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A mathematical model for transport, reaction and structure evolution in gas-solid
reactions with solid product is used to analyze a set of experimental data for the
sulfation of calcines derived from three stones of high (> 95%) calcium carbonate
content. The analysis of the experimental data places emphasis on the formation of
inaccessible pore space and its effects on the efficiency of calcined limestones as
sorbents for SO, removal. Our results show that the ultimate capacity of calcined
limestones for SO, uptake is influenced strongly by the formation of inaccessible
pore space, which in turn is determined by their pore-size distribution and the
connectivity (degree of interaction) of the pores. For the three specimens used in
our study, the ultimate conversion (measured experimentally) increased and the
inaccessible pore space formed during pore closure (predicted by the mathematical
model) decreased with decreasing grain size in the rock precursors, indicating that
the morphological texture of the precursors plays a major role in determining the
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topological features of the pore structure of the resulting calcines.

Introduction

During coal combustion, the sulfur contained in the coal
matter is converted to sulfur oxides, primarily SO,, which, if
no action is taken, are emitted into the atmosphere with the
flue gas. Sulfur dioxide emissions from coal-fired power plants
account for the majority of the sulfur dioxide put into the
atmosphere from man-made sources. Because of the role played
by SO, in acid rain formation and the detrimental effects of
acid rain on structures and terrestrial ecosystems, it is necessary
that the sulfur content of the flue gas be reduced to an ac-
ceptable level before it is released into the atmosphere. In
general, SO, emissions control can be achieved by intervening
in the coal utilization process before, during or after com-
bustion. Removal of sulfur dioxide during combustion is usu-
ally accomplished by feeding limestone or dolomite into the
combustor in particle form. At the reaction conditions of the
combustor, the carbonate particles decompose forming porous
particles of the corresponding metal oxides, which react with
the sulfur dioxide present in the reactor to form, depending
on the reaction temperature, sulfates, sulfites, and sulfides or
a mixture of these compounds (Chan et al., 1970).

A relatively large amount of theoretical and experimental
work has been carried out on the investigation of the behavior
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of calcium oxide particles in an environment containing oxygen
and sulfur dioxide. Most of the work has been done over the
past two decades, a result of stricter environmental regulations
on the operation of power plants. The experimental study of
the reaction of SO, with porous CaO particles has mainly
focused on studying the dependence of the overall rate of the
reaction on the operating conditions and examining the relation
of the reactivity and sorptive capacity of the porous sorbent
to its physical properties. A number of interesting observations
about the effects of particle size, calcination and sulfation
temperature, and porosity and internal surface area (pore
structure, in general) have been made in these studies (for
example, Borgwardt, 1970; Hartman and Coughlin, 1974; Gul-
lett and Bruce, 1987; Zarkanitis and Sotirchos, 1989). The
conclusions reached by different investigators on the quali-
tative role played by the above factors and parameters in de-
termining the reactivity and sorptive capacity of a sorbent are
in relative agreement with each other, but there is much dis-
agreement on their quantitative effects, especially for sorbents
obtained from different limestone or dolomite precursors. A
common general conclusion of almost all studies on the CaO-
SO, reaction is that the physical properties of porous CaO-
containing solids and, for particles derived from limestones
and dolomites, of the parent rocks have the most influence in
determining the efficiency of such solids as sorbents for SO,
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Figure 1. Inaccessible pore volume formation during a
noncatalytic gas-solid reaction with solid
product.

removal. Moreover, all studies agree that Ca:S ratios much
larger than the stoichiometrically predicted 1:1 value must be
used in practice for effective SO, removal.

The reaction of SO, with CaO or MgO is a gas-solid reaction
with formation of a solid product, CaSO, or MgSQ,, that
occupies more space than the solid reactant, CaO or MgO,
from which it results. If no increase in the overall volume of
the porous particles takes place during the reaction, the pore
space may be completely filled with solid product. This takes
place at about 50% conversion for porous CaQO particles of
50% porosity. Once the pores become plugged with solid prod-
uct, the interior of the porous particles is rendered practically
inaccessible to the gaseous reactants inasmuch as diffusion
through the solid product is an extremely slow process. If the
reaction proceeds under significant diffusional limitations in
the pore space, plugging of the pore openings may first occur
at the external surface of the particles, leaving unusable open
space in their interior and, therefore, lowering the ultimate
(practically attainable) capacity of the sorbent for SO, removal
to values below that predicted by the stoichiometry of the
reaction for uniform filling of the particles with solid product.
Plugging of the pores at the external surface with solid product
is usually the main mechanism by which most of the mathe-
matical models of the literature manage to reproduce experi-
mental data for the CaO-SO, reaction. For a given particle
size, the conversion profile in the interior of the particles de-
pends on the relative rates of diffusion and reaction, which in
turn are influenced strongly by the effective diffusivity in the
pore space, its variation with the conversion, and the diffusivity
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in the product layer. It is thus these parameters that are used
to fit predictions of the mathematical model to the experi-
mental data. This approach is usually successful with experi-
mental data obtained over relatively narrow ranges of operating
conditions, but it fails to explain why solids of similar pore-
size distributions may present substantially different capacities
for SO, removal.

The structure of real porous media—as direct photomicro-
graphic examination usually shows—consists of irregularly
shaped pores, such as clusters of pores or cavities fed through
smaller feeder pores (Figure 1A), ink-bottle pores (Figure 1B),
and pores of varying cross-section along their length (Figure
1C). If the porous medium participates in a gas-solid reaction
with solid product formation, the smaller pores (or more gen-
erally, the smaller openings) get plugged with solid product
earlier forming inaccessible pore space as it is schematically
shown in Figures 1A, 1B’ and 1C’. Formation of inaccessible
pore space limits the ultimate capacity of a porous sorbent (for
example, of a calcined limestone for the problem studied in
this study) for pollutant removal below the level that corre-
sponds to complete pore plugging of the pore space with solid
product even under conditions characterized by insignificant
intraparticle diffusional limitations. Since the extent of for-
mation of inaccessible pore space is influenced not only by the
pore-size distribution of the solid but also by how the pores
communicate with each other in the solid’s interior, as the
qualitative mechanisms portrayed in Figure 1 suggest, even
solids with the same pore-size distribution can exhibit markedly
different sorptive capacities.

A general mathematical model (generalized random pore
model) was developed by Yu and Sotirchos (1987) for describ-
ing transport, reaction and structure evolution phenomena in
gas-solid reactions with solid product formation. They built
the model on the assumption that the pore structure of the
solid can be represented by a network of pores of some size
distribution, with the pore segments arranged around the bonds
of a three-dimensional lattice. This model is thus capable of
describing almost all phenomena encountered in gas-solid re-
actions with solid product, including that of the formation of
inaccessible pore space. Preliminary analyses of experimental
data for the CaO-SO, and ZnO-H,S reactions (Zarkanitis and
Sotirchos, 1989; Zarkanitis et al., 1990) have shown that the
generalized random pore model is an efficient tool for ana-
lyzing data for such reactions. The generalized pore model is
used in this study to analyze in detail reactivity evolution data,
obtained in our laboratory, for the sulfation of particles of
two high-purity limestones, some of which we presented and
discussed in a past study (Zarkanitis and Sotirchos, 1989) and
particles derived from calcitic single crystals (Iceland spar).
Our analysis places emphasis on the formation of inaccessible
pore space, and it is used to show that differing connectivity
of the pores in the structure may be the main reason for which
same size particles of similar pore-size distribution exhibit dif-
ferent capacities for SO, removal.

