
An Investigation of CaO Sulfation 
Mechanisms in Boiler Sorbent Injection 

A laboratory differential reactor study was conducted at tempera- 
tures of 975- 1,275 K to investigate CaO sulfation mechanisms with cal- 
cine (CaO) samples derived from pulverized limestones and dolomites, 
and hydrated limes. The limestones had 8- 1 15 pm mean particle sizes, 
a range applicable for boiler sorbent injection for SO, control. Under 
conditions applicable for boiler sorbent injection, the sorbent perfor- 
mance, in terms of initial reaction rate and saturation utilization, was lim- 
ited by the SO2 pore diffusion rate and by premature pore mouth plug- 
ging by CaSO, product and, thus, depended on CaO particle size and 
pore size. Hydrated lime and Na,CO,-promoted limestones showed per- 
formance superior to that of limestones, because they produced cal- 
cines with larger pores. Intrinsic reaction rate as reported by Borgwardt 
and Bruce (1986) was observed at temperatures below 1,100 K. 
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Introduction 
Boiler sorbent injection is a low capital cost option for retrofit 

flue gas SO2 control. It involves injection of a calcium-based 
sorbent (e.g., pulverized limestone or hydrated lime) into the 
high-temperature (approximately 1,250-1,600 K) regions of a 
coal-fired boiler. At these temperatures, the sorbent is rapidly 
calcined to form CaO, which subsequently undergoes sulfation 
to CaSO,. Although reaction of SO, with the limestone is possi- 
ble, the rapidity of calcination makes the sequential reaction 
most likely. Pilot and industrial tests of boiler limestone injec- 
tion have demonstrated SO, reductions of 50% or higher a t  sor- 
bent utilization efficiencies ranging from 15 to 20% (Fink et al., 
1984). This low sorbent utilization offers the opportunity for sig- 
nificant process improvement. 

The sulfation reaction involves complex chemical and physi- 
cian phenomena, such as the intrinsic chemical reaction, various 
gas and solid diffusional processes, and pore plugging by reac- 
tion product. The sulfation reaction has been widely studied, 
especially under conditions applicable to the fluidized bed com- 
bustion process (e.g., Potter, 1969; Borgwardt, 1979; Borgwardt 
and Harvey, 1972; Pigford and Sliger, 1973; Hartman and 
Coughlin, 1974, 1976; James and Hughes, 1976; Dogu, 1981; 
Bardakci, 1984; Chang and Thodos, 1984; Ciambelli et al., 
1985). Published experimental data from many of these studies 
are limited to relatively large calcine particles (-1 mm) with 
low surface areas (4 m’/g) and low reaction temperatures 
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(< 1,120 K), and to nondispersed reaction systems. Reaction 
rates measured under the above conditions are too low to 
account for the significant sorbent reactivity observed in the 
very short contact time (a few seconds or less) in boiler tests. 
More recent experimental studies (Borgwardt, 1985; Borgwardt 
et al., 1986) conducted with very fine (-1 Fm) limestone par- 
ticles showed that extremely high CaO surface areas (up to 90 
m’/g) are produced when fine limestone is calcined in a well- 
dispersed reaction system. Additional studies (Borgwardt and 
Bruce, 1986; Borgwardt et al., 1987) showed that sulfation 
activity of 1 pm CaO particles increases with the square of their 
BET surface area. These results may account for the high sor- 
bent reactivity observed in boiler tests. 

A calcine particle produced from CaCO, or Ca(OH), in a dis- 
persed system may be regarded as an aggregate of many nonpo- 
rous grains of CaO, surrounded by intraparticle void spaces (or 
pores), Figure 1. To account for reported high-calcine surface 
areas, these grains must be quite small (e.g., as small as -20 nm 
in diameter). The reaction of such a calcine particle with SO, 
involves the following rate processes: diffusion of S02/02 
through the bulk gas to the particle surface, diffusion of S02/02 
through the pores (intergranular voids) to the grain surfaces, 
adsorption of the gaseous species on the grain surfaces, diffusion 
of reacting species through the CaSO, product layer a t  the grain 
surfaces, and chemical reaction. Borgwardt and Bruce (1986) 
showed that, in the absence of bulk and pore diffusion resis- 
tances, sulfation is controlled by product-layer diffusion at  the 
grain surfaces. The following model was reported for the intrin- 
sic CaO reaction rate, that is, the rate in the absence of gas 
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Figure 1. CaO particle. 

phase diffusional resistances. 

I - 3(1 - X)2'3 + 2(1 - X )  = k d  * t (1) 

kd = 2.65(S)2(Ps0,)" exp ( - E / R T )  

This model is based on the unreacted core model (Levenspiel, 
1972; Szekely, 1976) with product-layer diffusion as the limit- 
ing resistance. The model equation indicates that the reaction 
rate is proportional to the square of the CaO BET surface area 
( S ) .  The activation energy ( E )  was determined to be 153 kJ/ 
mol t36.6 kcal/mol) and the reaction order in SO, partial pres- 
sure ( n )  was determined to be 0.62. Based on the reaction order 
and the high temperature sensitivity, it was concluded that the 
product-layer diffusion occurs through a solid-state ionic diffu- 
sion process. 

