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A modified CaCO, sorbent with an open internal pore structure is prepared and its 
sulfation characteristics are investigated in an entrained flow reactor at high tempera- 
tures (900 - 1, 100°C) and short contact times (20 - 600 ms) using small particle sizes 
( <  5 pm). The most distinguishing feature of this modified carbonate (MC) is its 
70 - 75% sulfation conversion within 0.5 s, which is substantially higher than any other 
sorbents published. The MC is prepared by carbonation-precipitation from a calcium 
hydroxide suspension by optimizing the operating parameters to generate carbonate par- 
ticles of the desired pore structural properties. The high initial surface area combined 
with its open pore structure and pore-size distribution of its calcine contribute to its high 
reactivity. calcined MC possesses a significant portion of its pore volume in the 
50 - 200 A range. This size range represents an optimum pore size for sulfation since it 
provides a reasonably high surface area and is less susceptible than < 50 A pore sizes, 
to pore filling, or pore-mouth plugging due to the formation of higher molar volume 
CaSO,. Investigation with other carbonates reveals that a much higher portion of their 
calcines' porosity lies in the smaller pores, which leads to premature termination of 
sulfation. Results show the impact of internal pore structure on initial reactivity and 
ultimate sorbent conversion. 

Introduction 
Calcium-based sorbent powders (CaCO, or Ca(OH),) used 

in the high-temperature removal of SO, from combustion 
systems suffer from rapid loss of reactivity and incomplete 
utilization. The calcium conversion reaches a maximum of 
only about 30-35% under the high-temperature conditions 
(850-1,10O0C) of the combustor. Even though promoting 
these pure sorbents with chemical or structural modifiers has 
resulted in improved sulfur capture, only a maximum of about 
75% sulfur removal (at Ca/S molar ratio of - 2) has been 
achieved with such modified sorbents in the laboratory stud- 
ies, which falls much shorter of the 90-95% removal goal 
(Ghosh-Dastidar et al., 1996). 

The SO, removal process takes place through two reaction 
steps: calcination (decomposition) of the sorbent to produce 
high surface area and high porosity CaO, and reaction with 
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SO, (sulfation) in the presence of 0, to form the higher mo- 
lar volume solid product, CaSO,: 

Ca(OH)z * CaO + H,O 

CaCO, * CaO + CO, 

CaO + SO, + - 0, * CaSO,. 

(1) 

(2) 

(3) 
1 
2 

The sintering of CaO is a concomitant deactivation phe- 
nomenon that reduces the available surface area and porosity 
for sulfation reaction. The CaO sintering rate is strongly in- 
fluenced by the initial sorbent type and the foreign ions or 
impurities in the solid. The CaO derived from carbonate ( c -  
CaO) sinters at a slower rate than hydroxide-derived CaO 
(h-CaO), and the presence of certain foreign (aliovalent) ions 
accelerates the rate of sintering (Borgwardt, 1989). There are 
a number of factors, all of which together play a crucial role 

Vol. 43, No. 9 2323 



in determining the rate of sulfation and the overall conver- 
sion of the sorbent. The particle size is a significant parame- 
ter since larger sizes impose transport limitations on both 
calcination and sulfation reactions. For particles smaller than 
5 pm, the size ceases to be a determining factor in the over- 
all reactivity (Milne et al., 1990). Equally important is the 
pore-size distribution of the parent sorbent and of the CaO. 
Gullett and Bruce (1987) proposed that th5re exists an opti- 
mum pore-size range, between 50 and 200 A, which provides 
sufficient surface area for the sulfation reaction, without 
causing rapid pore filling and pore-mouth plugging, which 
results in the premature reaction termination in small pores. 
For large pores, the surface area to pore volume ratio 
progressively diminishes, and their contribution to overall 
sulfation rate becomes less significant. Hence, the relative 
advantage of one sorbent over another may be caused by one 
or more of these important chemical and structural parame- 
ters. An effective sorbent should meet the necessary criteria 
of slowing sintering rate, small particle size, and a favorable 
pore-size structure. 

In previous laboratory studies, hydroxides have shown con- 
sistently higher sulfur capture than carbonates (Milne et al., 
1990; Bruce et al., 1989). The commercial limestone powder 
used in the SO, capture is usually nonporous and possesses a 
very low surface area (less than 3 m2/g). On the other hand, 
the typical calcium hydroxide sorbents possess an initial sur- 
face area of 12-18 m2/g. Ghosh-Dastidar et al. (1996) have 
shown that the c-CaO generated by the calcination of lime- 
stone possesses high surface oarea, but its pores lie predomi- 
nantly in the less than 50 A range. These pores are very 
susceptible to pore blockage and plugging, leading to prema- 
ture termination of sulfation. The h-CaO derived from 
Ca(OH), exhibits larger pore sizes; however, it also sinters at 
a much faster rate than c-CaO, leading to rapid loss of sur- 
face area and subsequent deactivation (Ghosh-Dastidar et al., 
1996). As a result, both calcium-based sorbents exhibit rapid 
deactivation and incomplete utilization. 

Earlier attempts at improving sorbent reactivity focused on 
either reducing the CaO particle size or modifying the 
Ca(OH), with structural or chemical promoters to increase 
its surface area. Investigations with promoted hydrates with 
high surface area did not exhibit much improvement in over- 
all reactivity (Kirchgessner and Jozewicz, 1989). Sadakata et 
al. (1994) produced CaO of ultrafine (UF) size of diameter 
<0.1 p m  by employing a laser ablation method. They re- 
ported that the reaction rate of UF CaO particles increased 
by a factor of 102-103 in comparison with CaO particles of 
> 1-pm size. This UF size gave rise to high surface area of 
CaO, which was mainly external surface area. Steciak et al. 
(1995) reported calcium magnesium acetate (CMA) as an ef- 
fective sorbent for combined SO,-NO, removal. They ob- 
served more than 90% SO, removal at 950-1,200"C and Ca:S 
of 2:l. Calcination of CMA produces thin-walled ceno- 
spheres of CaO and MgO with porosities of nearly 70% and 
surface area of 27 m2/g. The MgO enhances dispersion of the 
CaO, thereby reducing its sintering and increasing its accessi- 
bility. 