Materials, Reaction Conditions, and Experimental
Procedures

Experimental results obtained for calcines derived from sol-
ids of high CaO content are analyzed in this study: a limestone
of very high CaCO, content distributed by Greer Limestone
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Table 1. Composition of the Caleined Samples

Mineral Georgia Greer Iceland
Marble (wt. %)  Limestone (wt. %)  Spar (wt. %)
Ca0 94.16 97.34 98.97
MgO 2.57 0.81 0.3
Sio, 2.62 1.5 0.01
AlLLO, 0.14 0.18 0.01
Na,O 0.01 0.01 0.18
K,O 0.03 0.04 0.01
Fe,0, 0.06 0.08 0.58
MnO 0.01 0.01 0.01
TiO, 0.03 0.04 0.0t
P,0; 0.22 0.29 0.01
Total 99.85 100.3 100.1

Co. (Greer limestone), a calcitic marble (Tate White Aggregate)
distributed by Georgia Marble Co. (Georgia marble), and a
calcite in single crystal form distributed by Wards Inc. (Iceland
spar). The chemical composition of the calcines of these solids
was analyzed by X-ray fluorescence (X-Ray Assay Labs. Ltd.).
The obtained results are shown in Table 1. The CaO content
of the calcitic marble is slightly lower than that of the Greer
limestone and of the Iceland spar (94.16% vs. 97.34% and
98.37%), but the former contains more MgO which might also
react with SO,.

Mercury porosimetry showed that the precursors (as received
samples) were nearly nonporous. Further analysis of the rocks
using gas adsorption revealed some small porosity (for pores
smaller than 1,000 A) which decreased in the direction Greer
limestone — Georgia marble — Iceland spar (0.015, 0.007,
and 0.004, respectively). Mineralogical analysis of the precur-
sors found that the calcium carbonate was present in the form
of calcite. Petrographic examination of the Greer limestone
showed that it consisted of calcitic, microgranular mud with
inclusions of aggregates of larger calcitic grains. The Georgia
marble sample, on the other hand, was found to be spanned
primarily by coarse calcitic grains. At the boundaries of the
grains, small grains of iron oxide and quartz were observed to
occur in both limestones. The Iceland spar sample was, of
course, found to exist in the form of large single crystals.
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Figure 2. Pore-size distribution of Greer limestone cal-
cines.
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Figure 3. Pore-size distribution of Georgia marble cal-
cines.

The three rocks were calcined, in particle form, under N,
at 750 and 850°C. Sulfation experiments were conducted at
700, 750 and 850°C using a mixture of 3,000 ppm SO, and
12% O, in N, which was obtained by diluting a 0.5% mixture
of SO, in air with N,. All gases were at least of 99.99% purity
and were supplied by Air Products Co. To differentiate the
effects of structure evolution from those of intraparticle mass
transport limitations, experiments were carried out using four
particle size ranges: 53-62, 88-105, 210-250 and 297-350 pum.
The particles were considered spherical in the analysis of the
experimental data, and the arithmetic mean of the two limits
of each size range was taken as average size. Reactivity ex-
periments were carried out in a thermogravimetric analysis
(TGA) system. The flow rate of the reactant mixture in the
hangdown tube of the TGA system was kept at 250 mL/min
in all experiments, and about 2-4 mg of uncalcined solid—the
smaller amounts were used for the smaller particles—was em-
ployed in each experiment. A more detailed discussion of ex-
perimental procedures used during reactivity experiments can
be found elsewhere (Zarkanitis and Sotirchos, 1989; Zarkan-
itis, 1991).

Mercury porosimetry and gas adsorption were used for pore
structure characterization. Physical adsorption measurements
for surface area determination were carried out in a flow-type
reaction/adsorption apparatus (Crowley, 1985; Sotirchos et
al., 1988) and in a volumetric system. The pore-size distri-
butions of the produced calcines at the two calcination tem-
peratures employed in our study are shown in Figure 2 for
Greer limestone, Figure 3 for Georgia marble, and Figure 4
for Iceland spar samples. These pore-size distributions were
obtained from the mercury porosimetry data by assuming a
perfectly interconnected network of cylindrical pores. (A per-
fectly interconnected network of pores can loosely be defined
as one in which all pores are infinitely long (that is, all pores
reach the external surface) or one in which each pore segment
is connected to at least one pore segment of larger size located
closer to the external surface of the porous medium.) The BET
method was employed for surface area estimation from gas
adsorption (N, at 77 K) data (Gregg and Sing, 1982). The
measured surface areas for various samples and calcination
temperatures are given in Table 2, The relatively large amounts
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Figure 4. Pore-size distribution of iceland spar calcines.

of solid sample needed for pore structure characterization
(about 250 mg) were prepared by calcination in a fixed-bed
arrangement in small batches (in situ in the reaction/adsorption
system) or a fluidized-bed reactor. Even though the flow rates
used in the fixed-bed reactor were much smaller than those
employed for fluidization, no significant pore structure dif-
ferences were found to exist between samples prepared at the
same temperature.

Table 2 shows that the surface area per unit mass of calcined
sample decreased with increasing calcination temperature; Fig-
ures 2 and 4 show that part of the pore-size distributions of
the Greer limestone and Iceland spar calcines was shifted to-
ward larger pores. The calcination temperature (see Figure 3)
appeared not to have any effect on the pore-size distribution
of Georgia marble. The particle size did not influence signif-
icantly the surface areas of Greer limestone and Georgia mar-
ble, but it had (see Table 2) a more noticeable effect on the
surface area of the Iceland spar calcines. Heat treatment under
nitrogen at 850°C of the Georgia marble and Iceland spar
calcines that were produced at 750°C decreased their surface
area, probably because of sintering (see Table 2). Such behavior
has been observed by several investigators (for example, Dogu,
1981; Borgwardt et al., 1986). The results shown and discussed
in this study were obtained at sulfation temperatures lower
than the calcination temperature to eliminate the possibility
that structural changes caused by sintering could have taken
place during the reaction. For the same calcination tempera-
ture, the surface area of the Georgia marble calcine was smaller
than that of the Greer limestone sample, while Iceland spar
had much higher surface area than other sampies at all con-
ditions studied. In contrast to the other two samples, the pore-
size distribution of the Iceland spar calcines is of bimodal form,

0.35 T T T T

]

X Georgia Marble i

0.30 | Calcination Temperature 850° C 3

[ Sulfation Temperature 850° C ]

Particle Size 88 — 105 um ]

025 | ]
020 [ e at e

Platinum Pan

Conversion, £

0.15 [ e Golden Pan y
[ 8—— - —a  Quartz Pan
0.0 | ]
0.05 |3 ]
0.00 — st e
0 5 10 15 20 25
Time (min)

Figure 5. Effect of pan material on reactivity evolution
curves.

and it is probably the small pores that are responsible for its
much higher surface areas. The pore structure characteristics
of the six calcines will be discussed in more detail later in
conjunction with the analysis of their reactivity data during
sulfation.