The product-layer diffusivity (0,) has been calculated based 
on observed rate data (Borgwardt et al., 1987) for CaO derived 
from six different limestones and six different hydrated limes. 
At 1,073 K, 304-Pa SO2, and with about the same 22 m2/g aver- 
age BET surface area, the diffusivities ranged from 1.2 x lo-', 
to 3.2 x 1 2-12 m'/s for the CaO samples derived from natural 
limestones and from 1.4 x lo-', to 2.7 x lo-'' m'/s for the 
hydrate-derived samples. In the calculation of the product-layer 
diffusivities, Borgwardt et al. used the random pore model of 
Bhatia and Perlmutter { 198 I ) ,  rather than the unreacted core 
model above. The above results indicated that the activity of 
C a O  in the absence of pore diffusion resistance is about the 
same whether derived from limestone or hydrated lime. These 
results do not explain many recent observations in pilot-scale 
tests that hydrated sorbents are more reactive than limestones 
for boiler sorbent injection (e.g., Beittel et al., 1985; Bortz and 
Flament, 1985; Cole et al., 1986; Kirschgessner and Gullett, 
1986; Snow et al., 1986). 

Prior to the sulfation mechanism study reported here, an 
extensive laboratory calcination study was conducted using the 
same test sorbents (Stouffer and Yoon, 1986). This work deter- 
mined calcination kinetics as well as the effects of calcination 
conditions on calcine physical properties. For the commerical 
limestone samples having a size range applicable to boiler injec- 
tion, calcination in a well-dispersed system (i.e., the differential 
reactor) produced calcines with BET surface areas ranging up 
to 70 m2/g. The observed surface areas were in the same range 
reported by Borgwardt (1985) and Borgwardt et al. (1986) for 
1 -Irm limestone particles. These results indicate that calcine 
intermediates in the boiler injection process may have high sur- 
face areas. Calcine surface area depended on calcination tem- 
perature and contact time, C 0 2  partial pressure, and the source 
limestone. This information was used for generating CaO sam- 
ples for the present sulfation study. 

In the current study, the mechanisms and rate-controlling 
steps for the CaO/S02 reaction were investigated for CaO par- 
ticle sizes applicable to boiler sorbent injection. This study pro- 
vides information on the effects of pore diffusion and pore 
mouth plugging on sulfation. The test variables were calcine 
physical properties (particle size, surface area, and pore struc- 
ture), reaction temperature, SO, concentration, and the concen- 
tration of different alkali additives applied to the limestone prior 
to calcination. Calcine physical properties were varied by using 
different calcination conditions and different CaO precursors. 
The test temperature range was from 975 to 1,275 K, at  the low 
end of the range appropriate for boiler injection (about 1,150 to 
1,500 K) .  Calcines from 1 1  commercially available sorbents 
were tested. The sorbents included seven pulverized limestones, 
two pulverized dolomitic stones, and two hydrated sorbents. A 
laboratory differential reactor was used to measure the sulfation 
rate and saturation calcium utilization. 

Experimental Studies 
Test Sorbents 

Table 1 shows chemical and physical analyses of 12 sorbents 
used for this study. They include seven limestones, one pure 
CaCO,, two dolomitic stones, a hydrated lime, and a pressure- 
hydrated dolomitic lime. All were commercially available and 
potential candidate sorbents for boiler injection, except for Sor- 
bent No. 8, a high-purity, reagent-grade, precipitated CaCO,. 

The limestones and dolomitic stones had a significant varia- 
tion in particle-size distribution with the mean diameters rang- 
ing from 8.4 to 1 15 pm (specific surface mean). The BET spe- 
cific surface areas ranged from 0.3 to 6.3 m2/g for these stones. 
BET surface areas were 21 and 23 m2/g for the hydrated sor- 
bents. 

Much of the sulfation kinetic data were generated with cal- 
cines from one stone, the Dravo Maysville - 100 mesh limestone 
(Sorbent No. I ) .  Other sorbents were tested for comparison. 

Diflerential reactor 
A fixed-bed differential reactor (Figure 2) used for the tests 

was similar to that described by Borgwardt et al. (1986). The 
test unit allowed control of isothermal reaction temperature to 
within 3 K up to 1,300 K and control of the C a O  contact time 
with SO, to about I s. To maintain differential sulfation condi- 
tions with respect to SO, partial pressure and temperature and 
to eliminate bulk gas mass transfer resistance, very small sor- 
bent charges (down to 8 mg) were well-dispersed in quartz wool 
and were swept with large flows (up to 2 m3/h standard) of 
simulated flue gas. Differential conditions were not possible 
above about 1,225 K because of high sulfation rates. A few tests 
a t  1,275 K provided saturated sorbent utilization data, but no 
accurate rate data. 

Test Procedures 
Calcine preparation 

Before sulfation rate measurement, the sorbent sample was 
calcined under controlled conditions. 

For each of the test sorbents, tests were conducted in which 
the sorbent was calcined in the differential reactor immediately 
prior to sulfation. This produced very high surface area calcines 
(35 to 70 m2/g). The sorbent particles were dispersed in a quartz 
wool matrix and contacted by a flow of air. The calcination tem- 
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Table 1. Test Sorbents 

Elemental Analysis 
of 1,200 K Ash 

CaO MgO Mass Specific BET? Surface Area 

Average Particle Dia. Fm* 

No. Sorbent wt. % wt. % Median Surface Mean** of Raw Sorbent, m2/g 
___ 

1 Dravo Maysville Limestone, -100 mesh 50.8 2.74 28.3 13.4 1.4 
2 Dravo Maysville Limestone, -325 mesh 51.9 2.81 7.2 8.5 6.3 
3 Pfizer Marble White 200 Limestone 54.8 0.4 23.1 14.6 0.7 
4 Warner Bell Mine Limestone 54.7 0.6 25.9 15.8 1.8 
5 Mississippi R- 1 Limestone 55.2 0.3 300.0 112.0 0.9 
6 Genstar Apex Limestone 56.5 0.5 28.3 16.1 1 .O 
7 Utah Marblehead Limestone 56.6 0.3 48.0 21.0 0.9 
8 Baker Reagent CaCO, 56.5 0.0 13.2 11.2 0.5 
9 Hommel # 1974 Dolomite 32.0 20.1 32.9 22.0 0.8 

