:0◦–29:8◦, 32◦, and
49:8◦). Illcrystallized tobermorites include C–S–H(I), C–S–
H(II), and tobermorite gel (Taylor, 1964). Under the present
experimental conditions, they are mainly C–S–H(I), which
is the same as the type of CSHs formed in the Ca(OH)2='y
ash sorbents prepared by Ho and Shih (1992, 1993). As the
ratio decreases, the characteristic peaks of Ca(OH)2 become
weaker and are not discernible when the ratio is smaller than
7/3, whereas the characteristic hump of silica fume becomes
more marked. The characteristic peaks of CSHs are stronger
for the sorbents with ratios of 7/3, 5/5, and 3/7, indicating
that more CSHs had been formed in these sorbents than in
the sorbents with 9/1 and 1/9 ratios.

In Fig. 2, no signi6cant changes of the intensities of the
characteristic peaks are observed for the sorbents prepared
with slurrying times from 25 min to 16 h. This may indicate
that the pozzolanic reaction between Ca(OH)2 and silica
fume in the slurry was very fast and had already reached the
ultimate extent or drastically slowed down before 25 min,
and thus there was no or too little increment of CSHs to
be detected during the period from 25 min to 16 h. The
pozzolanic reaction involving silica fume has been reported
to be rapid by Grutzeck et al. (1983); the speci6c surface
area of the silica fume and the slurrying temperature used
in this study (220 m2=g; 60◦C) are much greater than theirs
(20:2 m2=g; 21–38◦C), hence a very fast reaction can be ex-
pected for the present study.
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Fig. 2. XRD patterns of Ca(OH)2=silica fume (wt. ratio 7/3) sorbents
prepared with various slurrying times: (a) 25 min, (b) 8 h, (c) 16 h;
slurrying conditions: 65◦C and L=S = 10=1.

One can note that in Fig. 1, the characteristic hump of
silica fume is still present in the patterns of the sorbents
with ratios of 9/1 and 7/3, but it is not so obvious in the
patterns of the sorbents with a ratio of 7/3 shown in Fig. 2.
This di5erence is thought to be caused by the variation of
sampling. Nevertheless, the existence of silica fume in these
two sorbents indicates that the CSHs tended to cohere with
other particles, and some silica fume particles were covered
by the CSHs and remained unreacted.

The calcium silicate hydrate C–S–H(I) is represented by
the molecular formula xCaO · SiO2 · yH2O, where x is
0.8–1.5, and y is 0.5–2.5 (Taylor, 1964). According to
the XRD results described above, the value of x was esti-
mated to lie between 0.81 and 1.89 that are corresponding
to Ca(OH)2=silica fume ratios of 5/5 and 7/3, respectively.
Weight measurements of the sorbents, however, showed that
the weight of a dry sorbent was about equal to the weight
of its starting Ca(OH)2 and silica fume mixture. Thus the
values of x and y for the CSHs formed in this study were
about equal to 1.

3.2. SEM observation

Fig. 3(a) shows particles of the mixture of silica fume
and Ca(OH)2 before slurrying. The darker particles are
silica fume, and the brighter ones are Ca(OH)2. The par-
ticles of silica fume seen are agglomerates of very 6ne
primary particles; according to the speci6cation of the silica
fume, the diameters of primary particles are in the range of
10–30 nm.

As shown in Fig. 3(b), the particles of the sorbent with
a ratio of 9/1 are similar to those of the slurried Ca(OH)2,
but some large porous particles formed by CSHs are also
present.

Figs. 3(c) and (d) are the SEM micrographs of the sorbent
with a ratio of 7/3. Particles of this sorbent appear to be quite
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Fig. 3. SEM micrographs of Ca(OH)2=silica fume sorbents. (a) Unslurried Ca(OH)2=silica fume (wt. ratio 7/3) mixture. (b) Ca(OH)2=silica fume (wt.
ratio 9/1) sorbent; slurrying conditions: 65◦C, 16 h, and L=S=10=1. (c) and (d) Ca(OH)2=silica fume (wt. ratio 7/3) sorbent; slurrying conditions: 65◦C,
1 and 16 h, and L=S = 10=1. (e) Ca(OH)2=silica fume (wt. ratio 5/5) sorbent; slurrying conditions: 65◦C, 16 h, and L=S = 10=1. (f) Ca(OH)2=silica
fume (wt. ratio 3/7) sorbent; slurrying conditions: 65◦C, 16 h, and L=S = 10=1.
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Table 2
Structural properties and sulfation results for Ca(OH)2=silica fume sorbents; slurrying conditions: 65◦C and L=S = 10=1; sulfation conditions: 60◦C, 70%
RH, 1000 ppm SO2, and 1 h