In the high-temperature environment of the sulfation re-
actor, sulfur dioxide can react with oxygen to produce sulfur
trioxide, which may in turn react with the metal oxide to give
metal sulfates. Thermodynamic analysis of the oxidation of
SO, indicates that a significant amount of SO, should be pres-
ent as SO, at the conditions of our experiments (3,000 ppm
S0O,, 1 atm, 12% O,, and 700-850°C). Specifically, the equi-
librium ratio of the partial pressure of SO; to that of SO, varies
in the range [0.1, 1], decreasing with increasing temperature
because of the exothermic nature of the reaction. However,
the reaction rate is so slow that the produced amount of SO,
is negligible even at the high end of the temperature range in
the absence of a catalyst. Platinum, the material used for the
hangdown wire and pan in the TGA, is one of the most efficient
catalysts of the oxidation of SO, to SO, (Schroeter, 1966). To
investigate the effects of possible sulfur dioxide oxidation on
the measured reactivity evolution curves, test experiments were
conducted using three pans made of gold, quartz, and plati-
num. Some of the obtained results are shown in Figure 5 for
the Georgia marble sample calcined and sulfated at 850°C.
The independence of the results of the pan material indicates
that sulfur dioxide is the primary reactive species rather than
sulfur trioxide. Even though sulfur trioxide is thermody-
namically favored at lower temperatures, experiments at 700°C
gave results similar to those of Figure 5. The catalytic effects
of the platinum pan could have been diminished because of

Table 2. Surface Areas of the Calcined Samples (m?*/g)

Calcination Georgia Marble Greer Limestone Iceland Spar Iceland Spar
Temp. (°C) (83-105 pum) (83-105 pm) (88-105 pm) (297-350 pm)
750 40.0 47.8 83.8 78.6
850 32.2 33.7 65.6 62.0
750" 38.4 47.4 64.1 57.0

*Followed by treatment under N, for 30 min at 850°C.
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its extended use under sulfur dioxide and the short residence
time of the reactive mixture in the neighborhood of the pan.
Note that the results of Figure 5 could also be viewed as rep-
resentative of the reproducibility and repeatability of our ex-
perimental data.

The use of 2-4 mg of sample and 250 mL/min flow rate in
our experiments was the result of a detailed investigation of
the effects of sample size on the thermogravimetric reactivity
data (conversion vs. time curves). Large sample sizes slowed
down the reaction considerably, especially during its initial
stages where higher reaction rates prevailed. The sample size
effects of the reactivity evolution curves were more pronounced
for the small (53-62 um) particles. Since these particles tended
to agglomerate during the reaction, it was concluded that in-
terparticle diffusional limitations were a contributing factor
in the observed particle-size effects. Large samples sizes also
led to nondifferential operation of the TGA reactor. For the
reaction rates that are typically seen in Ca0O-S0O, experiments,
an overall mass balance on a gas-solid reactor shows that very
high flow rates must be employed (over 2 L/min) to keep a
reactor loaded with sample sizes larger than 50 mg operating
in differential mode. Use of such flow rates is impossible in
a TGA system since the flow rate in the hang-down tube must
be kept below a certain limit for problem-free operation of
the microbalance. We chose to work with flow rates of 250
mL/min because such rates were found to give an acceptable
signal-to-noise ratio at temperatures as high as 900°C for the
reactor tube configuration used in this study. Moreover, even
for the highest reaction rates encountered in our experiments,
a flow rate of 250 mL/min or above and 2-4 mg of calcine
gave almost differential operation of the TGA reactor for the
sample sizes used in our experiments. It should be pointed out
that the above findings cast considerable doubt over most of
the thermogravimetric reactivity data of the literature, espe-
cially for small reaction times, since in most cases both large
sample sizes (over 100 mg in some cases) and low flow rates
were employed.

Analysis of the Experimental Data

CaO and MgO contained in calcined limestones react with
SO, in the presence of O, according to the overall reaction:

1
MO+SOZ+§ 0,—~MSO,; M=Ca or Mg (R1)

At atmospheric pressure and in the presence of 12% (volume/
volume) O, and 3,000 ppm SO,, the reaction conditions used
in our experiments, the sulfation of CaO is far from equilib-
rium at temperatures below 850°C, and consequently, it may
be treated as an irreversible reaction. Although the solids used
in our experiments contained very small amounts of MgO and
inert solids, a rigorous treatment of the problem requires that
some assumptions be made about the role played by these
species in the reaction process. Thermodynamic analysis of the
sulfation of MgO (Yu, 1987) shows that the reaction can take
place under the conditions of our experiments since it reaches
equilibrium at temperatures higher than 850°C, though not
much higher. Working with reagent-grade MgO powder, we
found (Zarkanitis, 1991) that at the conditions of our exper-
iments, the sulfation of MgO proceeded at rates comparable
to those of the sulfation of CaO. We will thus assume that

1540 October 1992 Vol. 38, No. 10

CaO and MgO react at rates proportional to their concentra-
tions in the unreacted solid phase so that a sharp reaction
interface develops in the reacting solid particles. Various im-
purities are mixed homogeneously with the reactant species so
that reaction occurs uniformly over the reaction interface.

In general, gas-solid reactions involving porous particles
occur under conditions in which appreciable concentration
gradients exist in the pore space. There are two gaseous reac-
tants involved in the sulfation reactions: O, and SO,, see Eq.
R1. Since the concentration of oxygen is by more than an order
of magnitude larger than that of sulfur dioxide, its profile in
the intraparticle space will practically be uniform. The same
will also be true for the temperature profile since because of
the low concentrations of SO,, small amounts of heat are
released within the particles, which are not capable of raising
the temperature significantly. The local mass balances of the
gaseous and solid reactants (SO, and MO) in the interior of
the particles, assumed to be spherical, are only needed to de-
scribe the diffusion and reaction problem in the intraparticle
space. The resulting equations have the form:

o)l _1 @ 9,
at —'rz ar [ﬁDe(s) ar] (R'U(E) (1)
i v
% 1oe R.(D) )]

The local conversion, £, is related to the porosity of the solid,
€,» by the relation:

€9~ €p

S ewz-1

3

where ¢, is the initial porosity, c, is the concentration of SO,
in the pores, €, is the accessible porosity of the solid, Z is the
stoichiometric volume of reacted solid phase per unit volume
of unreacted solid phase, and v, is the volume of unreacted
solid phase per mole of solid reactant.

Boundary conditions at the center and at the surface of the
particles must be used to complete the differential equation
resulting from the mass balance of the gaseous reactant. The
usual no-flux (‘‘symmetry’’) boundary condition is used at the
center of the particle, while the boundary condition at the
surface is obtained from a mass balance on the gaseous reactant
there:

dc,

P

ar

ac,

=0; D. ar

r=0

=ko(C,—¢p)

r=a

“@

r=a

where g is the radius of the particles, k, is the mass-transfer
coefficient, and ¢, is the concentration of the gaseous reactant
in the bulk. The accessible porosity, €, effective diffusion
coefficient, D,, and volume-based reaction rate, ®,, are as-
sumed to be functions of the local conversion, and a structural
model is needed to describe their variation with the progress
of the reaction.

The assumption that the local structural properties of the
solid are solely determined by the local conversion is valid only
if the reaction obeys first-order kinetics or, for arbitrary ki-
netics, if the reaction rate at a point of the reaction surface is
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independent of the radius of curvature. For first-order kinetics,
the volumetric reaction rate can be expressed as:

mv(£)=ku('¢§')cp (5)
Introducing this expression in Eq. 1 and using the pseudo-
steady-state approximation for the SO, concentration profile,

it can be shown that the evolution of the concentration profiles
with respect to a scaled time defined as:

t ’
- (! ,
’=S b(* )dt
0 Cp

(6)

with ¢}, being a reference concentration, should be independent
of the concentration of sulfur dioxide in the bulk. Control
experiments using samples of calcined solids and calcium oxide
powders (Zarkanitis, 1991) showed that the differences be-
tween conversion vs. scaled time [defined for constant ¢, as
f= (c,/c3) 1] curves for different ambient SO, concentrations,
ranging from 3,000 to 500 ppm, were within the repeatability
and reproducibility limits of the experiments. It was thus con-
cluded that the reaction of the calcined sorbents with SO, had
first-order, with respect to the concentration of SQ,, intrinsic
kinetics in the temperature range covered by our experiments.
The same conclusion was also reached, among others, by Marsh
and Ulrichson (1985) for the sulfation of calcines derived from
hydroxide precursors and Simons et al. (1987) for the sulfation
of limestone calcines, but Borgwardt and Bruce (1986) con-
cluded that the sulfation rate of the limestone calcines they
studied depended nonlinearly on the partial pressure of SQ,
and determined a value of 0.62 for the exponent.