10 Warner Dolomite 28.9 22.0 98.2 55.8 0.3 

12 Pressure Hydrated Dolomite 41.7 30.4 $ $ 23.3 
1 1  Dravo Longview Hydrated Lime 72.0 2.4 $ $ 21.1 

E 
m  ̂ 70 

~ ~ ~ ~ ~~~~~ 

'Particle size determined by wet screening and by Coulter Counter. 
*'Specific surface mean, Dp - (ZYi)/(XYi/Di),  and where Yi - weight fraction of size cut and Di - Average diameter of size cut. 
?Surface areas determined by N, adsorption and one-point BET method. 
$Reliable particle size data not available for hydrated sorbents. 

Dravo -100 Mesh Limestone 
- 0% C02 Purge Gas 

perature was controlled at the same temperature as for the sub- 
sequent sulfation. The contact time was set at about that 
required for complete calcination in order to develop the maxi- 
mum calcine surface area. Based on previous calcination data 
(Stouffer and Yoon, 1986), the calcine surface area reaches a 
maximum at about the point of complete calcination, followed 
by a gradual drop in surface area with further contact (Figure 
3). Because of the temperature dependence of the calcination 
rate, shorter contact times were required for complete calcina- 

Simulated 
Flue Gas 

- I - Vent 
Bypass 3 

Dispersed Sorbent 

Purge 

4% 
U 

Figure 2. Differential reactor test unit. 

tion at higher temperature. For a given sorbent sample, the max- 
imum calcine surface area was nearly independent of calcina- 
tion temperature (Figure 3). The maximum calcine surface area 
depended on the source sorbent (Table 2), varying from 35 to 70 
m2/g among the ten calcitic and dolomitic limestones tested, 
and 40 to 45 m2/g for the two hydrated sorbents tested. 

For one sorbent, the Dravo Maysville Limestone (No. I ) ,  
tests were conducted for calcines with a range of surface areas. 
For tests with low surface area calcines (less than 20 m'/g), 
limestone samples were calcined externally in a muffle furnace 
in 1- to 2-g batches. Calcination under these nondifferential, 
nondispersed conditions yielded low surface area calcines. For 
tests with intermediate surface area calcines (20 to 35 m2/g), 
samples were calcined in the differential reactor, and the con- 
tact time was extended after complete calcination (to 30 min- 
utes to one hour or more). 

Surface area and pore volume distributions of the CaO inter- 
mediates were determined by producing calcine samples under 
conditions duplicating those used prior to sulfation. Calcine sur- 
face areas were measured by N, adsorption at 77 K and the one- 
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Figure3. Dependence of calcine BET surface area on 
calcination temperature/contact time. 
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Table 2. Maximum Calcine Surface Areas 

Max. BET 
Surface Area 

No. Sorbent of Calcine m2/g 

1 Dravo Maysville Limestone, -100 mesh 50-55 
2 Dravo Maysville Limestone, -325 mesh 35 

4 Warner Bell Mine Limestone 45 
3 Pfizer Marble White 200 Limestone 60 

5 Mississippi R-1 Limestone 70 
6 Genstar Apex Limestone 60 
7 Utah Marblehead Limestone 65 

9 Hommel # I  974 Dolomite 70 
10 Warner Dolomite 70 
11 Dravo Longview Hydrated Lime 40 

8 Baker Reagent CaCo, 55 

12 Pressure Hydrated Dolomite 45 

point BET method. Pore distributions were determined from N2 
desorption isotherms (77 K), following the methods of Barrett et 
al. (1951). 

Preparation of additive promoted sorbents 
Tests were conducted with an additive (Na,CO,, NaCI, 

CaCI,, or FeCI,) added to limestone prior to calcination. For 
most of these tests, the promoted limestone sample was prepared 
by adding an aqueous additive solution to a limestone/water 
siurry with vigorous mixing, followed by evaporation of water 
from the combined slurry to form a dry product. For a few of the 
tests, the additive was finely ground and mixed in dry form with 
the pulverized limestone. After preparation of the promoted 
limestone, the sample was calcined in the differential reactor as 
described previously. The calcination time was set for complete 
calcination. 

Sulfation rate measurement 
After calcination, the differential reactor was used to contact 

the CaO sample with a simulated flue gas stream, typically con- 
taining 80% N,, 15% CO,, 5%, 0,, and 750-3,000 ppm SO,. 
Immediately after a set reaction time between 5 and 600 s, the 
SO,-containing gas was shut off, and the quartz holder was 
removed quickly from the furnace and cooled by a water spray 
on the exterior tube surface. The entire quartz wool bed was 
removed from the quartz holder and analyzed. The conversion of 
CaO to CaSO, was determined by the Ca  and S contents in the 
recovered sample, measured by atomic adsorption spectroscopy 
and combustion infrared detection (Leco Analyzer), respec- 
tively. A series of such runs were conducted for each sorbent in 
order to develop a conversion vs. time response at  constant flue 
gas conditions. Data from short contact time runs were used to 
determine the initial sulfation rate, that is, the reaction rate over 
the first 15% conversion. Data from runs a t  long contact times 
were used to determine saturation calcium utilization. 

