
Pore Distribution Changes of Calcium-Based 
Sorbents Reacting with Sulfur Dioxide 

Changes in the pore structure of calcium oxide sorbents derived from 
calcium carbonate (c-CaO) and calcium hydroxide (h-CaO) reacting with 
sulfur dioxide are determined. Results show that the pore shape of c- 
CaO approximates a cylinder while that of h-CaO appears to be slit- or 
platelike. The pore volume of c-CaO is located in much smaller pores 
than that of h-CaO when compared on the basis of an equivalent pore 
shape model. The effect of sintering was to reduce surface area through 
coalescence of smaller pores, while only minor effects were observed 
upon pore volume and conversion from calcium oxide to calcium sulfate. 
Both sorbents expand to allow greater reaction than is possible given 
the initial porosity and formation of a larger volume product. The h-CaO 
reacts to higher levels of conversion than the c-CaO because the pore 
shape of the h-CaO allows for greater particle expansion and, there- 
fore, reaction beyond the limits of the initial porosity. 
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Introduction 
The use of limestone-based materials as a medium for adsor- 

bance and chemical reaction with gaseous sulfur dioxide (SO,) 
has been extensively studied for reductions of acid rain precur- 
sor emissions from utility power plants. Much fundamental 
research has been conducted to elucidate the physical and chem- 
ical mechanisms of this reaction. The reactivity varies with sor- 
bent-specific variables such as chemical form [CaO, CaCO,, 
Ca(OH),], source of parent stone, and physical properties (e.g., 
surface area, porosity). Through a greater understanding of the 
effect of a sorbent’s physical structure upon reactivity, the use of 
calcium-based sorbent injection may be optimized by sorbent 
choice and production methods. 

Development of extensive internal surface area (Borgwardt 
and Bruce, 1986) and concurrent pore structure (Hartman and 
Coughlin, 1974) is necessary for the production of a highly reac- 
tive sorbent. Experimental research has shown that a significant 
amount of internal surface area and pore volume in the reactive 
form, CaO, resides in the mesopore region (20 to 500 %.) (Beruto 
et al., 1980). Under optimal conditions, hydrated sorbents have 
been found to be more reactive than the carbonate form (Cole et  
al., 1986; Beittel et al., 1985), possibly due to characteristics of 
their mesopore structure or their smaller particle size resulting 
from the hydration process. These concepts regarding reactive 
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internal surface area have been used in many investigations to 
model a sorbent particle’s interior physical structure and the 
mechanistic pathways by which the SO2 reacts with the CaO 
(Hartman and Coughlin, 1976; Ramachandran and Smith, 
1977; Bhatia and Perlmutter, 1981a; Christman and Edgar, 
1983). 

In this work research was conducted to examine the pore 
structure of CaO sorbents derived from calcination of CaCO, 
(termed c-CaO), and from Ca(OH), (termed h-CaO). The 
effect of sulfation upon the pore structure a t  different extents of 
reaction was examined through sample measurements by nitro- 
gen adsorption/desorption methods. Reactivities were deter: 
mined by sorbent exposure to SO2 in an isothermal fixed-bed 
reactor. The effect of sintering upon the surface area and pore 
structure, and its influence upon sorbent conversion were exam- 
ined for both sorbent forms. The structure of the pore system of 
the sorbents was determined by analysis of the nitrogen adsorp- 
tion/desorption data with two models for pore structures. The 
apparent advantage of Ca(OH), sorbents was investigated by 
pore distribution and conversion comparisons of h-CaO with 
:-CaO. 

Experimental Method 
The parent sorbent material used in this research was Fre- 

donia White limestone containing 95% CaCO,. The limestone 
was aerodynamically fractionated using a Donaldson Acucut 
Particle Classifier to a narrow size distribution with a nominal 
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value of 2.8 pm. Observation by scanning electron microscopy 
(SEM) confirmed this particle size. Ca(OH), was formed from 
this parent limestone by first calcining approximately 3 g of 
CaCO, to CaO in a N,-swept (23 std L/min) muffle furnace at  
982OC for 90 min. The CaO was then cooled under vacuum and 
transferred to a filter flask where it was kept under positive N z  
flow. Water (10 mL at 95OC) was added to the flask, and the 
resulting Ca(OH), slurry was dried overnight under flowing N,. 
Qualitative observation by SEM showed the resultant median 
particle diameter to be nominally less than 0.5 pm. 