Ca(OH)2=Silica fume Slurrying Mean Surface area Utilization of Ca SO2 capture
weight ratio time diameter (m2=g) (mol SO2=mol Ca) (kg SO2=kg sorbent)

(h) (�m)

10/0 0 7.4 9.6 0.197 0.170
10/0 16 4.9 11.8 0.243 0.210
0/10 0 6.3 220.0 — —
0/10 16 7.8 189.9 — 0.038
7/3 0.42 6.8 118.4 0.842 0.510
7/3 1 7.8 115.9 0.862 0.522
7/3 4 7.2 124.4 0.865 0.524
7/3 8 6.1 120.6 0.866 0.524
7/3 16 6.4 123.3 0.868 0.525
9/1 16 4.9 49.1 0.528 0.411
5/5 16 9.8 91.3 0.952 0.412
3/7 16 8.5 257.6 1.160 0.301
1/9 16 6.0 191.3 1.346 0.116

porous. Some particles are seen to be made up of thin foils
of CSHs (Ho & Shih, 1992, 1993; Grutzeck et al., 1983) and
have more open structure (Fig. 3(c)), while some particles
are more compact and on their surfaces many small granular
particles are attached (Fig. 3(d)). There was no signi6cant
di5erence in the morphologies of the sorbents prepared with
a ratio of 7/3 and slurrying times of 0.42–16 h.

The particles of the sorbent with a ratio of 5/5, as shown
in Fig. 3(e), are mainly the compact particles with many
small granular particles attached on the surfaces; fewer par-
ticles with the open structure as that shown in Fig. 3(c) are
observed, and the foils of CSHs seem to be thicker or be-
come plates.

As shown in Fig. 3(f), some particles of the sorbent with
a ratio of 3/7 are similar to those of the sorbent with a ratio
of 5/5, but more highly porous particles of silica fume are
present, and wispy foil-like substances are seen to reside in
those particles.

The sorbent with a ratio of 1/9 and the slurried silica fume
had the same particle appearance as that of the starting silica
fume shown in Fig. 3(a).

3.3. Particle size distribution

The particle size distributions of the sorbents were mea-
sured and their volume mean diameters, being in the range
of 4.9–9:8 �m, are summarized in Table 2. The mean diam-
eter of the slurried Ca(OH)2 sample, 4:9 �m, was smaller
than that of the starting Ca(OH)2, 7:4 �m, indicating that
the dissolution and recrystallization of Ca(OH)2 in the slur-
rying and drying processes, respectively, had produced 6ner
Ca(OH)2 particles (Ho & Shih, 1992). The mean diameter
of the slurried silica fume sample, 7:8 �m, was close to that
of the starting material, 6:3 �m; the particle sizes measured
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Fig. 4. Particle size distributions of Ca(OH)2=silica fume sorbents pre-
pared with various weight ratios; slurrying conditions: 65◦C, 16 h, and
L=S = 10=1.

were those of the agglomerates of very 6ne primary
particles.

The sorbents prepared with 25 min to 16 h slurry-
ing times had about the same particle size distribution,
but the sorbents prepared with various Ca(OH)2=silica
fume ratios had di5erent size distributions. With the de-
crease of the ratio, the distribution curve shown in Fig.
4 shifts to the range of larger particle size until the ra-
tio is 5/5, with which the sorbent has the largest volume
mean diameter and the widest size distribution; the curve
shifts to the range of smaller size thereafter. This trend
of particle size change was con6rmed by SEM obser-
vations and agreed with the CSHs amount in a sorbent
estimated from XRD analyses. Thus, it can be concluded
that the particle size distribution of a sorbent was re-
lated not only to the weight fractions and the particle
sizes of Ca(OH)2 and silica fume but also to the fraction
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of CSHs, which can cause the coherence of particles in the
sorbent.