Data reproducibility 
Table 3 shows reproducibility of the calcium conversion data 

in sets of repeat runs with and without additive promotion. The 
average deviations from the mean were less than 2% (absolute) 
in all runs but one. The results indicate that the cakination pro- 
cedure, the sulfation procedure, the solids analyses, and the 
additive treatment procedure were reproducible. 

Table 3. Reproducibility of Calcium Conversion Data 

Sulfation Contact Run 1 Run 2 Run 3 Avg. Dev. 
Time, s % % % from Mean,% 

Case I 
Limestone: Dravo Maysville Limestone, -100 mesh 
Calcination/Sulfation Temperature: 1,075 K 
Calcine Surface Area: 50 m2/g 
Additive: None 

10 10.5 11.5 
20 13.0 15.0 
30 20.0 19.0 
60 24.0 23.5 

300 33.0 37.0 

Case 11 
Limestone: Dravo Maysville Limestone, -100 mesh 
Calcination/Sulfation Temperature: 1,175 K 
Additive: 2 wt. % Na,C03 

0.5 
1 .o 
0.5 
0.3 
2.0 

5 - 6.5 7.0.7.5 0.3 
10 21 20 19 0.7 
20 24 - 33 4.3 
30 28 30 31 1.1 
60 - 40 44 1.8 

300 50 52 53 1.2 

Results and Discussion 
Zntrinsic sulfation rate 

Intrinsic sulfation rate data (that is, reaction rates in the 
absence of gas-phase diffusional resistances) confirm the rate 
model of Borgwardt and Bruce (1986), and support their con- 
clusion that, a t  the grain surfaces, sulfation is controlled by 
product-layer diffusion. Figure 4 shows a comparison of the 
measured sulfation data for calcines from Dravo -100 mesh 
limestone with Borgwardt's unreacted core model predictions 

Common Conditions 
Calcined Dravo -100 Mesh Limeslone 

SO2: 1500 ppm @ 106 KPa 

0 13.4 mVg Calcine 
70 

c 
.- o 60 
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0 
0 
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Predictions of 
Model by Borgwardt 
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Figure 4. Correlation between sulfation rate model and 
sulfation rate data measured in the absence of 
pore diffusion limitation. 
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(Eq. 1 and 2). At 1,075 K and with 4.0 and 13.4 m’/g calcines, 
the model fit the test data well up to about 40% calcium conver- 
sion. At higher conversions, the model overpredicted the test 
data, possibly indicative of plugging of intergranular voids or 
grain expansion associated with CaS0, formation. 

Diffusion coefficients for the product layer were calculated 
using the sulfation data for Dravo Maysville limestone. In the 
unreacted core model with product layer diffusion as the limit- 
ing resistance, the product layer diffusivity (0,) is defined by: 

- Common Conditions - 
- Stone: Dravo -100 Mesh, No. 1 

SO2: 1500 ppm - 

2pMCS2Ds 
3 kd = (3) 

and follows an Arrhenius temperature dependence 

At 1,075 K, diffusivities calculated using Eqs. 1 and 3 for the 
data in Figure 4 (between 5% and 45% calcium conversion) 
were 6.5 x 
m’/s for the 13.4 m’/g calcine. These values are lower than the 
range of 1.2 x lo-” m2/s to 3.2 x lo-” m’/s reported by Borg- 
wardt et al. (1987) a t  1,075 K. However, for the diffusivity cal- 
culation, Borgwardt used a model formulated by Bhatia and 
Perlmutter (1981) instead of the unreacted core model. Using 
the same calculation method as Borgwardt et al. (1987), the 
average diffusivity (0,) calculated for the data in Figure 4 was 
2.2 x lo-’’ m’/s, which is within the range reported by Borg- 
wardt. 

In the development of the rate model reported above (Eqs. 1 
and 2), Borgwardt used 1 -pm CaO particles to effectively elimi- 
nate pore diffusion resistances. In the current work with larger 
particles, the intrinsic rate data were measured at  reaction tem- 
peratures of 1,075 K or lower, and for calcine surface areas 
lower than 15 m’/g. At higher temperatures and with higher 
surface area calcines, measured initial sulfation rates deviated 
substantially from the above rate model due to pore diffusion 
effects, as detailed below. 

m2/s for the 4.0 m2/g calcine and 7.3 x 

Pore diflusion resistance 
At higher temperatures more applicable to boiler sorbent 

injection (greater than 1,075 K), the initial reaction rates of cal- 
cines with greater than 15 m2/g surface area were significantly 
lower than predicted by the intrinsic rate model, because the 
observed rates were limited by pore diffusion. For some calcines, 
the observed rates were further lowered because of pore mouth 
plugging by the CaSO, product. As discussed above, the gaseous 
reactants, SO2 and Oz, must diffuse through the bulk gas film 
and intergranular void spaces (or pores) before reacting with 
C a O  grains. As discussed below, the strong pore diffusion limi- 
tation was evidenced by the observed initial reaction rate depen- 
dence on temperature, SO2 partial pressure, particle size, and 
calcine surface area and pore structure. In the differential reac- 
tor, bulk gas diffusion resistance was eliminated by operating 
with a suitably high reaction gas velocity. 