Subsequent calcination of the CaC0,  and dehydration of the 
Ca(OH), were accomplished in an isothermal fixed-bed reactor 
described by Borgwardt et al. (1984). To obtain c-CaO, a 100 
mg sample of the parent CaCO, was placed evenly on a quartz 
wool bed and inserted into the reactor a t  80OOC on a quartz 
probe. The calcination temperature of 80OOC was chosen to min- 
imize surface area loss due to temperature-promoted sintering. 
Heat-up for 2 min in a stagnant atmosphere was allowed for 
temperature equilibration prior to beginning 23 std L/min flow 
of N, for an additional 2 min. The N, sweep gas removes the 
C02 from CaCO, during calcination. For preparation of h-CaO, 
the Ca(OH), sample was introduced into the reactor with a pre- 
established nitrogen flow of 23 std L/min and held there for 
60 s. These conditions were chosen because Ca(OH), loses 
water a t  a lower temperature than CaCO, loses CO, (Beruto et 
al., 1980), causing the decomposition of the hydroxide to pro- 
gress to a much greater extent than that of the carbonate during 
the heat-up time. Also, the presence of water vapor from decom- 
position of the Ca(OH), enhances sintering of h-CaO (Ander- 
son et al., 1965). Both of these factors make it impossible to 
achieve high surface areas without quickly removing this water 
a t  the start of dehydration, thus necessitating the use of a prees- 
tablished N2 flow and shorter times for the production of h- 
CaO. 

Reduced surface areas for both c-CaO and h-CaO were 
obtained by controlled sintering at  800°C in a stagnant Nz 
atmosphere after decomposition to CaO. The production condi- 
tions and resultant BET surface area for these sorbents are sum- 
marized in Table 1. 

The sorbents were reacted immediately following the pre- 
scribed calcination/sintering time by quickly switching to a n  
8OOOC atmosphere of 7,000 ppm SOz, 5% O,, and the balance 
N,, for a total process flow of 23 std L/min. The temperature, 
SOz concentration, and total gas throughput were selected in 
order to approach differential reaction conditions with respect to 
interparticle SO, levels while still allowing an expedient number 
of samples to be combined for pore size analysis. In addition, a 

Table 1. Production Conditions and BET Surface Area 
of Sorbents 

Time 

Heat-up Calcine Sinter BET 
Material NO Flow 23 L/min No Flow Area 

Series Parent/Product S S s m2/g 

A CaC03/c-Ca0 120 120 0 82.2 
B CaC03/c-Ca0 120 120 5 60.4 

0 60.0 D Ca(OH),/h-CaO 0 60 
E Ca(OH),/h-CaO 0 60 5 40.2 
F Ca(OH),/h-CaO 0 60 10 28.4 

C CaCO,/c-CaO 120 120 10 43.9 

small particle size ( t 3  pm) was selected to minimize any possi- 
ble effects caused by diffusion resistance of SOz through the 
intraparticle structure. After SO, exposure (times of 5, 25, and 
60 s) the sample was removed and cooled under flowing N2. 

Pore size and surface area were determined using a Micro- 
meritics Digisorb 2600 Autoanalyzer. Surface areas were calcu- 
lated using the BET method and pore distributions were 
obtained from N, adsorption/desorption isotherms. Porosities 
were determined by measurement of pore volume up to relative 
pressures of about 0.99, corresponding to pores with nominal 
openings of 3,000 A or less. The standard equilibration time 
between pressure measurements was 5 s. Following these nonde- 
structive analyses, the samples were dissolved in deionized water 
with 10 mL of 1 N  HCI, and the extent of reaction, or conversion 
of CaO by SO,, calculated from the ratio of SO; ions (deter- 
mined by ion chromotography) to Ca++ ions (determined by 
atomic absorption spectroscopy). A minimum of three replicates 
were separately tested to determine reactivity. 

The N 2  desorption isotherm was used to derive pore volume 
data because the desorption value of relative pressure corre- 
sponds to the more stable adsorbate condition (Lowell and 
Shields, 1984). From the Kelvin equation the vapor pressure of a 
liquid evaporating from a capillary depends on the radius of the 
capillary, and so the desorption technique will yield data of 
cumulative volume vs. pore size. Differentiation of this curve 
produces the pore volume distribution that can be used for pur- 
poses of quantitative comparison (an example of this can be seen 
in Smith, 1981). This was accomplished by adapting an algo- 
rithm that used a piecewise-cubic Hermite interpolation, as 
described in Conte and de Boor (1980). 