The preceding discussion suggests that if the calcium car- 
bonate could be modified to a more open initial pore struc- 
ture, it could yield higher sulfur capture than the hydrate 
sorbent particles. Ghosh-Dastidar et al. (1996) have demon- 

strated that a particular high surface-area limestone (Forsby 
carbonate (FC), 12 m2/g) exhibited high sorbent conversion 
of about 50%. They showed that the FC's initial high surface 
area and associated pore structure translated into an opti- 
mum pore-size distribution in its calcine, which, combined 
with the effect of slower sintering contributed to its remark- 
able sulfation capacity. Ye et al. (1995) also compared Forsby 
with another high surface-area carbonate and concluded that 
the Forsby's high reactivity was dueo to its surface area and 
pore volume located in pores > 50 A. 

In this work, calcium carbonate powder with high surface 
area and pore volume is prepared by carbonation-precipita- 
tion of a calcium hydroxide suspension in a slurry bubble-col- 
umn reactor in the presence of a small amount of surfactant. 
The operating parameters of the reactor are optimized to 
generate carbonate particles of desired pore structural prop- 
erties. The sulfation characteristics o f  these sorbent particles 
are compared with a commercial carbonate and the Forsby 
carbonate. In addition, a modified calcium hydroxide with 
pore properties similar to the modified carbonate is studied 
for comparison. The sulfation studies are carried out in a 
high-temperature, entrained-flow reactor system. Evolution of 
pore structure and the subsequent reaction effects on surface 
area, pore volume, and pore-size distribution are examined 
for reaction times less than 100 ms. These characteristics are 
used to elucidate the reasons for high reactivity of the modi- 
fied carbonate. 

Exper i men ta I 
The modified carbonate (MC) is prepared by carbonation 

precipitation in a Pyrex reactor, 64 mm in diameter and 380 
mm high. A sintered glass plate with a pore opening of 25 to 
50 Fm (ASTM Por C) is used as the gas distributor. Aqueous 
suspension of calcium hydroxide (Linwood Mining & Materi- 
als Co.) is reacted batchwise with pure CO, gas introduced 
from the bottom of the reactor. Dispex N40V, Dispex A40 
(Allied Colloids), and Lignosite 100 (Georgia Pacific) are the 
surfactants used in small concentrations of about 2 wt. % 
(based on the weight of calcium hydroxide used). The car- 
bonate used in this study is prepared by bubbling 2.25 L/min 
of CO, through a Ca(OH), suspension with solids concentra- 
tion 2.5 wt. %. A bubbling time of 20 min is sufficient for 
complete conversion of Ca(OH), to CaCO, (Wei et al., 1997; 
Fan et al., 1997). 

The postreaction slurry is filtered by #1 filter paper and 
dried in a vacuum oven at 75°C for 24 h. Scanning electron 
microscopy (SEM) and X-ray diffraction (XRD) are used to 
study the crystal structure and composition. The primary par- 
ticle-size distributions are measured by Sedigraph 5100 (Mi- 
cromeritics). 

Entrained-Jlow reactor system 
A specially designed high-temperature, entrained-flow re- 

actor (Figure 1) is used to conduct the short-time kinetic ex- 
periments. The system consists of a reactor tube assembly 
within a multizone high-temperature furnace, a powder 
feeder, water-cooled injection and collection probes with 
PC-interfaced data-acquisition systems, and a particle sepa- 
rator/classifier (Raghunathan et al., 1992, 1993; Ghosh- 
Dastidar et al., 1995). The reactor consists of an outer mul- 
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Figure 1. Entrained flow reactor (EFR) system. 

lite tube and an inner concentric tube assembly, which holds 
an entrance block between the two tubes. The entrance block 
is designed for gas entry into the inner tube from the outer 
annular region and also for instantaneous mixing of injected 
sorbent and reactant-gas stream. The reactant gas is heated 
to the desired temperature as it travels up the annular re- 
gion. After passing through the reaction zone, the sorbent/gas 
mixture is sampled by the collection probe followed by in- 
stant quenching. Positioning the collection probe at different 
axial locations makes it possible to sample sorbents at various 
residence times. 

The injection probe, located above the entrance block, in- 
jects sorbent powder into the incoming hot gas stream. The 
hot impinging gas stream ensures rapid heating of the solid 
to the reaction temperature. Both the injection and collec- 
tion probes house an assembly of two optical guides, which 
detect any particle flow through the probe tips. For any pulse 
of solid injected, the combination of probe systems produces 
two spikes separated by some time interval in the probe sig- 
nals. The residence time of the sorbent is thus determined 
on-line from a cross-correlation of these two signals 
(Raghunathan et al., 1993). 

The collection probe is shown in Figure 2. The gas-par- 
ticle mixture flows through a central hole along the probe 
axis. Two other identical holes are oriented parallel to the 
central axis and are used for housing the optical guides. These 
two holes are connected radially near the probe tip for pas- 
sage of light, and miniature prisms placed on both sides serve 
to create a light path. Dry nitrogen is purged through the 
annular space surrounding the optical guides, which comes in 

Gas-soild mixture 

Cooling To particle classification 
water out 

Figure 2. Collection probe. 

contact with the incoming hot gas-particle mixture, causing 
rapid cooling. A near-isothermal temperature profile (within 
& 10°C of the nominal) is maintained over most of the reac- 
tion zone. 