Structural model

The structural model used here to describe the evolution of
the structure of the solid during the gas-solid reaction process
is based on the mathematical model developed by Yu and
Sotirchos (1987) for gas-solid reactions exhibiting pore closure
behavior. This model considers a pore structure that can ini-
tially be represented by a network of finite in length cylindrical
capillaries. After reaction starts, the pore (gas-solid interface)
and reaction (reacted-unreacted solid interface) surfaces are
represented by populations of overlapping cylinders coaxial to
those forming the initial pore structure. As the conversion
increases, pores close, and inaccessible pores or inaccessible
clusters of pores form. For reaction times greater than zero,
the pore network contains plugged pores, accessible pores, and
inaccessible pores. The last kind of pores includes pores of
finite radius that either terminate at sites of closed pores or
belong to a finite cluster of open pores.

The initial pore structure is described by the length distri-
bution density /,(R,), with /(R;)dR, being the length per unit
volume of capillaries with size in the range [R,, Ry + dR,], with
the initial pore-size range being [Ry+, R}). Percolation theory
is used to follow the formation of inaccessible pores in the
course of the reaction and the evolution of the distribution
densities of plugged, accessible, and inaccessible pores. Equa-
tions for the rates of change of the radius of a pore that has
evolved from a pore of initial radius R, at time ¢, R,(R,,?),
and of the radius of the corresponding capillary for the reaction
surface, R,(R,,!), are derived by solving the diffusion equation
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in the product layer with appropriate boundary conditions and
writing a mass balance for the solid, respectively. In doing so,
it is assumed that negligible reaction occurs at the reaction
surface that belongs to capillaries coaxial to plugged or open,
inaccessible pores. For more details on the structural model,
the reader is advised to consult the article by Yu and Sotirchos
(1987).

The volumetric reaction rate constant, k,, is obtained by
averaging the reaction rate at a point of the reaction surface,
as it is predicted by the structural model, over the accessible
reaction surface area (Yu and Sotirchos, 1987; Zarkanitis et
al., 1990). The effective diffusivity may be determined by av-
eraging the diffusion coefficient in a single capillary of radius
R,, D(R,)[=D¢(R,)D,/(Dx(R,)+ D,)] over the accessible
pore-size distribution, as it was done by Yu and Sotirchos
(1987) in the first implementation of the generalized random
pore model under conditions of intraparticle diffusional lim-
itations. This approach, however, violates the mass balance
equations at the nodes of a network of finite in length pores,
since it assumes that microscopic and macroscopic concentra-
tion fields coincide (smooth field approximation).

For pore network structures, Burganos and Sotirchos (1987)
proposed to determine the diffusion coefficient by applying
the smooth field approximation (Jackson, 1977) to an equiv-
alent, with respect to mass transport, network having uniform
conductance (diffusivity x radius*/pore length) for all pore
segments. The equivalent network may be obtained by applying
the effective medium theory to the original network. For uni-
form length pore segments, the EMT-SFA procedure leads to
the following expression for the effective diffusivity:

D =§3 (D(R,)R}).
3 (RD,
where €, is the porosity that the structure would have if a/l
pores of initial size R, had size R,(R,,t) at time . (®), rep-
resents the effective medium average of ®, obtained from the
equation (Kirkpatrick, 1973):

Q)]

e=® (Ry)AR,=0

SRO . i._l (.)
X, ¢

where X is the percolation threshold of the network, as it is
predicted by the effective medium theory, which is equal to
2/z for networks built on regular lattices of coordination num-
ber z. Finally {*), stands for the arithmetic average of ® with
weight function /,(R,).

It is not necessary to solve the structural model equations
simultaneously with Egs. 1-4 since k, and D, depend only on
£, and this dependence can be determined from the solution
of the structural model. More details on the methods used to
solve the equations for the diffusion and reaction model (Egs.
1-4) and the structural model are given by Yu and Sotirchos
(1987).

®

Estimation of Model Parameters

Accessibility of the network, pore-size distribution, and
effective diffusivity

A Bethe lattice is used to represent the topology of the pore
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network and determine its accessibility function, that is, the
expression that provides the fraction of open, accessible pores
in the network given the fraction of open pores. The acces-
sibility function of Bethe lattices is given by an analytical
expression which involves only its coordination number, z, as
a parameter (Fisher and Essam, 1961). The use of a Bethe
lattice does not limit the validity of the results obtained here
since most two- and three-dimensional lattices have accessi-
bility functions of similar shape. That is, given a different
lattice, one can find a Bethe lattice (that is, a z) that will
approximate its accessibility function sufficiently close.

Mercury porosimetry gives the void volume penetrated by
mercury as a function of exerted pressure. If a structure of
perfectly interconnected pores or infinitely long-pore segments
is assumed, the pore-size distribution of the solid can readily
be obtained from the porosimetry data (Washburn 1921; Drake,
1949). A rigorous application of the generalized pore model
requires correction of the pore-size distribution that is extracted
from mercury porosimetry data for a perfectly interconnected
pore network or, equivalently, for a structure of infinitely long
pores. This correction is needed because in a network of finite
pore segments, a large pore is filled by mercury at a capillary
pressure determined not by its own radius but by the radius
of the feeder pore through which it is invaded by mercury.
The correction of the pore-size distribution requires, among
other things, the distribution of the length of the pores and
the particle size of the sample used to obtain the mercury
intrusion results or the use of an unknown parameter (Mishra
and Sharma, 1988) that accounts for their effects on the mer-
cury intrusion curve. The correction of the pore-size distri-
butions obtained from mercury porosimetry data for pore
network structures like those considered in this study was con-
sidered in detail by Zarkanitis (1991). The main difference
between the uncorrected and corrected pore-size distributions
(see also Mishra and Sharma, 1988) is that in the latter, part
of the pore volume from the intermediate pore-size range is
shifted to larger pore sizes. To avoid the introduction of ad-
ditional parameters in the analysis of the experimental data,
it was decided to employ the uncorrected pore-size distribu-
tions, that is, those obtained by assuming perfectly intercon-
nected networks of pores (Figures 2-4). The consequences of
this choice will be discussed during the presentation of our
results.

The effective diffusivity can be computed using Eq. 7 with
X set equal to 1/(z— 1), that is, the percolation threshold of
Bethe lattice structures. This approach was taken by Zarkanitis
and Sotirchos (1989) in a preliminary analysis of limestone
sulfation data. It was shown by Stinchcombe (1974) that a
better approximation to the conductance of a Bethe lattice
network away from the percolation threshold is obtained by
using a larger value of X_ in the effective medium theory equa-
tion:

Xce‘:l-"l/f(Z);

] ___1 n-1
fR)=1+1+1/z- DI L) )
n=2

— 1+ [1/z—- DI
Equation 7 with X, given by Eq. 9 was thus used for the
computation of the effective diffusivity in the analysis of our
experimental data. It should be noted that even though this
approximation zeroes the effective diffusivity before the actual
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percolation threshold is reached, it does not make much dif-
ference which X, value is used in Eq. 7, since 1/(z—1) and
1 - 1/f(z) arenot much different and the effective conductance
in the vicinity of the percolation threshold is very low.