Figure 5 shows that for higher surface area calcines derived 
from the Dravo - 100 mesh limestone, the apparent activation 
energy (EJ  dropped to a 63-96 kJ/mol range a t  higher temper- 
atures. This reduction in the apparent activation energy to 
roughly one half of the intrinsic activation energy (that mea- 
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0.1 

96 KJ/mol m2’g 

11 

sured in the absence of pore diffusion resistance) of 153 kJ/mol 
was consistent with the theoretical derivation under strong pore 
diffusion limitation 

E + E d  E E ,  = - iz- 

2 2 

assuming Ed << E .  The onset of pore diffusion control for higher 
surface area calcines (> 15 m’/g) was around 1,075 K, based on 
the shifts in the slope of the Arrhenius plots shown in Figure 5 .  
For a low surface area calcine (4 m2/g), transition to pore diffu- 
sion control was not evident up to 1,225 K. 

The reaction order (n) in SO2 partial pressure a t  1,175 K with 
50-55 m’/g calcines (from Dravo - 100 mesh limestone) was 
estimated a t  0.9. Observed initial reaction rates were 0.006, 
0.009, and 0.02 s-‘ a t  750, 1,500 and 3,000 ppm SO2 concentra- 
tions, respectively. This value of n contrasts with the value of n = 

0.62 in the intrinsic kinetic model equation. This change in the 
reaction order was also indicative of the pore diffusion control, 
since an nth-order reaction behaves like a reaction of order 
(n + 1)/2 under pore diffusion control (Levenspiel, 1972). 

Figure 6 shows that the initial sulfation rates varied roughly 
inversely with mean particle size. This is another indication that 
pore diffusion was the rate-controlling step under the test condi- 
tions (Levenspiel, 1972). The different sorbent samples (Nos. 1 
through 10, Table 1) provided the particle-size variation in the 
figure. 

Calcine pore mouth plugging 
Calcine pore mouth plugging by product CaS0, limited sulfa- 

tion of highly porous calcines a t  higher temperatures. The limi- 
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Figure6. Effect of particle size on sulfation rate with 
pore diffusion limitation. 

tations by pore mouth plugging was evident in the laboratory 
tests from the exceptionally low apparent activation energies 
(e.g., t 2 0  kJ/mol) observed with some very high surface area 
calcines and from reduction in the saturated calcium utilizations 
with increasing sulfation temperature observed for most of the 
calcines. 

Porous calcines are subject to plugging by product sulfate 
because the molar volume of CaSO, (52.2 cm3/mol; as reported 
by Hartman, 1976) is considerably greater than that of CaO 
(16.9 cm3/mol; as reported by Hartman, 1976). Figure 7 shows 
the calculated maximum utilization of a constant-sized CaO 
particle as a function of its porosity, if the utilization is limited 
by the available pore space for CaSO, product. However, the 
sorbent utilization may not reach this calculated maximum, if 
the mouths of the calcine pores are plugged before the interior of 
the pores are filled. Pore plugging can reduce the initial sulfa- 
tion rate as well by increasing the pore diffusional resistance and 
by reducing the available CaO surface area. Severe pore mouth 
plugging is most likely when the intrinsic rate of sulfation far 
exceeds the rate of diffusion of reactants through the pores. 
Therefore, the degree of deactivation by pore plugging can be 
expected to increase with increasing temperature because the 
intrinsic sulfation rate increases more rapidly with temperature 
(E = 153 kJ/mol) than does the gas diffusion rate (Ed typically 

Maximum Conversion far 
Constant Size Particle 

p 100 .- - - .- 
u- 90 - 

S "  0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

CaO Porosity 

fate limited by available calcine pore space. 
Figure 7. Theoretical maximum conversion of CaO to sul- 

less than 20 kJ/mol). Because of this temperature effect, pre- 
mature pore plugging can reduce the apparent activation energy 
for sulfation. Deactivation by pore plugging can be expected to 
be more severe for smaller pores, since the diffusion rate is 
slower and less CaS04 is required for blockage. 

The degree of limitation of sulfation by pore mouth plugging 
varied widely among calcines produced from different sorbents 
(Table 4). The apparent activation energies (based on initial sul- 
fation rates) ranged from negative values up to 92 kJ/mol. Acti- 
vation energies below 40 kJ/mol are indicative of rapid prema- 
ture pore mouth plugging, since they are significantly lower 
than expected for pore diffusion control. Saturated calcium uti- 
lizations also varied among calcines from different sorbents 
(1 7-80% a t  1,075 K, Table 4), as did the dependence of the utili- 
zation on temperature. The wide variation in apparent activa- 
tion energy and saturation utilization indicates varying severity 
of deactivation by pore mouth plugging among the different cal- 

Table 4. Sulfation Performance of High Surface Area Calcines from 12 Test Sorbents 

Saturation Ca Conversion, % 
Calcine E.pP,t, 

1,175 K 1,275 K** 1,075 K No. Sorbent Surface Area, m2/g kJ/mol* 

1 
2 
3 
4 Warner Bell Mine Limestone 
5 Mississippi R- 1 Limestone 
6 Genstar Apex Limestone 
7 Utah Marblehead Limestone 
8 Baker Reagent CaCo, 
9 Hommel #I974 Dolomite 

Dravo Maysville Limetsone, -100 mesh 
Dravo Maysville Limestone, -325 mesh 
Pfizer Marble White 200 Limestone 

10 Warner Dolomite 
1 1  Dravo Longview Hydrated Lime 
12 Pressure Hydrated Dolomite 

'Apparent sulfation activation energy over 1,075-1.225 K.  
"Runs at 1,275 K deviated from differential conditions. 