The powder is fed continuously at a rate of 300-600 mg/h, 
ensuring good dispersion of powder and a low solids/gas ra- 
tio for differential conditions. The heat-up or quenching rate 
of particles is estimated for sorbent particles subjected to an 
increase or decrease in the surrounding temperature and ac- 
counting for convection from bulk gas and radiation from re- 
actor wall. The results indicate that the particles that are less 
than 5 p m  in diameter are heated to the final temperature 
within 2 ms of injection into the hot gas stream. The assump- 
tions involved in the heat-up and quenching calculations, and 
the detailed heat balance equations are described in Ghosh- 
Dastidar et al. (1995). Gullett et al. (1988) and Alvfors and 
Svedberg (1992) also estimated negligible heat-up times for 
such small particles. Quenching of the reaction is achieved by 
mixing of the hot particle/gas stream with cold nitrogen purge 
and by the water-cooling of the collection probe. 

Calcination and sulfation studies are performed at a fixed 
reaction temperature. Calcination is carried out under inert 
N, environment, and the gas composition for the sulfation 
runs is maintained at 5.45% O,, 3,900 ppmv SO, and bal- 
ance N,. The partially reacted sorbents are classified into 
various size fractions in a cascade cyclone sampler (Andersen 
Instruments). The sorbents of a particular size group, having 
a mean aerodynamic diameter of 3.9 pm, are analyzed for 
determining reaction conversion and performing structural 
evolution studies. Obtaining these sets of information from 
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particles of the same size fraction eliminates particle size as a 
variable parameter between the sorbents. 

The FC is received as slurry and is dried and ground, while 
Linwood carbonate (LC) is used in its as-received form. In 
order to prepare the modified hydroxide (MH), the as- 
received Linwood calcium hydroxide powder is calcined at 
600°C and then rehydrated in excess water containing dis- 
solved calcium lignosulfonate surfactant. The surfactant is 
added in such a quantity that the final hydroxide product has 
1.5% mass concentration of the lignosulfonate, reported to 
be optimum by previous investigators (Kirchgessner and Lor- 
rain, 1987). 

Conversion and structural analysis 
The extent of calcination in the flow reactor is measured 

by heating a portion of the collected sorbent to its calcination 
temperature in the TGA and allowing it to decompose to 
CaO completely. The conversion for sulfation studies is ob- 
tained from SO;--ion concentration analysis by Alltech Ion 
Chromatography (IC) system. The surface area, pore volume, 
and pore-size distribution of the collected samples are 
measured by low-temperature nitrogen adsorption in a 
Quantachrome BET apparatus. In order to include the largest 
intraparticle pores in the measurement of pore volume, it is 
necessary to achieve N, condensation at a partial pressure 
close to its saturation pressure. The pore-volume measure- 
ment is made at a relative pressure of 0.95, at which the Kelvin 
equation predicts that pores up to 252 A in radius are filled. 
This ensures inclusion of most of the intraparticle pores while 
omitting the interparticle voids. Another significant point to 
note is that while the pore sizes of carbonate-calcines are 
presented in terms of pore radius, those for the hydroxide- 
calcines are reported as separation between plates. This ac- 
counts for the difference in pore shape between carbonate 
and hydroxide calcines. Gullett and Bruce (1987) suggest that 
while c-CaO possesses cylindrical pores, h-CaO can be best 
represented by a parallel-plate pore structure. 

Results and Discussion 
Surfation kinetics of MC 

The short-time sulfation kinetics of 3.9 p m  (aerodynamic 
size) MC particles is investigated at three temperatures, 900, 
1,000 and 1,080"C for residence times ranging from 20 ms to 
600 ms. As seen in Figure 3, the most distinguishing feature 
of the MC sulfation is its 70-75% conversion, which is much 
higher than the conversion of any other sorbent reported in 
the literature under similar particle-size and reaction condi- 
tions. MC does exhibit both the characteristics typical of sul- 
fation reaction, namely, the very high initial reaction rate and 
the severe attenuation at longer contact times. Both 1,000 
and 1,080"C show similar conversions achieving nearly 50% 
conversion in the first 40 ms. At higher residence times, how- 
ever, there is a considerable reduction in overall reaction rate, 
especially at 1,O8O0C, which shows a flat conversion profile, 
and 1,000"C exhibits higher conversions than 1,080"C beyond 
200 ms. At 900"C, the conversion increases initially at a slower 
rate but the flattening of the conversion profile is not as se- 
vere as at the higher temperatures and about 50% conversion 
is achieved at 600 ms. 

70 -I 

0 4  . . . . , .  , , , ~ " ' , ' " ' , ' " ' , ~ ' ' '  

0 100 200 300 400 500 t 
Residence time, ms 

Figure 3. Influence of temperature on sulfation of MC. 

For small particles it is generally accepted that the sulfa- 
tion rate increases with increasing temperature till the equi- 
librium limitation becomes evident. However, sintering also 
becomes very significant above l,OOO"C, depleting the surface 
area and pore volume available for the sulfation reaction. 
These two opposing mechanisms together yield an optimum 
temperature that exhibits the highest ultimate conversion. As 
seen in Figure 3, there is a dramatic increase in reactivity 
between 900 and 1,OOO"C; evidently the increase in sulfation 
kinetics compensates for any increase in rate of sintering. In 
order to investigate the optimum temperature for MC, the 
extent of conversion after 530 ms of sulfation is analyzed at 
various temperatures between 900 and 1,115"C for 3.9-pm 
particles. Figure 4 shows that a maxima in the conversion 
exists at 1,OOO"C with a sulfation extent of about 78. This 
temperature trend compares well with results previously re- 
ported in the literature for other carbonate sorbents of simi- 
lar particle sizes (Ye et al., 1995; Cole et al., 1985). 