Reaction rate constant and mass-transfer coefficient

For a first-order reaction with respect to the sulfur dioxide
concentration and under isothermal conditions, the initial re-
action rate per unit of particle volume is given by:

®Ro= (k) Son (10)
with

3 ® coth -1

"8 1+ (® coth & 1)/5h, an
kJSQ Db kga
&= / : Sh,=Sh =%; Sh=-% -
a Do D., S D, (12a-¢)

The reaction rate constant k&, was estimated by minimizing the
functional:

4
TEDY (I (13)
i=1

®',, is the experimentally observed initial reaction rate for
particles of size i (1: 53-62, 2: 88-105, 3: 210-250, and 4: 297~
350 um), and ®, is the reaction rate given by Eq. 10.

Using a correlation for the average mass-transfer coefficient
at the surface of a sphere exposed to a flowing stream (Bird
et al., 1960), the Sherwood number, S# (see Eq. 12¢), was
found to be almost unity and practically independent of the
particle size. Such a small value for the Sherwood number
would imply strong external mass-transfer limitations for non-
porous particles, but it is the effective Sherwood number, Sh,
(see Eq. 12b), that actually appears in the dimensionless form
of the mathematical model. The value of Sh, ranged from 30
to 250, depending on whether an infinite or finite value for
the coordination number was employed. As a result, the ex-
ternal mass-transfer resistance had practically no effect on the
predictions of the mathematical model: that is, the concen-
tration at the surface of the particles was almost equal to that
in the bulk of the gas phase. The difference between surface
and bulk concentration was small even when the Sherwood
number was taken to be an order of magnitude smaller than
unity. This is a very important result, since because of the
presence of the pan, the actual Sherwood number of the par-
ticles may be smaller than the value for stagnant diffusion
around freely suspended spheres.

Z and v,

The porous solids that result from calcination of limestones
and dolomites contain calcium, magnesium oxide, and other
inert species (see Table 1). Z is defined as the volume of reacted
solid phase per unit of unreacted solid phase. Let Zy, M=Ca
or Mg, be the stoichiometric volume ratio when the pure oxide
is converted to sulfate (Zy = vmso,/Umo). When both oxides
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Table 3. Z and v, Values for Three Calcines”

v, X 10° (m*/kmol)

17.32 (17.52)
17.43 (18.1)
16.97 (17.04)

Sample z

3.037 (3.015)
3.022 (2.952)
3.078 (3.070)

Greer Limestone
Georgia Marble
Iceland Spar

*The values shown in parentheses are for MgO behaving as an inert species.

react with sulfur dioxide, a volume balance in the product layer
gives (Yu, 1987):

Z=(Zca— DWcao+ (Zyg— Dbmeo+ 1 (14)
with ¢; being the volume fraction of the species i in the solid

phase. The definition of v, as the volume of unreacted solid
phase per mole of solid reactant leads to the expression:

_1_ = ‘bCaO + ’legO (1 5)
Us Ucao UMgO

with v, being the molar volume of species i. When magnesium
oxide is considered inert, Egs. 14 and 15 become:

Z=(Zcaso,~ Weao +1 (16)
and
Ucao
U= a7
\I’Cao

The values of Z and v, given by Eqs. 14 and 15 for the
calcines examined in this study are shown in Table 3. The
values shown in parentheses are those obtained when mag-
nesium oxide is treated as an inert species (Egs. 16 and 17).
As it can be seen from Table 3, the values of Z are slightly
lower if magnesium oxide is considered inert with respect to
SO,, while the v, values are slightly higher. This is expected
since the pure magnesium oxide has higher stoichiometric vol-
ume ratio but lower molar volume than calcium oxide, 4.01
vs. 3.09 and 11.04 x 1073 m%/kmol vs. 16.9x 10~* m*/kmol,
respectively.

Table 3 was constructed using 2.61 g/cm’® for the density of
CaS0,, a value taken from the CRC Handbook of Chemistry
and Physics (Weast, 1988). In addition to the above value, a
density of 2.96 g/cm’ is also listed in the same handbook for
CaSO0,, and it is the only value appearing in Perry’s Handbook
(Perry, 1984). We chose to work with the smaller of the two
values because it has been employed almost exclusively in past
studies of limestone sulfation, and we wanted to make our
results comparable with those reported there. Recent meas-
urements by Gullett and Bruce (1989) indicated that the density
of the solid product formed during sulfation of calcium oxide
is equal to the larger of the two values given in the literature.
Using a larger value for the density of CaSQ, in the mathe-
matical model used to analyze the experimental data would
not affect in any way the conclusions reached in our study.
However, it would lead to smaller Z values (2.725 instead of
3.09 for pure CaO) and, hence, higher ultimate conversions
for complete pore plugging without formation of inaccessible
pore space. As a result, smaller values of coordination number
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Table 4. Coordination Number Reaction Rate Constant,
and Product Layer Diffusivity Values Used in the
Mathematical Model

Calcination/Sulfation k, (m/s)
Temperature (°C) 4 k, (m/s) D, (m?¥/s) for z=o0
Greer Limestone
850/700 12 2.39x107° S5.0x107® 2.01x10°°
850/750 12 3.03x107° 9.0x10°"7 2.52x10°°
850/850 12 3.29%x107° 2.0x10°2 2.74%x10°°
750/750 6 2.46x107° 9.0x107"® 1.95x10°°
Georgia Marble
850/700 4 1.42x107° 9.0x10°" 1.16x10°°
850/750 4 1.83%x107° 2.0x10°° 1.47%x10°°
850/850 4 1.92x107° 2.0x1072 1.55%x10°°
750/750 3 1.34x107° 2.0x10°" 1.15x10°°
Iceland Spar
850/700 6 1.31x107° 90x107" 1.02x10°°
850/750 6 1.42x107° 2.0x10°" 1.08x10°°
850/850 6 1.73x107°% 7.0x107%? 1.28x10°°
750/750 3 1.44x107° 2.0x107" 1.07x10°°

than those obtained for the Z values of Table 3 would have
to be employed for all three solids to bring the model predic-
tions into agreement with the experimental data.

Model Predictions and Experimental Results

The product layer diffusivity, Dp, and the network coor-
dination number are the only parameters left to be determined
for the application of the mathematical model to the experi-
mental data obtained for the various calcines used in our ex-
periments. For a given coordination number, we can calculate
the initial effective diffusivity using the pore-size distribution
of the solid and Eq. 7, and then use this value to estimate the
reaction rate constant following the procedure outlined by Eqgs.
10-13. According to the assumptions on which the random
pore model was built, the coordination number should depend
only on the characteristics of the pore structure of the solid.
The product layer diffusivity, on the other hand, should depend
on the microstructure of the reacted solid phase and the tem-
perature at which diffusion takes place. These two parameters
were thus determined by matching the model predictions with
the experimental data under the constraints that the coordi-
nation number be the same for all particles of a given calcine
and all sulfation temperatures provided that sulfation has been
carried out at a temperature lower than the calcination tem-
perature and that the diffusivity in the product layer vary only
with the sulfation temperature and the limestone precursor.