55 
35 
60 
45 
70 
60 
65 
55 
70 
70 
40 
45 

64 
63 
17 
63 
17 

62 
92 

Negative 
Negative 

84 
88 

5.9 

39 
50 
23 
37 
20 
36 
31 
45 
32 
30 
55 
80 

36 
50 
21 
33 
17 
27 
20 
36 
22 
22 
53 
80 - 
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cines. This occurred because of the variations in sorbent particle 
sizes and in calcine pore-size distributions with the different sor- 
bents. 

Pore-size distributions of selected calcines confirmed that cal- 
cines having more very fine pores are more adversely affected by 
pore mouth plugging. Figure 8 shows that a calcine from Gen- 
star limestone (No. 6) had significantly finer pores (mostly 3-10 
nm diameter) and less total pore volume than a calcine from 
Dravo limestone (No. I ) .  The calcined Dravo limestone had 
many pores in the 1C20 nm range. The Dravo calcine had a 55 
m2/g BET surface area, slightly lower than 60 m2/g of the Gen- 
star calcine. Both stones had similar average particle sizes 
(Table 1). Because of the larger pores in the Dravo calcine, it 
exhibited higher saturation calcium utilizations (Table 4), par- 
ticularly a t  high temperatures (1,175 and 1,275 K),  despite its 
lower surface area. The Genstar calcine showed a more severe 
reduction in saturation calcium utilization, from 36% to 18% 
with increasing temperature from 1,075 to 1,275 K. With the 
Dravo calcine, the reduction was only from 39% to 33% (Table 
4). The apparent activation energy measured with calcined 
Genstar stone was 6.3 kJ/mol, far lower than the 64 kJ/mol 
observed with calcined Dravo stone (Table 4). 

c?' 5 0.28 

Comparison of Different Sorbents 
Limestones and precipitated CaCO, 

Calcines from seven different limestones and one precipitated 
CaCO, sample tested exhibited widely varying saturation utili- 
zations and initial reaction rates. Saturation utilizations a t  
1,075 K varied from 17% to 50% (Table 4). Apparent activation 
energies varied from 5.9 to 92 kJ/mol over 1,075-1,225 K (Ta- 
ble 4). These differences resulted from differences in the stone 
particle size (Table 1) and in the calcine intermediate pore 
structure. Calcine intermediate pore structure (surface area 
and pore size distribution) varied widely among different lime- 
stone precursors. However, the specific properties of the pre- 
curser CaCO, which lead to a favorable calcine pore structure 
were not clearly identified. 

The precipitated CaCO, sample (No. 8) had a considerably 
higher CaCO, purity than the seven naturally occurring lime- 
stones tested. This reagent-grade sample showed relatively high 
initial activity and high saturation calcium utilizations (Table 

-Stones Calcined for 2 Min @ 1175 K 
- 
- 0 Calcined Genstar Stone (No. 6) 

0.24 

z 0.20 

2 0.16 

a 0.12 

x Calcined Dravo Stone (No. 1) 
3 

> 

0 

a, > .- 2 0.08 

E 0.04 
- 
3 

S * 0.00 
1 10 100 

Pore Diameter, nni 

Figure 8. Cumulative pore volume distributions for cal- 
cines from two limestones. 
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4). On the other hand, Borgwardt et al. (1987) reported lower 
intrinsic activities for purer CaCO, samples, because the prod- 
uct-layer diffusivity, which determines the product-layer diffu- 
sion rate a t  the grains, was lower with less impurities. In the cur- 
rent tests conducted with pore diffusion resistance, product 
layer diffusion was not rate-limiting. Thus, calcine pore struc- 
ture and particle size were more important factors affecting sor- 
bent performance. The pure CaCO, had relatively small par- 
ticles and produced a calcine pore structure favorable for pore 
diffusion. 

Dolomitic stones 
Calcines from two dolomitic stones tested were prone to deac- 

tivation by premature pore mouth plugging, presumably due to 
the presence of very small pores. Both showed negative apparent 
sulfation activation energies and low saturation calcium utiliza- 
tions (22% a t  1,175 K), as shown in Table 4. Both calcines had 
very high surface areas (70 m2/g). Pore volume analysis of the 
calcine from the Hommel dolomite (No. 9) showed that it had 
over 85% of its pore volume in small pores, 2-10 nm in diameter 
(Figure 9). 

Hydrated sorbents 
Calcines derived from hydrated lime/dolomite showed better 

sulfation performance, in terms of both initial rate and satura- 
tion calcium utilization, than those derived for most limestones 
or dolomites. For the Dravo Longview hydrated lime (No. 1 I), 
saturated utilization was 55% a t  1,075 K and dropped to 53% at  
1,175 K (Table 4). The insensitivity of saturation conversion to 
temperature indicates the absence of significant calcine pore 
mouth plugging by the product. This is also indicated by the rel- 
atively high apparent activation energy (84 kJ/mol). The rela- 
tively low surface area for the calcine from the Longview 
hydrated lime (40 m2/g) and the absence of deactivation by pore 
mouth plugging indicates that this calcine has larger pores than 
calcines for most of the limestones tested. 