The sulfation characteristics of MC are compared with 
three other sorbents-the FC, the LC, and the modified Lin- 
wood hydrate-under identical reaction conditions. The 
chemical composition and the initial surface area and pore 
volume of all the sorbents are shown in Table 1. The primary 
particle-size distribution of the sorbents, as shown in Figure 
5,  illustrates that all the sorbents possess a similar unimodal 
distribution and their d,, lie in the narrow range between 1 
and 2 pm, except for LC, which is significantly coarser. As 
shown in Figure 6, the initial reaction rate of MC is more 
than two times that of LC, while its ultimate conversion is 
nearly three times that of the commercial LC. The LC shows 
a virtual reaction die-off beyond 100 ms, and its long-time 
conversion values of about 28% match with those reported by 
previous researchers (Milne et al., 1990; Gullett et al., 1988). 
The modified hydrate (MH) possesses a surface area and 
porosity similar to the modified carbonate, and yet shows a 
final conversion of only about 35%. These conversion data 
for MH carroborate the findings by Kirchgessner and 
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Figure 4. Temperature variation in sulfation of MC. 
Residence time: 510 ms; particle size: 3.9 pm. 

Jozewicz (1989) that addition of lignosulfonate additive re- 
sults in about 35% final sorbent conversion. The only sorbent 
that exhibits an initial reaction rate comparable with the MC 
is the FC. The ultimate conversion exhibited by FC is about 
50%, and compares well with the observations of Ye (1994) 
and Wang et al. (1995). 

To confirm that the particle size is small enough to elimi- 
nate intraparticle diffusional and heat-transfer limitations, 
sulfation conversions of various particle sizes at 1,OOO"C are 
analyzed, as shown in Figure 7 for MC. The 3.9-pm and 1.7- 
pm particles do not exhibit any difference in the initial rate 
or the longer-time conversion. Ghosh-Dastidar et al. (1996) 
showed that the FC and MH also do not show significant 

Table 1. Chemical Composition and Initial Structural 
Properties of Sorbents 

Composition Modified Linwood Forsby Modified 
wt. % Hydroxide Carbonate* Carbonate* * Carbonate 

_ _ _ _ ~  - - - Ca(OH), 93.6 
CaCO, 1.0 97.0 95.6 97.0 
SiO, 
%O3 
MgO 

MgCO, 

CaO 

Cal. ligno 
sulfonate+ 

BET Surface 
area (m2/g) 

0.8 
0.6 
1 .o 
1.0 
0.5 

1.5 

62.0 

- 

0.8 
0.5 
- 
- 

0.5 
1.0 
- 

1.9 

0.26 
0.30 
0.88 

0.23 
- 

- 
- 

12.0 

0.9 
0.6 
1 .o 

0.5 
- 

- 
- 

61.0 

Pore vol. 0.115 0.004 0.04 0.121 
(crnyg) 

* .  Linwood Mining and Minerals Co. 
Carbital Co., Sweden. 

'Georgia-Pacific Corp. 
** 

0.2 1 10 50 
Particle diameter, prn 

Figure 5. Primary particle-size distribution from sedi- 
graph analysis. 

particle-size effect below about 5 pm. A similar observation 
was made by other investigators (Milne and Pershing, 1987; 
Cole et al., 1986) studying particle-size effect on sulfation. 

Pore-structure development with calcination and sulfation 
Since the external diffusional limitations do not play any 

role in dictating the sulfation characteristics of these small- 
size particles, the factors influencing the sulfation behavior 

80 

70 - 

Residence time, rns 

Figure 6. Sulfation of MH, LC, FC and MC. 
Reaction temperature: 1,080"C; particle size: 3.9 fim. 
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Figure 7. Effect of particle size on sulfation conversion 
of MC at 1,OOO"C. 

must be associated with the CaO internal structure, which 
develops from the decomposition reaction and alters with 
sintering and sulfation. Of primary interest should be the pore 
structure data of the first 50 ms, in which the bulk of the 
sorbent conversion is completed and also the extent of the 
succeeding reaction rate is determined. 

Calcination and Pore Evolution of MC. The calcination ki- 
netics and surface area and pore structure distribution 
changes are studied for MC in order to gain insights into its 
high reactivity and the effect of temperature. Figure 8 shows 

60)' . . .  I , . , ,  , ( I  . I . . I I I ' I ' . I " . ' I  
0 100 200 300 400 500 600 

Residence time, ms 

Figure 8. Influence of temperature on calcination of MC. 