The product layer diffusivity, coordination number, and
reaction rate constant values that were determined at the var-
ious conditions used to carry out sulfation experiments in this
study are shown in Table 4. The coordination numbers given
in the table are for a Bethe lattice representation of the pore
structure. A Bethe lattice with coordination number z is equiv-
alent, with respect to the percolation threshold predicted by
the effective medium theory (X,.=2/z), to a regular lattice of
coordination number 2(z— 1). Thus, if a regular lattice rep-
resentation is employed, the coordination numbers of 4 and
12 for Georgia marble and Greer limestone, respectively, at
850°C would become 6 and 22, respectively (Zarkanitis and
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Figure 6. Experimental and theoretical conversion vs.
time curves for Greer limestone calcines for
various calcination temperatures, sulfation
temperatures, and particle sizes.

e, —: 53-62 ym; o, - - -: 88-105 ym; O, — - —: 210-250
pm; &, — - —: 297-350 pm. The model predictions are given
by the continuous curves.

Sotirchos, 1989). Shown in Table 4 are also the kinetic con-
stants that are obtained when the pores of the calcines are
assumed to form a perfectly interconnected pore network
(z= ). The rate constants for z= oo are smaller than those
determined for finite coordination numbers because for a given
pore-size distribution, the effective diffusivity increases with
increasing coordination number.

The reaction trajectories predicted by the mathematical
model for the sulfation of Greer limestone, Georgia marble,
and Iceland spar calcines for the parameters of Table 4 are
compared in Figures 6, 7 and 8, respectively, with the exper-
imental conversion vs. time curves, the latter represented by
distinct data points. The agreement between model predictions
and experimental data should be deemed more than satisfac-
tory considering the constraints under which the two free pa-
rameters, D, and z, were estimated. The coordination number
had to be the same for 12 different experiments (four particle
sizes at three sulfation temperatures) for the calcines produced
by calcination at 850°C and for four different experiments
(four particle sizes sulfated at 750° C) for the calcines produced
at 750°C. On the other hand, the solid product layer diffusivity
had to be the same for all four particle sizes at each sulfation
temperature regardless of calcination temperature.

The most noticeable differences between model results and
experimental data are seen to occur for the small Greer lime-
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Figure 7. Experimental and theoretical conversion vs.
time curves for Georgia marble calcines for
various calcination temperatures, sulfation
temperatures, and particle sizes.

®, —: 53-62 pm; o, - - -: 88-105 pm; B, — - —: 210-250
pm; a, — - —: 297-350 um. The model predictions are given
by the continuous curves,

stone particles (53-62 um). Forcing the model predictions to
come into better agreement with the experimental data for
these particles would lead to overestimation of the conversions
reached by the larger particles. Similar behavior for the Greer
limestone sample was also seen in its direct reaction with SO,
under simulated pressurized fluidized-bed combustion condi-
tions (Krishnan and Sotirchos, 1990) that prevent decompo-
sition of calcium carbonate. Specifically, it was found that the
conversions reached by the small Greer limestone particles were
considerably larger than those that one would expect from a
shrinking core mode! on the basis of the results for larger
particles. These results suggest that small particles of calcined
or uncalcined Greer limestone undergo some expansion during
reaction with SO,, yielding a more open structure that allows
the reactant to reach the unreacted solid in the interior of the
particles even after, in the case of the calcines, pore plugging
takes place. Indeed, notice that after the point where the con-
version tends to level off (about 10 min for most cases), the
Greer limestone particles continue to react at a rate higher than
other samples, with the 53-62 um particles reaching at 850°C
higher conversion than the value predicted for complete pore
plugging of the pore space with solid product. Large deviations
are also observed for the Iceland spar at 700°C, but for tem-
peratures below 700°C, CaSQ, is not the only product of the
reaction of CaO with SO,. Formation of CaSQO, may take place,
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which causes pore plugging at higher conversions, since it oc-
cupies less space than CaSQ,. This is expected to have a stronger
effect for the smaller particles since, as we will see later, our
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Figure 9. Variation of the accessible and inaccessible
porosity of Greer limestone with the conver-
sion at 850°C (calcination and sulfation) given
by the mathematical model.
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modeling results indicate that incomplete utilization of the
capacity of small particles for SO, removal is due primarily to
the formation of inaccessible (locally) pore space.

The reaction trajectories obtained from the mathematical
model for a perfectly interconnected network of pores (z= )
are also shown in Figures 6-8. The product layer diffusivity
used for z = oo was the same as that for the corresponding cases
with finite coordination number, but qualitatively similar re-
sults were obtained for other D, values. The results of Figures
6-8 for z= oo show that in this case the particle size influences
the reaction trajectories only during the initial stages of the
reaction. At larger reaction times, the trajectories for all par-
ticle sizes approach each other, reaching the same final con-
version which corresponds to complete filling of the pore space
of the porous calcines with solid product. For this reason, the
quantitative differences between the model results for z= oo
and the experimental data increase as the conversion reached
by the solid in the experiment decreases. The largest differences
occur for the Iceland spar calcines and the calcines of the other
two samples that were produced by calcination at 750°C. The
agreement between the model results for z= o and the exper-
imental data can be improved only by using effective diffusion
coefficients in the intraparticle space much smailer than those
predicted by Eq. 7 for 2= o, specifically a conversion-depen-
dent tortuosity factor. Such a choice, however, will not agree
with the assumptions on which the development of the math-
ematical model for perfectly interconnected pores is based.

Calcination at 750°C produced calcines with lower sorptive
capacity for SO, removal, for all particle sizes, than the samples
obtained by calcining the same precursors at 850°C. The sorp-
tive capacity of the three samples increased for each combi-
nation of particle size, calcination temperature, and sulfation
temperature used in our study in the order Iceland spar —
Georgia marble — Greer limestone. The coordination number
that was determined by fitting the model predictions to the
experimental data decreased, in general, with decreasing sorp-
tive capacity; it decreased with decreasing calcination temper-
ature and in the directions Greer limestone — Georgia marble
and Greer limestone — Iceland spar. As it was pointed out in
the description of the structural model, the coordination num-
ber is a measure of the extent of pore interaction (interlinking)
in the interior of the porous medium: the larger its value, the
higher the interaction of pores of different size. Therefore,
calcination at a lower temperature appears not only to shift
the apparent pore-size distribution of the calcined solids toward
smaller pore sizes (see Figures 2-4), but to decrease the extent
of pore interlinking in the structure as well. Moreover, the
prediction of decreasing coordination number with decreasing
sorptive capacity points to the conclusion that the connectivity
of the pore structure is among the factors that have the most
influence on ultimate sorbent utilization under given operating
conditions.

The relative behavior of the reactivity evolution results for
the Georgia marble and Iceland spar calcines is in apparent
disagreement with the above conclusions and observations. The
coordination number of the Iceland spar calcine is not smaller
than that of Georgia marble sample for the same calcination
temperature even though its capacity for SO, removal is lower
at all reaction conditions (see Figures 9 and 10). The extents
of pore interaction and communication in the interior of dif-
ferent porous media, however, can safely be compared in terms
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Figure 10. Variation of the accessible and inaccessible
porosity of Georgia marble with the conver-
sion at 850°C (calcination and sulfation) given
by the mathematical model.

of the coordination numbers only for the same pore-size dis-
tribution. The pore-size distribution of the Iceland spar sample
differs qualitatively from that of other samples for both cal-
cination temperatures. It is practically bimodal having a sig-
nificant fraction of pore volume that belongs to pores with
the size smaller than the lower bounds of the pore-size ranges
of the other two solids (see Figures 2-4). This situation is more
pronounced for the solid produced by calcination at 850°C.
Since all pores are assumed to participate in the same way in
the pore network, the small pores account for a dispropor-
tionately large fraction of the total number of pores in the
structure. (For independently distributed pore length and size,
the number distribution density or equivalently length distri-
bution density can roughly be approximated by dividing the
porosity distribution density by the square of the pore radius.)
Small pores are plugged with solid product at very low con-
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Figure 11. Model-predicted variation of the accessible
and inaccessible porosity of Iceland spar
with the conversion at 850°C (calcination and
sulfation).
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versions; as a result, the model would predict that the pore
structure of the Iceland spar samples becomes inaccessible to
SO, at very low conversions if coordination numbers smaller
than those of the Georgia marble sample were employed, es-
pecially for calcination at 850°C.