3.4. Speci6c surface area

The speci6c surface areas of the sorbents are summa-
rized in Table 2. Except the sorbent with a ratio of 5/5,
all other Ca(OH)2=silica fume sorbents have larger surface
areas than those estimated for the starting mixtures, indi-
cating the formation of new materials in the sorbents. The
change of speci6c surface area with the ratio is not simple;
there are two local maximum speci6c surface areas, 123.3
and 257:6 m2=g, at ratios of 7/3 and 3/7, respectively. The
in'uence of the Ca(OH)2=silica fume weight ratio on the
sorbent speci6c surface area can be explained by referring
to the XRD analysis (Fig. 1) and SEM observation (Fig. 3).
For the ratio of 9/1, the speci6c surface area of the sorbent
was larger than that of Ca(OH)2 alone because some part of
Ca(OH)2 had been converted to CSHs. For the ratio of 7/3,
the amount of foils of CSHs formed in the sorbent increased,
resulting in a further increase of the speci6c surface area;
but for the ratio of 5/5, more compacted particles composed
of plates and granular particles were formed, thus the spe-
ci6c surface area decreased. For the ratio of 3/7, with a great
increase in the amount of very 6ne foils and particles in the
sorbent, the speci6c surface area increased accordingly and
was larger than that of the slurried silica fume. For the ratio
of 1/9, the amount of CSHs formed in the sorbent was little,
so the speci6c surface area of the sorbent was nearly equal
to that of the slurried silica fume.

The e5ect of the slurrying time on the speci6c surface area
was small, indicating that the amount of CSHs and the mi-
crostructure of the sorbent remained almost the same during
the period of slurrying from 25 min to 16 h. XRD analyses
(Fig. 2) and SEM observations con6rmed this explanation.

3.5. Pore volume distribution

The nitrogen adsorption and desorption isotherms for the
Ca(OH)2=silica fume sorbents, not shown here, showed that
all the sorbents exhibited a type IV isotherm and a type H3
hysteresis based upon the classi6cation of IUPAC (1985).
The type IV isotherm is characteristic of materials with
porosity in the mesopore range and that typically exhibits a
hysteresis loop, and the type H3 hysteresis is associated with
slit-shaped pores or the space between platelike particles.

The pore volume distributions of the sorbents were
obtained by applying the BJH method to the nitrogen des-
orption data for pores smaller than 300 nm. The results for
Ca(OH)2, silica fume, and the sorbent with a ratio of 7/3
are shown in Fig. 5. One can see that the pore volume
distribution of the Ca(OH)2=silica fume sorbent is broader
than that of Ca(OH)2 or silica fume alone, and the peak
pore volumes of the three sorbents occur at about 22–32 nm
pore diameter. Cumulative data showed that mesopores

10 100
0

1

2

3

4

 Ca(OH)2
 Silica fume
 Ca(OH)2 /silica fume sorbent

dV
/d

lo
gD

 (
cm

3 /
g)

Pore diameter (nm)

Fig. 5. Pore volume distributions of Ca(OH)2, silica fume, and
Ca(OH)2=silica fume sorbent (wt. ratio 7/3); slurrying conditions: 65◦C,
16 h, and L=S = 10=1.

1000 100 10 1 0.1 0.01
0.0

0.5

1.0

1.5

2.0

2.5

1h
4h

 16h

C
um

ul
at

iv
e 

in
tr

us
io

n 
(c

m
3 /

g)

Pore diameter (µm)

Fig. 6. Pore volume distributions of Ca(OH)2=silica fume sorbents (wt.
ratio 7/3) prepared with various slurrying times; slurrying conditions:
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(2 nm6 pore dia:6 50 nm) occupied the most portion
of the total sorbent pore volume (pore dia:6 300 nm),
while the volume of micropores (pore dia:6 2 nm) was
very small. The speci6c total pore volume of silica fume,
1:85 cm3=g, was about ten times that of Ca(OH)2 and three
times that of the Ca(OH)2=silica fume sorbent.

The pore volume distributions of some sorbents with a ra-
tio of 7/3 were also measured by mercury intrusion method;
the results are shown in Fig. 6. The di5erences in the vol-
umes of intrusion for pore sizes larger than 2 �m are due to
the random arrangement of each sorbent in the sample cell.
The pore volumes determined from the intrusion volumes
for pores smaller than 1 �m can be seen to be very small.
This is in contradiction to the results obtained by N2 adsorp-
tion/desorption. The erroneous results of mercury intrusion
measurements are probably due to the fact that the particles
made up of silica fume and CSHs were compressible under
high pressures.
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3.6. Reactivities of sorbents

The sorbents were subjected to sulfation tests at 60◦C,
70% RH, and 1000 ppm SO2 up to 1 h. The results for
the sorbents with di5erent Ca(OH)2=silica fume ratios are
shown in Fig. 7 in terms of the utilization of Ca versus
reaction time. As seen from the 6gure, at the same reaction
time, the utilization of Ca of sorbent increases remarkably
with decreasing Ca(OH)2=silica fume ratio. The utilization
of Ca of sorbent levels o5 early before the reaction time
reaches 60 min, thus the 1 h value represents the maximum
utilization of Ca of each sorbent.