701 A 
1 /  \ I t 1080°C I I 

'I 
2 0 0  
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Residence time, ms 

Figure 9. Effect of temperature on surface area evolu- 
tion during calcination of MC. 
Particle size: 3.9 fim. 

the extents of calcination, and Figure 9 shows the corre- 
sponding surface area of the partially calcined MC particles. 
Calcination of MC also exhibits a very high initial rate of 
decomposition, and nearly 75% of the ultimate calcination is 
achieved in the first 50 ms. Almost complete calcination is 
achieved at 1,080 and l,OOO"C, but 900°C exhibits a slower 
rate of calcination and reaches only about 85% calcination 
even after 600 ms. The strong influence of sintering is clearly 
visible at 1,08O"C, which shows a very high rate of surface-area 
loss, even at short contact times. This indicates that the sur- 
face-area loss due to sintering more than compensates for 
the additional surface area being produced by the calcination 
reaction. The rate of sintering is strongly dependent on the 
surface area of the sintering CaO and is accepted to follow 
second-order kinetics as proposed by Nicholson's (1965) 
model (Ghosh-Dastidar et al., 1995; Mai and Edgar, 1989; 
Silcox et al., 1989) 

(4) 

where S is the surface area at time t ;  S, is the asymptotic 
surface area; and k ,  is the specific sintering rate constant. 
Due to the high surface area of the MC itself, the surface 
area of its nascent calcine can be expected to be very high. 
As a result, the rate of surface-area reduction is the highest 
in the initial few milliseconds, when the surface area of the 
nascent calcine is the greatest. At higher residence times, the 
surface area approaches the asymptotic value and the rate of 
sintering is much slower. On the contrary, 900°C shows a 
maxima in the surface area at about 34 ms in spite of the 
calcination extent being 76%. 

Figure 10 shows the variation of the total pore volume with 
time. The pore volume is seen to increase for all the three 
temperatures initially. However, the increase is not commen- 
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Figure 10. Influence of temperature on pore volume 
evolution during calcination of MC. 
Particle size: 3.9 pm. 

surate with the theoretically predicted amount of pore vol- 
ume based on the molar volume of CaCO, and CaO. This 
indicates that sintering does consume a substantial amount of 
the pore volume also. Moreover, sintering also leads to a dis- 
appearance of the small pores that combine to yield larger 
pores, thus shifting the pore-sue distribution t,o larger sizes. 
This might give rise to pores larger than 500 A in diameter. 
The measurement of such large pore sizes would entail inter- 
ference with the interparticle voids and moreover, such large 
pores contribute negligible surface area for the sulfation re- 
action. The desorption isotherm is used for these calcula- 
tions, and the Kelvin equation forms the basis for determin- 
ing the pore-size distribution: 

where rp indicates the actual radius of the pore in which con- 
densation occurs at the relative pressure, P/Po, and t is the 
thickness of the adsorbed film. At the rtlative N, pressure of 
0.96, all the pores of sizes up to 252 A are assumed to be 
completely filled, and this also corresponds to the total pore 
volume of the solid. The pore-volume distribution after 20 ms 
of calcination is similar at all of the three temperatures. This 
indicates that the primary difference between the three tem- 
peratures is due to the surface-area evolution. The 1,ooo"C 
shows a similar rate of calcination and a higher surface-area 
retention compared to 1,08O"C, which leads to its comparable 
rate of sulfation in the initial 50 ms. At longer times, 1,OOO"C 
is seen to possess a higher surface area (Figure 9) as well as 
pore volume (Figure 10) than 1,O8O0C, which would help in 
the higher overall sulfation conversion at 1,OOO"C than at 
1,080°C, as seen in Figure 3. 
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Figure 1 Scanning electron micrographs of MC and 
MC-calcined at 900°C for 600 ms. 

SEM analyses are conducted to complement the studies of 
structural changes accompanying the simultaneous calcina- 
tion and sintering. Figure 11 shows the scanning electron mi- 
crographs of original MC and MC calcined at 900°C for 600 
ms. The calcium-based sorbents undergo size variations due 
to fragmentation and/or agglomeration in the high-tempera- 
ture reaction environment. In order to analyze the mechani- 
cal strength and fracturability of the MC particles, the effect 
of high-temperature environment on the particle-size distri- 
bution of the MC is studied using Sedigraph analysis of the 
original MC and of the partially calcined MC following 170 
ms of calcination at 1,OOO"C. Hu and Scaroni (1995) have 
shown that calcination and subsequent CO, pressure buildup 
within the particles can lead to fragmentation. They studied 
particle sizes between 37 and 105 p m  and found that the 
dolomitic carbonates were more susceptible to fragmentation 
than the carbonate particles. However, in the case of small 
particle sizes ( < 10 pm), agglomeration can take place dur- 
ing fluidization in the particle feeder unit and breakup may 
occur during transport due to the fluid-shear (Ghosh-Dasti- 
dar et al., 1994; Lee and Fan, 1993). All these factors to- 
gether dictate the particle-size distribution and its variations. 
The particle-size distribution is found to change only slightly 
from the original to the calcined MC. The CO, pressure 
buildup can be discounted in the case of MC due to its small 
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particle size and its high porosity, thus leading to lesser frag- 
mentation tendency. 

The formation 
of the larger molar volume product CaSO, leads to loss of 
pore volume through pore filling or pore-mouth closure. In 
the case of presintered CaO, the porosity change is due to 
the sulfation reaction alone and can be obtained from a vol- 
ume balance (Bhatia and Perlmutter, 1981a): 

Porosity Changes During Sulfation of MC. 

where e0 represents the porosity of the calcined and sintered 
CaO. In our case, the sulfating sorbent is undergoing con- 
comitant porosity changes due to calcination and sintering. 
The predicted porosity of the sorbent is calculated with the 
following assumptions. The extent of CaO pore reduction due 
to sintering is assumed to be identical for both sulfation (with 
SO,) and calcination (without SO,) reactions. The extent of 
hydroxide or carbonate decomposition to CaO is assumed to 
be unaffected by the presence of SO,. The fraction of CaO 
(w,) per unit weight of partially calcined product can be ex- 
pressed as Figure 12. Comparison of experimental pore volume af- 

ter sulfation at various residence times with V 

wc= Ms 9 

- ( l -Xc)+Xc 
MC 

(7) 

where M, and M ,  are molecular weights of the sorbent and 
CaO, respectively. During sulfation reaction, a fraction of this 
wc converts to CaSO,. If the overall sulfation conversion is 
expressed as X, ,  the amount of CaSO, can be obtained as 

wp=xs -+- MP' ( 2  :,) (8) 

where Mp is the molecular weight of the product, CaSO,. 
The amount of residual CaO is 

wc= [ --xs 2 ( 2  -+- 31 M,. (9) 