A more informative picture of the relation between the ac-
cessibility of the internal structure of a calcine and its capacity
for SO, removal is obtained by plotting the variation of the
accessible porosity of the reacting solid with the total porosity,
as it is predicted by the mathematical model. Such plots are
presented in Figures 9-11 for the three solids used in this study
for calcination and sulfation at 850°C. Similar results are ob-
tained for other combinations of calcination and sulfation
temperatures. The pore size at which percolation takes place,
that is, the structure becomes inaccessible, is independent of
the sulfation temperature: it depends only on the pore-size
distribution and can be found for a continuous pore-size dis-
tribution as the pore size R, that satisfies the equation:

Ree
| o(Ro)ar,
Row
= =X. (18)
| " nroar,
Roe

where X, is the number fraction-based percolation threshold
of the solid [=1/(z— 1) for Bethe-lattice structures]. The con-
version or, equivalently, total porosity that the solid has when
the pore space becomes inaccessible is influenced, though
weakly, by the sulfation temperature because of its effect on
the relative rates of shrinkage of pores of different size. As
the comparison of Figures 10 and 11 shows, the model predicts
that the Iceland spar sample has the highest percolation thresh-
old in terms of the porosity—the lowest in terms of conver-
sion—even though it has higher coordination number and
smaller number fraction-based percolation threshold (at §50°C)
than the Georgia marble calcine. Its accessible porosity be-
comes zero at 25% conversion, while the corresponding values
for the Greer limestone and Georgia marble samples are 41%
and 36%, respectively. These conversion levels are those that
would be obtained if the reaction occurred under conditions
controlled by kinetics and diffusion in the product layer. Of
course, if no accessible pore volume formation took place, the
ultimate conversions reached in the absence of significant con-
centration gradients in the pore space would be equal to ¢/
[(1 — €)(Z — 1)] (about 50% for each case). It should be pointed
out that while the coordination number needed to reproduce
the experimental data is influenced strongly by the pore-size
distribution, the porosity- or conversion-based percolation
threshold is influenced weakly by it. This is a very important
observation since, as mentioned before, the pore-size distri-
bution obtained from mercury porosimetry data may have to
be corrected for a rigorous application of the generalized pore
model.

The variation of the effective diffusivity with the conversion
for calcination and sulfation at 850°C, predicted by the math-
ematical model, is shown in Figure 12 for all three solids. It
is seen that the intraparticle diffusion coefficient for a finite
coordination number not only is initially much lower than that
for thoroughly interlinked pores (z= =), but also decreases
relatively faster as small pores close and formation of inac-
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Figure 12. Model-predicted variation of the effective dif-

fusivity with the conversion for the three sol-
ids at 850°C (calicination and sulfation).

cessible pore space takes place. It is because of the low re-
sistance for intraparticle mass transport for z = o that complete
pore plugging at the external surface does not occur and the
predicted conversion trajectories for all particle sizes eventually
approach each other. The Iceland spar sample has the lowest
diffusivity for perfectly interlinked pores (z = o) even though
the middle part of its pore-size distribution is shifted toward
larger pore sizes relative to that of the Georgia marble sample
(see Figures 3 and 4). The main cause for this behavior is the
presence of a smaller fraction of large pores in the Iceland
spar samples. The effective diffusivities for z= oo increase in
the order Iceland spar — Georgia marble — Greer limestone,
that is, in the same order as the percolation thresholds (in
terms of conversion, see Figures 9-11). As a result, the same
order of diffusivity variation prevails for finite coordination
numbers. Since the effective diffusivity is computed using the
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Figure 13. Model-predicted variation of the accessible
pore-size distribution of Iceland spar with the
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effective threshold, X, (Eq. 9), in Eq. 8, the effective diffu-
sivity becomes zero and the interior of the porous solid in-
accessible at a higher number fraction of open pores than the
actual (number fraction-based) percolation threshold of the
Bethe lattice structure [1/(z—1)]. For instance, the number
fraction-based percolation threshold of the Georgia marble
sample of Figure 10 is 0.333 (z=4), but the effective value
used in Eq. 8 equals 0.393. Nevertheless, in the vicinity of the
percolation threshold, the effective diffusivity predicted by Eq.
7 for X,=1/(z~ 1) has very low values; therefore, under sig-
nificant intraparticle limitations—as it is usually the case—
using X.=1/(z—1) or X=X, in Eq. 8 has no appreciable
effects on the model predictions.

The evolution of the accessible pore-size distribution of the
Iceland spar sample during sulfation at 850°C following cal-
cination at the same temperature, as it is predicted by the
mathematical model, is shown in Figure 13. The evolution of
the pore-size distributions of the other two solids is similar,
but the weakly bimodal form of the initial pore-size distribution
of the Iceland spar sample makes its evolution slightly more
interesting. The small pores of the structure become plugged
with solid product at very low conversion (high porosity); thus,
the accessible pore-size distribution of the Iceland spar calcine
for the two nonzero conversion levels shown in the figure is
unimodal. To validate the results of Figure 13 experimentally,
we must produce partially reacted samples with uniform con-
version profile in their interior. Otherwise, the obtained pore
structure characterization (mercury porosimetry or gas ad-
sorption) data will be representative of the average pore-size
distribution of the partially reacted particles. Because of the
very low diffusivity of SO, in the intraparticle space, significant
concentration and conversion gradients are present even in the
53-62 um particles (see Figure 14), and one may have to go
to micron-size particles to eliminate the effects of intraparticle
diffusion. It should be kept in mind though that the assump-
tions on which the development of the mathematical model
used to obtain the results of Figure 13 and of the other figures
of this study is based—such as negligible contribution of the
external surface in the reaction process and pore length much
smaller than the average particle size—may not be valid for
very small particles.

Figure 14 shows the sulfur dioxide concentration, solid con-
version, and local porosity profiles predicted by the mathe-
matical model for the Georgia marble sample calcined and
sulfated at 850°C for two different particle sizes at two particle
conversion levels: 10% and 29% for particles in the size range
53-62 ym and 5% and 9% for the 297-350 um. The 53-62-
um particles exhibit lower diffusional limitations at the early
stages of the sulfation reaction than larger particles; thus, the
concentration and the solid conversion gradients are much
larger for the latter. As the sulfation reaction progresses, the
increasing solid conversion in the vicinity of the external sur-
face of the particles leads to higher diffusion resistance there,
which in turn gives rise to steeper sulfur dioxide concentration
profiles. Although the small-size particles react under negli-
gible intraparticle diffusional limitations at the onset of the
sulfation reaction, intraparticle diffusion gains importance at
higher conversions and eventually dominates the process. When
the porosity at the external surface of the particles becomes
(see Figure 12) 14.5%, the open space in their interior becomes
inaccessible and reaction ceases. There are still open pores
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Figure 14. Model-predicted porosity, conversion, and
SO, concentration profiles in the interior of
Georgia marble particles.
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emanating from the external surface—since the total porosity
is not zero—but the void space in the particle is not accessible
because all these pores belong to finite clusters. The conversion
at the center of small particles is not much different from that
at their surface when pore closure takes place; as a result, their
sorptive capacity is limited primarily by the formation of in-
accessible pore space. On the other hand, the conversions
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Figure 15. Arrhenius-type piots for the kinetic con-
stants.
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Figure 16. Arrhenius-type plots for the product layer dif-
fusivities.

reached by large particles are also influenced by intraparticle
diffusional limitations since only a thin crust in the vicinity of
the external surface of large particles participates in the sul-
fation reaction.