Initial tests confirmed the reproducibility of the adsorption/ 
desorption isotherms and the experimental technique. Pore 
structure changes were verified to be caused by sulfation only 
and not due to sintering caused by the additional reactor expo- 
sure time with each sulfation experiment. A sample in flowing 
N, a t  80OOC retained its pore structure when exposed for an 
additional 2 min after calcination to simulate the additional 
reactor residence time of samples exposed to SO,. 

Results and Discussion 
Structure 

Isotherms for the adsorption and desorption of nitrogen from 
unreacted c-CaO and h-CaO are shown in Figures l a  and Ib, 
respectively. Both materials exhibit a type IV isotherm based 
upon the classification of Brunauer et al. (1940). The type IV 
isotherm is characteristic of materials with porosity in the meso- 
pore range and that typically exhibit a hysteresis loop (Gregg 
and Sing, 1982). 

The hysteresis loop for the c-CaO is of a shape corresponding 
to a type A hysteresis [International Union of Pure and Applied 
Chemistry (IUPAC) designation HI], while the h-CaO shows a 
type B hysteresis (IUPAC designation H3), according to a revi- 
sion (Gregg and Sing, 1982) of the de Boer (1958) classifica- 
tion. Type A hysteresis loops are associated with cylindrical 
pores (Lowell and Shields, 1984) as well as agglomerates of uni- 
form spherical particles (Gregg and Sing), while type B hystere- 
sis is associated with slit-shaped pores or the space between par- 
allel plates (Lowell and Shields). 

Further indication of the internal pore structure of these 
materials can be obtained by use of the t-method (Lippens and 
de Boer, 1965). The isotherm is redrawn as a curve of the vol- 
ume of N2 adsorbed, V,, against the thickness t of the adsorbed 
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Figure 1. Nitrogen adsorption/desorption isotherms. 
a. c-CaO (sample AO) 
b. h-CaO (sample FO) 

N, film at  the corresponding relative pressure. This method 
indicates the deviation of the sample's multilayer formation 
from that of a freely accessible surface. The thickness equation 
proposed by de Boer et al. (1 966) was used in this work to esti- 
mate the value of t from the relative pressure P/Po. The VJt 
plots, Figure 2, indicate the presence of capillary condensation 
in both c-CaO and h-CaO by the upward slope that deviates 
from the initial linear region. This capillary condensation of 
adsorbate enhances the N, uptake a t  a relative pressure corre- 
sponding to a characteristic dimension of the pore determined 
by the Kelvin equation. For a cylindrical pore geometry, this 
dimension represents the pore radius, while for a system of par- 
allel plates it represents the pore wall separation d. In this man- 
ner, the cylinder pore diameter D is twice the value of d. The 
eventual leveling-off of the c-CaO curve indicates that many of 
the pores have filled with adsorbate. For ideal slit-shaped pores, 
the sides of the slit are parallel, making the radius of curvature 
infinite; capillary condensation cannot occur a t  any pressure 
below saturation. In actual solids, a distribution of wedge- 
shaped slits allows some condensation to occur (Gregg and Sing, 
1982). Further, in a structure that swells or expands, the volume 
adsorbed in completely filled pore domains would increase with 
relative pressure according to a capillary condensation mecha- 
nism (Broekhoff and van Beek, 1979). Thus, the evidence for 
apparent capillary condensation with h-CaO indicates deviation 
from ideal, rigid parallel-wall pores. 
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Figure 2. f-Method plots, volume of adsorbed nitrogen 
vs. average thickness of adsorbed film. 
Unreacted c-CaO (sample AO), h-CaO (sample FO) 
I-values of de Boer ct al. (1966) with Harkins and Jura equation 
(1944) 

Further supportive evidence for the deviation of the h-CaO 
from strictly parallel walls is seen in the isotherm. Closure of a 
type B hysteresis loop a t  mid-range pressures is typically char- 
acterized by a nearly vertical branch for a narrow distribution of 
strictly parallel slit widths. With deviations from this ideal case, 
and with a wide distribution of plate separations, this vertical 
branch is not seen, and a closure like that of Figure 1 b results. 