The additional volume occupied by the product CaSO, is 
due to its higher molar volume (v,) compared to that of CaO 
(v,). If V,  is the specific pore volume after calcination, then 
the predicted pore volume after equal duration of sulfation 
per unit weight of sulfated sample can be expressed as 

The pore volume values for MC are calculated and plotted in 
Figure 12 with the experimentally obtained values. The nega- 
tive values of the predicted pore volumes can be interpreted 
as higher-than-theoretically predicted sulfation of MC. Gul- 

that predicted from calcination results. 
Reaction temperature: 1,080"C. 

lett and Bruce (1987) investigated sulfation by h-CaO and 
c-CaO and attributed the higher-than-theoretically predicted 
sulfation by h-CaO to particle expansion. Their tests with 
mercury porosimetry indicated expansion in the interparticle 
region of h-CaO, and tests with nitrogen adsorption/desorp- 
tion indicated that nitrogen is capable of expanding the h- 
CaO and increasing the void space by as much as 25%. They 
concluded that the formation of CaSO, must be able to pro- 
duce even greater expansion than indicated by nitrogen ad- 
sorption/desorption, and hence be able to show maximum 
conversions that indicate about 30% particle expansion. The 
MC at 520 ms is analyzed to need a particle expansion of 
nearly 35% to accommodate the higher molar volume prod- 
uct. Another possible factor is the effect of sintering on pore 
volume is diminished in the presence of SO,. Newton et al. 
(1989) performed calcination and sulfation experiments in the 
presence of CO, and observed a reduction in sintering effect 
during sulfation. They concluded that during sulfation, the 
influence of CO, in accelerating the rate of sintering is inhib- 
ited due to the product layer surrounding the CaO grains. 

It is accepted that the solid-state 
ionic diffusion through the product CaSO, layer is the con- 
trolling mechanism for the sulfation reaction (Bhatia and 
Perlmutter, 1981b, Sotirchos and Yu, 1985). This is based on 
the activation energy of diffusion as well as the surface-area 
dependence (Borgwardt and Bruce, 1987; Borgwardt et al., 
1987). The conversion vs. time data is used to evaluate the 
product-layer diffusivity as follows. Bhatia and Perlmutter 
(1981a, 1983) formulated the random pore model, which ac- 
counts for product-layer expansion due to the larger molar 
volume of CaSO, relative to CaO. In the case of product-layer 
diffusion controlling, the model gives 

Product-layer Diffusion. 
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where, 

and 

The values of the pore-structure parameter Q typically vary 
from 1.2 to 2.5 (Borgwardt et al., 1987). The time required to 
reach a given conversion decreases with the square of the 
surface area. The value of kd is calculated by fitting the X ,  
vs. t experimental data to the lefthand side of Eq. 11 to mini- 
mize the deviation. The Dp value is calculated from Eq. 12 
using S, values from the calcination experimental data (Fig- 
ure 9) and M = 56 g/mol, C,  = 1.7x lo-' mol/cm3 (3,900 
ppm), p = 3.32 g/cm3, and z = 3.09. Using a value of Q = 1.2 
(Borgwardt et al., 1987) and using only the experimental data 
beyond the initial 30 ms, it is found that the value of Dp is 
30 X lo-'' m2/s at l,OOO"C, which compares well with 69 X 
lo-'* m*/s obtained by Bhatia and Perlmutter (1981b) at 
980°C. The reported values of activation energy for product- 
layer diffusion vary from 30 kcal/mol to nearly 40 kcal/mol 
(Borgwardt et ai., 1987). The activation energy is calculated 
to be 37.5 kcal/mol in this study for product-layer diffusion- 
controlled sulfation of MC. Borgwardt and Bruce (1986) ob- 
tained 36.6 kcal/mol, Bruce et al. (1989) obtained 39 kcal/mol 
for c-CaO particles, and Hartman and Trnka (1980) obtained 
34 kcal/mol for limestone particles. The reported values lie 
within the range normally seen for diffusion of ions by ther- 
mally induced lattice defects (Bruce et al., 1987). The preced- 
ing calculations are based on the SO:- ions diffusing 
through the product layer to the CaO/CaSO, interface. Re- 
cently, Hsia et al. (1993, 1995) examined the mechanism of 
diffusion by conducting inert marker experiments and 34S iso- 
tope experiments. They established that the ionic diffusion 
takes place by the outward diffusion of Ca2+ ions and 0'- 
ions in a coupled manner from the CaO/CaSO, interface to 
the CaSO,/gas interface. At the CaS04/gas interface, the 
sulfation reaction takes place as 

1 
2 

Ca2+ +o*- + -0, +SO, tf CaSO,. (15) 

Comparison with other sorbents 
In order to explain the high reactivity of the MC, its pore 

structural evolution is studied with calcination and sulfation 
and compared with FC, LC, and MH. Figure 13 shows the 
initial pore-volume distributions for the sorbents. The modi- 
fied hydrate and the modified carbonate possess similar pore 
volume as well as surface area. In addition to the pore-volume 
distribution, the distribution of surface area in the various 

15 100 
Pore radius, A' 

300 

Figure 13. Comparison of pore volume distributions of 
sorbents before calcination. 