Figures 15 and 16 present Arrhenius-type plots of the in-
trinsic reaction rate constant k, and the product layer diffu-
sivity Dp, respectively, for the sulfation reaction of the
limestones used in this study. There is little variation of the
activation energy of reaction among the three samples—it has
an average value of about 17 kJ/mol—but the activation energy
for diffusion in the product layer covers the rather broad range
of 80-190 kJ/mol. A wide range of values for the activation
energy of the CaO-SO, reaction has been reported in the lit-
erature. For example, Borgwardt (1970) reported activation
energies for the sulfation reaction in the range 34-76 kJ/mol
for several limestones in the temperature range 540-1,100°C,
Dogu (1981) found an activation energy of about 50 kJ/mol
in the temperature range 750-940°C, and Stouffer and Yoon
(1989) reported an average activation energy of 153 kJ/mol in
the range 800-1,000°C. The reported activation energies for
product layer diffusion, on the other hand, lie in a less wide
range: for example, 142 kJ/mol (Hartman and Trnka, 1980);
120 kJ/mol (Bhatia and Perlmutter, 1981); 102 kJ/mol (Christ-
man and Edgar, 1983); 149 kJ/mol (Marsh and Urichson,
1985); and 138 kJ/mol (Borgwardt et al., 1987).

When comparing activation energies for the Ca0O-SO, re-
ported by different investigators, it should be kept in mind
that these numbers depend strongly on the experimental ar-
rangement used to carry out the reaction, the method used for
the analysis of the experimental data and the accuracy by which
the initial reaction rate data have been measured. The reaction
rate constant usually influences only the initial stages of the
evolution of the reactivity of the solid, since once a relatively
thick layer of product is formed, the local rate of reaction is
controlled by diffusion in the product layer, because of the
high resistance for diffusion in the product layer. As we men-
tioned during the description of experimental procedures and
test experiments, many difficulties are involved in obtaining
initial reactivity data free of interparticle mass transfer and
sample size effects. Moreover, although the initial reaction
rate is influenced in general by the resistance for intraparticle
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diffusion (see Figure 14), in a number of studies the reported
kinetic constants were based on the observed reaction rates
without correction for intraparticle diffusion. Analogous ob-
servations apply to the activation energies for diffusion in the
product layer.

Summary and Remarks

A detailed analysis of a set of experimental conversion vs.
time data for the sulfation of calcines derived from three stones
of high (>95%) calcium carbonate content was presented in
this study. The analysis of the experimental data placed em-
phasis on the formation of inaccessible pore space and its
effects on limiting the capacity of calcined limestones below
the levels that are predicted by the stoichiometry of the reaction
for complete pore plugging. This was accomplished by ana-
lyzing the experimental data using a detailed model for trans-
port, reaction, and structure evolution in gas-solid reactions
with solid product (Yu and Sotirchos, 1987), such as the re-
action of calcined limestones with sulfur dioxide in the presence
of oxygen. A network of pores consisting of cylindrical pore
segments arranged on a Bethe lattice, a tree-like structure, was
used to represent the pore structure of the calcined solids. The
coordination number of the pore network and the diffusivity
in the product layer were used as free parameters in matching
the model predictions with the experimental data, with all other
parameters determined from independent measurements. To
assess both the correlative and predictive capabilities of the
diffusion, reaction and structure evolution model, the exper-
imental data used in our analysis covered relatively broad ranges
of particle size, calcination temperature and sulfation tem-
perature.

The predictions of the mathematical model were in very good
agreement with the experimental data over the whole parameter
range covered in our experiments. The connectivity of the pores
in the structure, quantified by the coordination number for a
given pore-size distribution, was found to play a major role
in determining the capacity of calcines for SO, removal. The
smaller the coordination number, the higher the fraction of
porosity that exists in the form of finite pore clusters when
the interior of the solid becomes inaccessible to diffusion.
Inaccessible pore volume formation is the main reason for the
observed low capacities of small particles for SO, removal.
Large particles, on the other hand, are influenced both by
inaccessible pore volume formation and intraparticle mass-
transport limitations (that is, nonuniform conversion profiles
in the interior).

The most interesting finding of our study is that the sorptive
capacity and reactivity of calcines derived from the three sam-
ples increased for each calcination temperature in the direction
of decreasing grain size in the rock precursors. This finding is
in qualitative agreement with a similar result by Hartman and
Pata (1979), who reported that calcines from coarse-grain pre-
cursors gave lower ultimate conversions than those derived
from fine-grain stones. The reactivity evolution data that were
obtained in our study during calcination of the precursors also
gave increasing rate of calcination with decreasing grain size,
indicating that limestones with fine grains yield calcines with
pore structure of lower diffusional resistance. These results
point to the conclusion that the petrographic texture of the
precursor plays a major role in determining the pore-size dis-
tribution of the solid and the topological features (such as pore
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connectivity) of the pore structure of the resulting calcine. The
decreasing pore connectivity with increasing grain size may be
explained by considering the mechanism of calcination of cal-
cium carbonate solids. Solid decomposition most probably
starts at the periphery of the crystallites, at the grain bound-
aries. In a solid matrix of coarse grains, each particle is es-
sentially part of a single grain, and therefore, the produced
CO;, is transported to the surface of the particles primarily
through the porous oxide layer that surrounds the unreacted
core of the grains. In particles obtained from solids of fine
grains, on the other hand, CO, can also escape through the
intercrystallite space. In both cases, pores are formed because
of shrinkage of the solid phase during decomposition. How-
ever, if the pores formed at the grain boundaries of the original
solid are larger than those formed in the interior of the grains,
one would expect the pore structures of calcines obtained from
fine-grain precursors to comprise an extensive network of highly
interconnected large pores.
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Notation
a = radius of the particle
¢, = concentration of SO, in the pores
¢, = concentration of SO, in the bulk of the gas phase
D, = bulk diffusion coefficient of SO,
D, = effective diffusion coefficient of SO,
D, = diffusion coefficient in the product layer
Dy(R) = Knudsen diffusion coefficient of SO, in a capillary of
radius R
k, = mass-transfer coefficient
k, = intrinsic reaction rate constant (m/s)
ly(Ry)dR, = length per unit volume of pores with size in the range
[Ro, Ro+dRy)
r = radial distance in a particle
R = capillary radius
R, = poresize at t=0
Ry, = lower limit of pore size range
R; = upper limit of pore size range
R,(Ro,t) = size of a pore of initial size R, at the pore surface at
time ¢
R,(Ry,t) = size of a pore of initial size R, at the reaction surface
at time ¢
®, = intrinsic reaction rate, per unit of reaction surface area
®, = volumetric reaction rate, per unit of particle volume
Sy = initial internal surface area
Sh = Sherwood number (see Eq. 12¢)
Sh, = effective Sherwood number (see Eq. 12b)
t = time
v; = specific molar volume of solid i
X. = number fraction-based percolation threshold
z = coordination number of the pore network
Z = stoichiometric volume ratio (volume of reacted solid

phase per unit volume of unreacted solid phase)

Greek letters

€, = porosity

€, = accessible porosity

¢ = initial porosity

n = effectiveness factor

£ = solid conversion

& = average conversion [={}¢d(r/a)%]

$ = Thiele modulus

¥; = volume fraction of solid / in the solid phase
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