The cylindrical pore structure inferred from the isotherm and 
hysteresis loops of c-CaO supports similar results of Beruto et al. 
(1980). Also, the slit or platelike structure found for the h-CaO 
corroborates their findings for a similarly produced material. A 
point of major departure from their findings is the shape of the 
h-CaO Val? plot in our work, which indicates apparent capillary 
condensation in the h-CaO. 

The Va/t plot may also be used as an indicator of the presence 
or absence of micropores; that is, pores with cylindrical diameter 
or plate wall separation less than 20 A (Gregg and Sing, 1982). 
Extrapolation to a positive intercept on the adsorption axis indi- 
cates the presence of micropore volume. Neither h-CaO nor c- 
C a O  shows any evidence of micropore volume, Figure 2. Fur- 
ther, the slope of the VJt curve prior to condensation, s,, is 
another measure of surface area (Linsen and ven den Heuvel, 
1967). The agreement between the BET and S, values, Table 2, 
validates the choice of the de Boer thickness equation for this 
application. 

Pore size distributions 
The type of physical structure that should be used to model 

the pore size distribution of the material is determined from 

Table 2. Surface Area Comparisons* 

Surface Area, m2/g 

Sorbent c-CaO h-CaO 
Sample A0 DO 
~ 

BET 82.2 60.0 

S, 87.5 65.0 
Model 110.6? 57.3$ 

'Calculated from BET theory, pore structure models, and V./f plots. 
tCylinder model, $Plate model 
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examination of the isotherms, the hysteresis loops, and the V,/t 
plots. For c-CaO, an adaptation (Faass, 1981) of the method of 
Barrett et al. (1951) is used to model a system of cylindrical 
pores. This model incorporates the concepts of N2 adsorbate 
layer formation and condensation/evaporation a t  a radius corre- 
sponding to the Kelvin equation. The thickness of the adsorbed 
layer on the pore wall is calculated from the values of de Boer et 
al. (1966) with the Harkins and Jura (1 944) equation. Between 
pore sizes of 20 and 600 A, the cylindrical model typically 
accounted for greater than 95% of the c-CaO pore volume. 

The h-CaO materials were modeled by a slit, or parallel-plate 
pore distribution as developed by Innes (1957). The primary 
determinant for this choice of model geometry was the type B 
hysteresis loop (Lowell and Shields, 1984). Between the pore 
sizes of 20 to 600 A, the parallel-plate model typically 
accounted for about 90% of the h-CaO pore volume. 

The suitability of a model to reflect pore structure is deter- 
mined by a comparison of the BET surface area with the surface 
area predicted by the model from the cumulative increments of 
pore size. The closer these values, the more confidence that can 
be placed in the model assumptions (Cranston and Inkley, 
1957). As can be seen in Table 2, each model's predicted area is 
close to that determined by the BET method. Also included are 
the surface area values S,  determined from the slopes of the V,/t 
plots. The results indicate that the cylindrical model does not 
compare to the BET area of the c-CaO as well as the plate model 
does for the h-CaO. This may be due to deviations of the pore 
structure in the c-CaO from the simple, cylindrical model. How- 
ever, the general agreement of the model results with the BET 
and S, values implies that the assumptions for geometrical struc- 
ture were sufficient to allow for pore structure determinations 
and comparisons. 

Application of the appropriate models to the adsorption/ 
desorption data produces pore structures for the materials that 
show similar peak volume diameter and plate separation for the 
c-CaO and h-CaO, respectively. However, if the same physical 
shape were assumed for the pores of both materials, and the cor- 
responding model used to predict pore volume distributions, the 
pores of the h-CaO would be larger, the peak volume size 
approximately doubling that of the c-CaO. This is because the 
cylindrical pore diameter in the Kelvin equation is equivalent to 
twice the plate separation (Innes, 1957). 

Current modeling efforts of the lime/SO, reaction have incor- 
porated assumed physical structures of cylindrical pores (Bhatia 
and Perlmutter, 1981a, b, Christman and Edgar, 1983), grains 
(Hartman and Coughlin, 1976), and parallel wedge-shaped 
pores (Dennis and Hayhurst, 1986). 