pore sizes is investigated for the calcines. The surface-area 
distribution is theoretically calculated from the pore-size dis- 
tribution (Gregg and Sing, 1982). The cumulative surface-area 
value at any pore radius, r, represents the total amount of 
surface area residing in the pores of radius, r, or larger. The 
overall surface area of the calcine (A) can be calculated by 
summation over all size intervals as 

2v 
A = C A ,  (16) 

'P 

where Vp represents the actual pore volume in each size in- 
terval. For the hydrate sorbent, it is accepted that its calcine 
possesses a parallel-plate-shaped pore structure (Gullett and 
Bruce, 1987). The pore-volume distribution and the surface- 
area distribution procedure for the hydrate is similar to the 
carbonate except the pore radius, rp, is replaced by the plate 
width, d,  and (rp - t )  is replaced by ( d  -2t) in Eqs. 5 and 16 
(Innes, 1957). 

Figure 14 corresponds to the pore-volume distributions af- 
ter 34 ms of calcination at 1,O8O0C, and Figure 15 shows the 
corresponding surface-area distributions. Calcination conver- 
sion data show that for high temperature and small particle 
size, there is no appreciable difference between the three 
carbonates and modified hydroxide in CaO generation rate 
(Ghosh-Dastidar et al., 1996), with all the sorbents exhibiting 
between 85 and 95% decomposition after 34 ms. Upon com- 
paring the carbonates, the surface area of FC-CaO is greater 
than MC-CaO, and the LC-CaO also shows a high surface 
area. Yet the sulfation extents of the carbonates are consid- 
erably different from each other, which indicates that the 
surface area of the calcine alone cannot be used to predict 
their sulfation behavior. 

Only abou: 35% of total pore volume of LC-calcine lies in 
pores > 50 A in size, while the surface-area distribution indi- 
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Figure 14. Comparison of pore volume distributions af- 
ter 34 ms of calcination at 1,080"C. 
Particle size: 3.9 pm. 

cates only about 10% of surface area in > 50 A pores for LC. 
The FC-calcine possesses about 45% of its pore volume a td  
about 15% of its surface area in pore sizes greater than 50 A. 
On the contrary, neoarly 75% of the MC-calcine pore volume 
lies in the SO-200-A size range. This leads to nearly 50% of 
the surface area in this pore-size range for the MC-calcine. 

Upon comparison of the original sorbent pore-volume dis- 
tributions (Figure 13) and the distribution in their calcines 
after 34 ms (Figure 141, it can be seen that the FC shows a 

60 
I 

-f MC,95% 

-A- MH,92% 

10- 

IS 100 300 
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Figure 15. Specific surface-area distribution after 34 ms 
of calcination at 1,080"C. 
Particle size 3.9 pm. 

4-times addition to the pore volume in the < 50 A sjzes, while 
the MC shows that the pore volume in the < 50 A sizes re- 
mains nearly unaltered. The total surface area of the 
MC-CaO has reduced from 61 m2/g (original sorbent) to 42 
m2/g, which is lower than the FC-CaO (54 m2/g). Since the 
MC-, FC-, and LC-CaO are derived from carbonates of simi- 
lar chemical composition, and show similar extent of decom- 
position, a probable explanation for the differences in their 
pore volume and surface-area distributions can be as follows: 
the original MC possesses substantial pore volume and sur- 
face area in the sm$ler sizes. The nascent MC-CaO formed 
in the pores < 50 A in the initial few milliseconds possesses 
extremely high surface area, which cannot be sustained and is 
consumed rapidly by sintering. As a result, the pore-structure 
data of MC-calcine at 34 ms does not exhibit high surface 
area. The FC and the LC, ,on the other hand, do not possess 
high volumes in the < 50-A sizes, and upon calcination gen- 
erate pore volume and surface area that can be sustained. As 
a result, all the three $arbonate calcines possess similar pore 
volumes in the < 50-A range, as seen in Figure 14. 

In comparison, the MH-CaO has the lowest surface area 
of all the calcines, and unlike the carbonate calcines its pore 
volume decreases from the parent sorbent. Both these indi- 
cate an extremely high deFree of sintering. MH also shows a 
reduction in the 50-200 A pores, while all of the three car- 
bonate calcines exhibited an increase. In the case of MH, the 
high nascent surface area of its calcine combined with the 
higher sintering of hydrate-derived calcines together lead 
to the poor pore properties of its calcine. One possible expla- 
nation for the lower sintering rate of carbonate-derived 
calcines, as proposed by Borgwardt (19891, is that due to dif- 
ferences in molar volumes between CaCO, and Ca(OH),, 
packing of CaO grains produced from carbonates is relatively 
less dense, which offers fewer contact points between these 
grains. Borgwardt (1989) further reported that even though 
the activation energies of sintering for hydroxide and carbon- 
ate calcines are comparable, the sintering rate constant for 
the latter is one order of magnitude less than that of the 
former. 

Figures 14 and 15 elucidate two contributing factors that 
lead to the higher reactivity of MC. First, its calcine provides 
a high surface area and pore volume. Second, MC-CaO also 
possesses a favorable pore-size distribution, which distin- 
guishes this sorbent from other carbonates. More than 90% 
of the LF-calcine surface area resides in the pores smaller 
than 50 A. In spite of the relatively high surface area to vol- 
ume ratio this pore structure offers, pore filling and pore- 
mouth plugging occur predominantly in these small pores. In 
the event of pore-mouth plugging, further SO, access into 
the inner pore region is severely limited, and the sulfation 
rapidly dies off (Simons and Garman, 1986; Milne and Persh- 
ing, 1987). 