Figure 10 clearly shows the superior sulfation performance of 
a calcine from a pressure-hydrated dolomite (No. 12) to that 
from a dolomitic limestone (No. 9), the two calcines having 
roughly the same chemical composition. Saturation calcium uti- 

cn 0.321 1 < 
m 0 Calcined Hommel Dolomite 6 o.28E (NO. 9) 

0 Calcined Pressure Hydrated 
3 Dolomite (No. 12) 
0 0.20 
> 
0 

aJ - > 
m 

- 
0.16- 

a 0.12 - 
'= 0.08 - 

- 

- - 
0.04 - 

6 0.00 
- 

I I I I I I I I I  
1 10 100 

Pore Diameter, nm 

Figure 9. Cumulative pore volume distributions for cal- 
cines from two dolomitic sorbents. 
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Figure 10. Comparison of sulfation activity of calcines 
from a dolomitic limestone and a pressure- 
hydrated dolomitic lime. 

- Dravo -100 Mesh 
- Calcined @ 1175 K 

lizations at  1,175 K were 80% and 22% for the calcines from the 
pressure-hydrated dolomitic lime and the dolomitic stone, re- 
spectively. (The MgO in the calcines from the dolomitic sor- 
bents did not capture significant SO, because of equilibrium 
limitations.) The saturated calcium utilization with the pres- 
sure-hydrated dolomite did not drop with temperature up to 
1,175 K (Table 4). As shown in Figure 10, the initial sulfation 
rate for the calcine from the pressure hydrate was considerably 
higher than for that from the dolomitic limestone. The superior 
performance of the pressure-hydrated dolomite can be attrib- 
uted in part to the formation of a favorable calcine pore struc- 
ture. Pore volume analysis (Figure 9) showed that the calcine 
from the pressure hydrate had a broad pore-size distribution (4- 
40 nm diameter), with about 50% of its total pore volume con- 
tributed by pores 10 nm diameter and larger, as compared with 
the predominance of very small pores found in the calcine from 
the dolomitic stone. 

Smaller CaO particle sizes also partly explain the superior 
performance of calcines from hydrated sorbents in the lab tests. 
Typical mean particle sizes for hydrated calcitic limes are 5 pm 
or less. All limestones tested had specific surface mean particle 
diameters larger than 8 pm. 

The superior performance of calcines from hydrated sorbents 
observed in this lab study is consistent with observations in pilot 
and field tests of boiler injection. 
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Figure 11. Effect of Na,CO, additive on calcine pore vol- 
ume distribution. 

Eflect of additive treating 
Of several additives (Na,CO,, NaCI, CaCI,, FeCI,) evalu- 

ated, Na2C0, was found to be the most effective in enhancing 
desulfurization performance of limestone. Both the initial reac- 
tion rate and saturation calcium utilization were increased sub- 
stantially by Na,C03. Additives were incorporated in limestone 
in small concentrations (0.25-5.0 g additive/100 g limestone) 
prior to calcination of the stone. The degree of enhancement 
increased with the Na, CO, dosage up to 2 wt. % (i.e., 2 g/100 g 
limestone). The results indicate that the enhancement was due 
primarily to physical effects, that is, increasing the pore sizes in 
the calcine intermediate to a range more favorable for pore dif- 
fusion. The results further confirm the important role of calcine 
pore structure on sulfation activity under pore diffusion control. 
The observed calcine pore enlargement with Na2C0, is consis- 
tent with reported alkali additive effects in fluidized-bed com- 
bustion studies (Gasner, 1979; Shearer, 1979; Shearer et al., 
1979). 

Additive effects were studied for two different limestones 
(Table 5 ) ,  the Dravo (No. 1, Table 1 )  and the Genstar (No. 6 ) .  
In most of the tests, the promoted limestone sample was pre- 
pared by the slurry mixing method described previously. 

Figure 1 1  shows that sodium carbonate promotion of the 
Dravo stone significantly increased pore sizes of the calcine 
intermediate. With no additive, a calcine produced at  1,175 K 
had pores mostly in the 6-20 nm diameter range. With 0.5 wt. % 

Table 5. Test Results with Na2C03 Additive Promotion 

Calcine BET Surface Area (m2/g) at Given 
Concentration of NaZCO, in Limestone 

(g Na,CO,/ 100 g Stone) 

%Saturation Ca Utilization at Given 
Concentration of Na,CO, 
(g Na,C0,/100 g Stone) 

Limestone Temp. K 0 0.25 0.5 2.0 5.0 0 0.25 0.5 2.0 5.0 

Dravo Ma ysville - 100 1,075 51 25 9 54 I 0  - 39 
(Sorbent # I )  1,175 52 35 21 10 7 36 43 41 53 47 

21 6 32 44 - 33 

36 23 

18 1,275 54 36 28 

______-_ 
- - - 

- - 1,275 36-45 - 

- - 48 

28 53 - 

- - - - Genstar Apex 1,075 60 
- (Sorbent #6) 1,175 58 29 10 - 2 1  34 40 61 - 

- - - 
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and 2 wt. % Na2C0, incorporated in the stone by the slurry mix- 
ing method, the 1,175 K calcines had pores mostly in the 8-40 
nm and 20-70 nm ranges, respectively. Because of the increased 
pore size, calcine surface areas decreased. The BET surface 
areas for these calcines were 52, 21 and 10 m2/g, with Na2C0, 
concentrations of 0,0.5 and 2 wt. %, respectively (Table 5). 