The 1 h results for all the sorbents tested are summarized
in Table 2 in terms of the utilization of Ca and the SO2

capture. The sorbents prepared with a ratio of 7/3 and dif-
ferent slurrying times from 0.42 to 16 h had about the same
reactivity. This is because their compositions and physical
properties were about the same. There was no data of the
utilization of Ca for silica fume because it contained negli-
gible amount of Ca. Although silica fume did not react with
SO2, it was able to adsorb SO2 and had a SO2 capture of
0:038 kg SO2=kg of silica fume.

Fig. 8 shows the 1 h utilization of Ca as a function of
the silica fume content in the starting solid mixture. The uti-
lization of Ca increases considerably with increasing silica
fume content. The values are higher than 1.0 for the sor-
bents prepared with silica fume contents of 70 and 90 wt%.
The true utilizations of Ca in these two sorbents might have
already reached 1.0, and the extra amounts of SO2 captured
are believed to be due to the adsorption of SO2 by the sor-
bents because the speci6c surface areas of these two sor-
bents were very large. The extra amounts of SO2 captured
for these two sorbents were calculated to be 0.042 and 0.030
kg SO2=kg sorbent, respectively, which are close to the SO2

capture of silica fume.
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RH, 1000 ppm SO2, and 1 h.
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The SO2 capture as a function of the silica fume content
is also shown in Fig. 8. The SO2 capture increases as the sil-
ica fume content increases, reaching a maximum, 0:525 kg
SO2=kg sorbent, when the content is 30 wt%; a further in-
crease of the content results in a gradual decrease in the
SO2 capture. As estimated from Fig. 8, the sorbents pre-
pared with a Ca(OH)2 content less than 100 wt% and greater
than 21 wt% would have a SO2 capture greater than that of
Ca(OH)2 alone. The di5erence in the trends of the utiliza-
tion of Ca and the SO2 capture can be explained by referring
to Eq. (1). The value of M−1 in the equation decreases as
the content of silica fume increases.

3.7. E8ect of sorbent speci6c surface area

The e5ect of the speci6c surface area on the reactivity of
sorbent was explored in Figs. 9 and 10.

As shown in Fig. 9, although the 1 h utilization of Ca did
not increase monotonically with increasing speci6c surface
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area, the general trend of the data, represented by the 6tting
curve, indicates that it increases as the speci6c surface area
increases, and exceeds 1.0 at about 120 m2=g. The two sor-
bents with Ca(OH)2 contents of 10 and 30 wt%, which had
speci6c surface areas larger than 190 m2=g, had utilizations
of Ca greater than 1.0. As discussed before, the true utiliza-
tions of Ca in these two sorbents might have already reached
1.0, and the excess utilizations of Ca are thought to be con-
tributed by SO2 adsorption due to the large surface areas of
these two sorbents. The SO2 adsorption capacities based on
unit weight or unit surface area for these two sorbents were
estimated to be close to that for silica fume. From Table 2
and Fig. 10, one can see that the SO2 capture capacity of sil-
ica fume was a lot smaller than those of sorbents with large
Ca(OH)2 contents. Therefore, the contribution of SO2 ad-
sorption to the utilization of Ca must be smaller for sorbents
with smaller surface areas.

Fig. 10 shows that the amount of SO2 captured (1 h) per
unit surface area of sorbent, SC=Sg, increases with increasing
Ca(OH)2 content. But this trend deviates negatively from the
linear relationship with the Ca(OH)2 content. Furthermore,
by looking into the values of SC=Sg and Sg of each sorbent,
one can 6nd that SC=Sg decreased with increasing Sg in
general.