Efect  of sintering 
The pore size distributions predicted by the cylindrical model 

for the c-CaO and the plate model for the h-CaO, are seen in 
Figure 3. This figure shows three pore distributions each of 
c-CaO and h-CaO for the unreacted materials of varying sur- 
face area. The effect of sintering upon the pore structure of both 
materials is to significantly reduce the surface area while caus- 
ing only slight declines in pore volume and, hence, porosity. The 
pore structure plots in Figure 3 show that the smaller pores dis- 
appear, likely coalescing into larger pores, which causes decline 
of surface area. As an example of this pore size shift, the diame- 
ter below which 50% of the c-CaO volume exists changes from 
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Figure 3. Pore size distributions of unreacted c-CaO and 
h-CaO. 
A, B, C-D, E, F, initial surface areas. 
c-CaO, cylindrical pore model; hCaO, plate model 

about 110 to 140 A while the plate separation of h-CaO changes 
from 105 to 180 A. 

Sintering to lower surface areas a t  80OOC for up to 10 min had 
little effect upon sorbent conversion, especially for c-CaO. It is 
apparent, then, that the smallest pores (under approximately 70 
A dia.), which account for much of the surface area and that are 
lost during sintering, do not significantly aid the sulfation reac- 
tion. 

Efec t  of Reaction 
The effect of varying time of SO, exposure upon the pore 

structures of both materials a t  three initial surface areas can be 
seen in Figure 4 for c-CaO and Figure 5 for h-CaO. These fig- 
ures show that the pore volume declines throughout the entire 
range of pore sizes as the sulfation reaction proceeds. A slight 
upward shift in the peak pore volume for both c-CaO and h-CaO 
suggests preferential decline of the pore volume in smaller 
pores. 

The porosity changes of the sorbents during reaction with SO, 
are shown in Figure 6. The c-CaO sorbents lose their pore vol- 
ume more rapidly and to a greater extent than the h-CaO sor- 
bents as they react. 

Conversion 
The sorbent conversions up to 240 s exposure to SO, are 

shown in Figure 7. Both materials react quickly, then asymptoti- 
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Figure 4. Pore distribution changes in c-CaO at three ini- 
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Varying times of exposure to SO, at 7,000 ppm, 8OO0C. 
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Figure 5. Pore distribution changes in h-CaO at three ini- 
tial surface areas. 
Varying times of exposure to SO, at 7,000 ppm, 800°C. 

cally approach a peak conversion beyond which little additional 
reaction occurs. The initial conversion rate of all six materials is 
similar, reflecting mass transfer control of the reaction. The 
c-CaO reacts to around 55-60% conversion, while the h-CaO 
reacts to around 70-80%, although the difference in conversion 
is only evident at extended times of SOz exposure (>40 s). In 
addition, the effect of initial CaO surface area upon long- or 
short-term conversion is weak, especially with the C-CaO. 

The decline in pore volume and area with reaction is exam- 
ined in Figure 8 for c-CaO and h-CaO. The pore volume and 
area appear to decrease in a linear manner with sorbent conver- 
sion for both materials. Both values approach zero as conversion 
is increased. The c-CaO shows a greater rate and percent of area 
and volume loss than the h-CaO. 

The formation of a larger volume product leads to a decline in 
pore volume through pore filling or pore mouth closure. If the 
reaction depends upon contact with gaseous SO2 and intraparti- 
cle diffusion resistance is significant, incomplete conversion in 
the particle interior will result from pore closure a t  the particle 
surface. Bhatia and Perlmutter (1981b) noted that surface pore 
closure will result when the local conversion a t  the surface 
equals 

The molar volume ratio, 2, of product to reactant for the sulfa- 
tion reaction is assumed to be 3.09, adopted in accord with previ- 
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ous work (Hartman et al., 1978; Christman and Edgar, 1983). 
For this work, X, equals 0.44 and 0.46 for c-CaO (AO) and 
h-CaO (DO), respectively. For the very small particle sizes used 
in this work, pore diffusion is not likely to limit the reaction, and 
SO X, equals the theoretical limit of sulfation given the initial 
porosity, a constant particle diameter, and the assumed molar 
volume ratio. In this case, these X ,  values represent about 25 and 
35 s of reaction for c-CaO and h-CaO, respectively, Figure 7. 
For the c-CaO, this time corresponds to the point at which the 
conversion starts to level off, while the h-CaO still shows consid- 
erably more reaction. It is evident that for sulfation to occur 
beyond the limit imposed by the initial porosity and the greater 
volume of the product, sulfation of the particle must be accom- 
panied by particle expansion. 