With the increase in calcine pore size with Na2C03, the sulfa- 
tion performance of the Dravo calcine was significantly en- 
hanced (Figure 12). At 0.5 and 2 wt. % additive dosages, satu- 
ration calcium utilizations at 1,175 K increased from 36% (with 
no additive) to 47% and 53%, respectively. Initial sulfation rates 
also increased substantially. The Na2C03 enhancement was 
observed over the entire test temperature range of 1,075 to 1,275 
K (Table 5). Further increase above 2 wt. % did not provide 
additional enhancement. With 5 wt. % Na2C0,, the saturation 
calcium utilization (at 1,175 K with the Dravo calcine) was 
47%. compared with 53% with 2 wt. % Na2C0, (Table 5). The 
calcine with 5 wt. % Na2C0, had a surface area of 7 m2/g. This 
indicates that the surface area may have been reduced exces- 
sively, thus reducing the intrinsic rate at  the grain surfaces. 
Even with 0.25 wt. % Na2C0,, some enhpcement of sulfation 
was observed. 

The substantial enhancement in sulfation performance by the 
Na2C03 additive was due primarily to its effect on the calcine 
pore structure. The larger pores in the additive-promoted cal- 
cines were less hindered by pore diffusion resistance and less 
susceptible to premature pore mouth plugging by the CaSO, 
product. The small amounts of Na2C03 used in the study could 
account only for an insignificant SO2 capture as a sorbent (i.e., 
capture as Na2S0, or Na2S03). 

The positive effect of Na2C0, was also observed (Table 5) 
with the Genstar limestone (No. 6). At 1,175 K, the saturation 
calcium utilization increased from 27% with no additive to 61% 
with 2 wt. % Na2C03. Initial reaction rate was also enhanced. 
Although pore volume distributions were not measured for the 
Genstar calcines, the observed drops in surface area (Table 5) 
indicate that the effect of Na2C0, was again to increase calcine 
pore size and enhance pore diffusion. 

In a few additional tests, the enhancement effect of Na2C0, 
was observed by simply mixing dry Na2C03 powder and lime- 
stone. However, the level of enhancement was not as great as 
when Na2C03 was mixed with limestone in a slurry. For exam- 
ple, 0.5 wt. % Na2C03 physically mixed with Dravo limestone 
(No. 1) at 1,175 K resulted in a decrease in calcine surface area 
to 32 m2/g and an increase in saturated calcium utilization to 
43%. 

Other additives were not as effective as Na2C03 in enhancing 
the sulfation performance of limestone. Sodium chloride (NaCI) 
showed some enhancing effect at  some test conditions. For 
example, saturation conversion with a calcine from Dravo lime- 
stone (No. 1) increased from 36% to 42% at 1,175 K with 2 wt. 
% NaCl added to the stone prior to calcination (by mixing as a 
slurry). Calcium chloride (CaCI,) and ferric chloride ( FeC13) 
showed no consistent enhancement of sulfation performance. 

70 

Conclusions 
The results of this lab study indicate that the SO2 removal 

rate for a boiler injection sorbent, such as pulverized limestone, 
dolomite, or hydrated lime, is limited by SO2 pore diffusion in 
the intermediate calcine generated in the boiler. Additionally, 
pore mouth plugging by the product CaSO, further limits the 
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Figure 12. Enhancement of sulfation by Na,CO, addition 
to limestone. 

reaction rate and lowers the saturation calcium utilization level. 
Because of the strong pore diffusion control and pore mouth 
plugging effect, particle size of the sorbent and pore size distri- 
bution of the intermediate calcine are the most important prop- 
erties determining the sorbent performance for boiler SO2 c a p  
ture. At 1,175 K, the initial reaction was inversely proportional 
to the particle size for the limestones having 8-1 12 rm average 
particle diameters. A calcine having pores predominantly less 
than 10 nm size showed significantly reduced saturation cal- 
cium utilization due to pore mouth plugging as the temperature 
was increased to 1,275 K, the highest temperature used in this 
study. 

The pore-size distribution of the intermediate calcine de- 
pended on limestone source and, thus, prescreening of candidate 
limestones from different sources is important for the boiler 
injection application. Hydrated limes were superior to lime- 
stones or dolomites, since hydrates consist of smaller particles 
and they produce calcines with larger kres .  Na2C03 treatment 
substantially improved the desulfurization performance of lime- 
stone in terms of initial reaction rate and saturation utilization. 
Up to 2 wt. % treatment of Na2C03 increased the pore sizes 
from mostly 6-20 nm to 20-70 nm. The increase in the pore size 
was accompanied by a reduction in the calcine BET surface area 
from 52 to 10 m2/g. These results indicate that the surface area, 
the calcine property determining the intrinsic reaction rate, is 
not an important factor for calcine performance under pore dif- 
fusion control. 

In the lab tests, reaction rates limited by the intrinsic rate 
were measured only with low surface area (less than 15 m2/g) 
calcines and below 1,075 K, a temperature below the range of 
boiler sorbent injection. 

Notation 
C = concentration of diffusing species at outer surface of product 

D, - average particle diameter in a particular size cut (i), pm 
0, = particle diameter, pm 
0, - product-layer diffusivity, m2/s 
Do - preexponential factor for diffusivity, m'/s 
E = activation energy, kJ/mol 

E. - apparent activation energy, kJ/mol 
Ed = activation energy for diffusion, kJ/mol 

layer, mol/m3 
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kd = rate constant in unreacted core model, Eqs. I ,  2 and 3, s-.’ 
M = molecular weight CaO, g/mol 

n = reaction order in SO2 partial pressure 
P,, = partial pressure of SO2 in gas stream, Pa 

R - gas constant, 8.319 x kJ/mol-K 
s - surface area per unit mass of calcine, m2/g 
t = contact time, s 

T - absolute temperature, K 
X - fractional calcium conversion, mol S captured per mol Ca 
Y, = weight fraction of particles in a particular size cut ( i )  

Greek letters 
p = absolute density of calcine, g/m3 
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