3.8. Comparison of reactivities of Ca(OH)2=silica fume
and Ca(OH)2=fly ash sorbents

The variation trend of the 1 h utilization of Ca or SO2

capture with the content of Ca(OH)2 for the Ca(OH)2=silica
fume sorbents was similar to that for the Ca(OH)2='y ash
sorbents prepared and sulfated under the same conditions of
this study (Lin et al., 2002); both kinds of sorbents had the
maximum SO2 capture at a Ca(OH)2 content of 70 wt%,
but the maximum value for the latter sorbents, 0:375 kg
SO2=kg sorbent, was smaller. The utilizations of Ca for the
Ca(OH)2='y ash sorbents are also plotted in Fig. 9 for com-

parison. At the same Ca(OH)2 content, the utilization of Ca
and the speci6c surface area of the Ca(OH)2='y ash sorbent
are smaller, and there is roughly a linear relationship be-
tween the utilization of Ca and Sg; the slope of the straight
6tting line is greater than that of the 6tting curve for the
Ca(OH)2=silica fume sorbents. In other words, the utiliza-
tion of Ca per unit speci6c surface area of sorbent, which
has the physical meaning of weight of sorbent reacted per
unit surface area, is almost constant for the Ca(OH)2='y
ash sorbents, but that for the Ca(OH)2=silica fume sorbents
is smaller and decreases in general with increasing speci6c
surface area.

The above comparison indicates that at the same Ca(OH)2
content, the SO2 capture capacity of the surface of the
Ca(OH)2=silica fume sorbent was lower than that of the
Ca(OH)2='y ash sorbent. This is con6rmed by comparing
the SC=Sg data for both kinds of sorbents in Fig. 10. As
discussed before, the surface area of a Ca(OH)2=silica fume
sorbent consisted of those of Ca(OH)2, CSHs, and silica
fume, and silica fume had large speci6c surface area, but
the SO2 capture capacity of the surface of silica fume was
much less than that of Ca(OH)2 or CSHs. Thus, the lower
SO2 capture capacity of the surface of the Ca(OH)2=silica
fume sorbent is due to the presence of the large surface area
of silica fume in the sorbent. However, the speci6c surface
areas of Ca(OH)2 and CSHs in the Ca(OH)2=silica fume
sorbent might be greater than those in the Ca(OH)2='y
ash sorbent, therefore the total utilization of Ca and SO2

capture of the former sorbent were higher than those of the
latter sorbent.

The above results indicate that silica fume, or other amor-
phous silicas with high surface areas, can be used to prepare
sorbents with high reactivities toward SO2.

4. Conclusions

Ca(OH)2=silica fume sorbents have been prepared with
di5erent Ca(OH)2=silica fume weight ratios and slurrying
times at 65◦C and a water/solid ratio of 10/1, and their re-
activities toward SO2 have been measured under the condi-
tions of 60◦C, 70% RH, and 1000 ppm SO2.

The reaction between Ca(OH)2 and silica fume to form
CSHs(C–S–H(I)) in slurry was very fast and reached the
ultimate extent within 25 min; more CSHs were formed for
Ca(OH)2=silica fume ratios of 3/7, 5/5, and 7/3 than for ra-
tios of 1/9 and 9/1. The formation of CSHs resulted in sor-
bent particles with a highly porous structure that seemed
compressible under high pressures. The sorbents were meso-
porous and their speci6c surface areas and pore volumes
were much larger than those of Ca(OH)2 alone.

When the sorbents reacted with SO2, the initial conver-
sion rate and the 1 h utilization of Ca of sorbent increased
with increasing silica fume content, mainly due to the in-
crease in the speci6c surface area of sorbent with increasing
silica fume content; the contribution of SO2 adsorption was
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appreciable for sorbents with high silica fume contents.
The 1 h SO2 capture of sorbent had a maximum (0:525 kg
SO2=kg sorbent) at 30 wt% silica fume. Sorbents with
Ca(OH)2 contents less than 100 wt% and greater than
21 wt% would have a SO2 capture greater than that of
Ca(OH)2 alone. Both the 1 h utilization of Ca and SO2

capture per unit speci6c surface area of sorbent decreased
in general with increasing speci6c surface area. At the same
Ca(OH)2 content, the 1 h utilization of Ca or SO2 capture
of the Ca(OH)2=silica fume sorbent was greater than that of
the Ca(OH)2='y ash sorbent; however, the amount of SO2

captured per unit surface area of the former sorbent was
smaller than that of the latter sorbent due to the presence of
the large surface area of silica fume in the former sorbent.

Silica fume, or other amorphous silicas with high surface
areas, can be used with Ca(OH)2to prepare sorbents with
high reactivities toward SO2.

Notation

M initial sorbent weight per mole of Ca, g sorbent/mol
Ca

MSO2 molecular weight of SO2, g/mol
RH relative humidity, %
SC SO2 capture, kg SO2=kg sorbent
Sg initial speci6c surface area, m2=g
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