This research has shown h-CaO particle expansion by the evi- 
dence for a capillary condensation mechanism in the VJt plot 
and the remaining residual porosity beyond the theoretical max- 
imum conversion limit. Additional tests in this research using 
mercury porosimetry indicate expansion in the interparticle 
region of h-CaO, supporting findings of particle expansion in 
sulfated limestone by Borgwardt and Harvey (1972). Further 
tests with N2 adsorption/desorption show that changing the 
pressure equilibration time from 2 to 20 s increases the void 
space by over 2596, indicating that the nitrogen is capable of 
expanding the h-CaO. This is supported by other evidence of 
residual porosity (Hartman and Coughlin, 1976), which may 
allow continued diffusion of reactants (Bhatia and Perlmutter, 
1981a; Pigford and Sliger, 1973) into the particle interior. 

The evidence for c-CaO expansion is not as clear. Tests with 
mercury porosimetry do not indicate significant interparticle 
expansion, while variation of the equilibration time with the N2 
sorption experiments indicates a 6% increase in void space. 

Expansion of both materials during reaction with SO, by the 
amounts apparent from the N, adsorption testing would raise X, 
to about 0.53 and 0.67 for c-CaO and h-CaO, respectively. 
These values still fall short of the experimental conversions 
obtained, indicating that the formation of CaS04 must produce 
greater expansion than indicated by N2 adsorption/desorption 
techniques. 

The faster initial decline of the pore volume and area in the 
c-CaO for the same amount of conversion supports the conclu- 
sion that the pore structure of the c-CaO is more susceptible to 
reactive closure than the h-CaO. Both materials may have the 
same intrinsic reactivity, but product formation affects the 
remaining c-CaO structure differently than the same amount of 
reaction on the h-CaO. The physical structure of the h-CaO 
allows for more physical expansion and subsequent retention of 
porosity than the c-CaO, thereby reducing the effect of a larger 
volume product upon the decline of porosity. 

Conclusions 
CaO derived from CaC03 is composed of a size distribution of 

cylindrical pores, while CaO derived from Ca(OH), forms a 
pore system of slit or platelike pores. When the isotherm data 
are evaluated for both CaO derivatives using the same geomet- 
rical interpretation of the pore structure, the c-CaO pores are 
smaller than those of h-CaO. 

The pore size distribution of both sorbents shifts to larger 
pores upon sintering to lower surface areas. Sintering at  8OOOC 
for up to 10 min does not have a great effect upon porosity or 
upon conversion to CaSO,, implying that the surface area lost in 

the smaller pores does not significantly affect the sorbents’ over- 
all conversion. 

The effect of reaction with SO, is to reduce the pore volume 
throughout the distribution of pore sizes. The pore volume dis- 
tribution for both materials shifts to larger pore sizes as reaction 
occurs, suggesting preferential reaction, sintering, or occlusion 
of the smaller pores, under approximately 150 A. 

If significant intraparticle diffusion resistance exists, then a 
product layer would form, resulting in surface pore closure and 
incomplete conversion in the center of the particle. However, in 
this work both materials react beyond the conversion levels 
expected by complete loss of initial porosity to the greater vol- 
ume of the product, CaSO,. This implies that intraparticle dif- 
fusion resistance is not significant and that expansion of the par- 
ticle is necessary to account for these conversion levels. 

For conversion levels beyond 4596, the h-CaO reacts to a 
higher value than the c-CaO under these experimental condi- 
tions. This is due to greater retention of porosity by h-CaO than 
c-CaO at similar levels of conversion. The platelike structure of 
the h-CaO allows for greater particle expansion, maintaining 
higher porosity. 
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Notation 
d = plate separation 
D - pore diameter 
P = vapor pressure of adsorptive gas 
Po - saturation vapor pressure of adsorptive gas 
S, = surface area from ?-method 

t = average film thickness 
T - temperature 
V - volume of liquid nitrogen adsorbed 
V, - volume of gaseous nitrogen adsorbed 
X, - local conversion of CaO to CaSO,, atom S per atom Ca 
2 - molar volume ratio of CaSO, to CaO 
c, = initial porosity 
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