&dysis of the sorbent properties for maximizing 50 - 200 
A pores 

Assume CaCO, with a total pore volume of V, (cc/gmol) 
calcines completely to CaO. Let f ,  be the fraction of the 
total pore volume in a specific size range, with r, being the 
average pore radius, and if being the total pore length used 
to represent the pore volume, 5 ( = f ,  * Vo> in that pore-size 
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range. Assuming no change in the pore length and no effect 
of sintering, the void volume balance for the given pore-size 
range can be written as 

(17) 2 a ( r ,  + A r )  1, - rrrfl, = us - vc. 

Since V, can be expressed as 

Eq. 17 can be rewritten to express the change in pore radius, 
Ar: 

The preceding analysis represents the increase in the average 
pore radius of a specific pore-size range. For a given V,, Ar 
increases with decreasing f,, as seen i? Figure 16. Since max- 
imization of the pores in the 50-200 A in the calcine formed 
is desired, the preceding analysis can be used to provide 
guidelines for the sorbent pore distribution characteristics. 
Consider two original sorbents of identical pore volumes, Vo, 
but having djfferent fractions of their total pore volume in 
the 50-200 A size range. The sorbent with higher f ,  would 
$ow lower Ar,  thus retaining more of the pores in the 50-2q 
A size range. On the other hand, for the pores in the < 50 A 
range in the original sorbent, a low f,, would shift these small 
pores into the higheresize range. Thus, a large fraction of 
pores in the 50-200 A and a small fraction of pores in the 
< 50 A pore sizes would represent optimum pore distribu- 
tion for a sorbent. 

T 
0.2 0.25 0 3  0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 

fv 

Figure 16. Increase in pore radius upon calcination as 
a function of the average pore radius. 
v0 = I 2 cm3/mol. 
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Figure 17. Pore-volume distribution after 34 ms of sul- 
fation at 1,080"C. 
Particle size: 3.9 pm. 

Effect of surfation on pore volume distribution 
Figure 17 shows the pore-volume distribution after 34 ms 

of sulfation at 1,080"C to perform a comparative analysis be- 
tween different sorbents. The sulfation extents for MC, FC, 
LC, and MH are 46, 38, 18, and 23, respectively. All the sor- 
bents show a drastic reduction ia total pore volume as well as 
the contribution of the <50-A pores. The MC shows the 
highest consumption of pore volume due to its highest con- 
version. The sulfation conversion curves shown in Figure 6 
indicate that beyond the initial 34 ms of reaction, MC, FC, 
and MH show about 26%, 12%, and 15% additional conver- 
sions in the maximum allowed reaction time of about 550 ms, 
while only about 6 to 7% further utilization is observed in the 
case of LC. Figure 17 shows that the residual pore volume 
available for subsequent reaction is the least for, LC-CaO 
and furthermore, most of it resides in less than 50 A pores. 

Conclusions 
Most of the previous work in improving calcium-based sor- 

bents has maximized the surface area of the parent sorbent 
in order to produce a high surface area and high reactivity 
CaO. However, such modifications failed to overcome the 
blockage and plugging of internal pores that lead to prema- 
ture termination of sulfation. In order to maximize the sulfa- 
tion capacity of calcium-based sorbents, it is established that 
the pore: of their calcines have to lie predominantly in the 
50-200 A sizes. 

In this work, the internal pore properties (surface area and 
pore-size distribution) of calcium carbonate sorbent are mod- 
ified to improve its SO, reactivity. The modified carbonate 
exhibits exceptionally high conversion of 70-75%, which rep- 
resents a nearly threefold enhancement over the commercial 
carbonates and hydrates. The high initial surface area and 
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the open pore structure of the modified carbonate translates 
into an optimum pore-size distribution in its calcine, which 
combined with the effect of slower sintering contribute to its 
remarkable sulfation capacity. The surface area and the pore 
volume in the 50-200 A range of its calcine are maximized, 
which distinguishes the modified carbonate from other sor- 
bents. Comparative investigation with other carbonates re- 
veals that in spite of the high surface area of their calcines, 
the pore-size distribution shows a preferential dominance of 
very small pores, which leads to pore plugging and premature 
termination of sulfation. A modified hydrate of high surface 
area and porosity comparable to the modified carbonate is 
also investigated. The ultimate conversion as well as the ini- 
tial reaction rate of the modified carbonate are nearly twice 
as high compared to the modified hydrate. 

The results of this study illustrate the impact of internal 
pore structure on initial reactivity and ultimate sulfation con- 
version of calcium-based sorbents. It also demonstrates the 
potential of “tailoring” the internal pore structure of sorbents 
to increase their effectiveness. 
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Notation 
C, = concentration of SO, in bulk phase 
Dp = product layer diffusivity 
k ,  = apparent rate constant for sulfation reaction 
Lo= total length of pore system per unit volume of calcine 
Po = saturation vapor pressure of adsorbate nitrogen 
P= vapor pressure in equilibrium with adsorbate condensed in 

R = universal gas constant 
So = pore surface area per unit volume of calcine 
S, = pore surface area per unit weight of calcine 
T =  temperature 

VL = molar volume of adsorbate nitrogen 
w, = fraction of unreacted sorbent in partially calcined sorbent 
W = fraction of product CaSO, in partially calcined sorbent 

= fraction of unsulfated CaO in partially calcined sorbent 
X ,  = extent of calcination of sorbent 

z= ratio of molar volume of CaSO, to molar volume of CaO 
E =  porosity of calcined, sintered, and partially sulfated CaO 
p =  molar density of CaO 
y= surface tension of adsorbate nitrogen 

uc = molar volume of CaO 
v, = molar volume of sorbent/CaCO, 

pore 
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