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A mathematical model developed accounts for the multiple rate processes involved in
the reaction of solid CaCO, or Ca(OH), with SO, at high temperatures in the combus-
tion environment. The model, based on the grain-subgrain concept, considers the con-
comitantly occurring calcination, sintering and sulfation reactions and their interactive
effects on pore structure and reaction kinetics. It incorporates internal diffusion, reac-
tion, and product layer diffusion in simulating the calcination of the CaCO; grain and
subsequent sintering and sulfation occurring on the CaO subgrains. It is the first sulfa-
tion model to incorporate the true mechanism of diffusion through the solid product
phase: the solid-state ionic diffusion of Ca?* and O~ ions in a coupled manner
through the nonporous CaSO, (Hsia et al., 1993, 1995). Its predictions are compared
with the random pore model (Bhatia and Perlmutter, 1981a) and the grain model
(Szekely and Evans, 1971) using experimental CaO sulfation data from the literature as
well as short-contact-time CaCO, and Ca(OH), sulfation data reported previously.
Mahuli et al. (1997) discussed a high reactivity modified calcium carbonate synthesized
by optimizing the pore structural properties. This modified CaCO, can convert 70 —75%
of sulfation within 0.5 s, which is substantially higher than any other sorbents reported
for similar particle size and reaction conditions. The model is used to predict the calci-
nation and sulfation kinetics, as well as to simulate the surface area evolution of the
modified CaCO,, which provides further insights into its exceptional reactivity.

Introduction

The interaction of CaCO, or Ca(OH), powder with SO,
in the combustion environment at high temperatures has been
the subject of numerous experimental kinetic studies as well
as theoretical modeling efforts (Hartman and Coughlin, 1976;
Bhatia and Perlmutter, 1981b; Simons and Garman, 1986;
Alvfors and Svedberg, 1988, 1992; Silcox et al., 1989; Milne et
al., 1990a,b,c). The problems associated with the loss in solids
reactivity and incomplete conversion have also been exten-
sively discussed (Borgwardt, 1970; Borgwardt and Bruce,
1986; Simons and Garman, 1986; Milne and Pershing, 1987;
Ghosh-Dastidar et al., 1995, 1996). The SO, removal process
at high temperatures (800—1,100°C) takes place through two
reaction steps: calcination (decomposition) of the sorbent to

Correspondence concerning this article should be addressed to L.-S. Fan.

AIChE Journal

produce high surface area and high porosity CaO, and reac-
tion of CaO with SO, (sulfation) in the presence of O, to
form the higher molar volume solid product, CaSO,

Ca(OH), & CaO+H,0 1)
CaCO, <> CaO +CO, )

1
Ca0+50, + -0, & Caso, (3)

The sintering of CaO is a concomitant deactivation phe-
nomenon which reduces the available surface area and poros-
ity for the sulfation reaction. There are a number of factors
which play a crucial role in determining the reaction rate and
the overall solids conversion. In addition to particle size, the
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sintering of CaO and its pore properties are critical for the
overall sulfation behavior. Previous attempts at improving
sorbent reactivity focused on either reducing the CaO parti-
cle size or modifying the Ca(OH), with structural or chemical
promoters to increase its surface area. For particles in the
range of 1-5 um, size does not play a determining factor in
the overall reactivity (Milne et al., 1990c; Ghosh-Dastidar et
al., 1996). Promoted hydrates with high surface area also did
not exhibit significant improvements (Kirchgessner and
Jozewicz, 1989). Ultrafine CaO of size <0.1 um produced
by laser ablation has been shown to possess very high reactiv-
ity (Sadakata et al., 1994), but there are associated problems
of particulate matter handling and control. The CaO sinter-
ing rate is strongly influenced by the initial sorbent type and
the impurities in the solid (Borgwardt, 1989). Ghosh-Dastidar
et al. (1996) have shown that the CaO derived from carbon-
ate (c-CaO) sinters at a slower rate than hydroxide-derived
CaO (h-Ca0), but the pores of c-CaO derived from_non-
porous carbonate lie predominantly in the less than 50 A size
range which are susceptible to pore blockage and premature
termination of sulfation reaction. Equally important is the
pore-size distribution of the parent sorbent and that of the
reactant CaO. They showed that a calcium carbonate with an
open initial pore structure could yield higher sulfur capture
than the hydrate sorbent particles.

Mahuli et al. (1997) have discussed the synthesis of a high
reactivity CaCOg, which reaches a conversion of more than
70% compared to about 30-35% for the commercial sor-
bents. The high reactivity calcium carbonate powder with high
surface area and pore volume is produced by carbonation-
precipitation of a calcium hydroxide suspension in a slurry
bubble column reactor in the presence of a small amount of
dispersing agent. The operating parameters of the reactor are
optimized to generate carbonate particles of desired pore
structural properties. They compared the sulfation character-
istics of this modified carbonate (MC) with a commercial Lin-
wood carbonate (LC) and a modified calcium hydroxide
(MH). In spite of the pore properties of MH and MC being
similar, the modified carbonate reactivity is much higher than
the MH. Using pore structure evolution studies and its ef-
fects on reaction kinetics at short-contact times of less than
100 ms, Mahuli et al. (1997) elucidated the reasons for high
reactivity of the modified carbonate. They showed that at the
reaction conditions of interest here, an optimum pore-size
range exists between 50-200 A, which provides sufficient sur-
face area for the sulfation reaction without causing rapid pore
filling and pore-mouth plugging. Hence, the relative advan-
tage of one sorbent over another may be caused by one or
more of these important chemical and structural parameters.
An effective sorbent should meet the necessary criteria of
slow sintering rate, small particle size, and a favorable pore-
size structure.

Modeling

Many gas-solid reaction models exist in the literature which
have been used to predict the sulfation of precalcined and
presintered CaO, as well as Ca(OH),/CaCO; sulfation. In
modeling CaCO,/Ca(OH), sulfation, such models assume in-
stantaneous calcination and negligible sintering. Wen and
Ishida (1973), Pigford and Sliger (1973), and Hartman and
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Coughlin (1976) represent some of the earliest attempts of
applying the grain model to sulfation data (Szekely and Evans,
1976). Fan et al. (1984) utilized a volume reaction model to
account for the heterogeneous sulfation reaction of calcined
limestone or dolomite. Hartman and Coughlin (1976) intro-
duced the concept of residual porosity in order to predict
ongoing sulfation even after the theoretically predicted
porosity of the particle has been reduced to zero. Borgwardt
and Bruce (1986) and Bruce et al. (1989) applied the limiting
case of product layer diffusion control with the grain model
to fit the CaO sulfation data. A number of researchers have
modified the original grain model to account for structural
changes either empirically or through theoretical considera-
tions. Georgakis et al. (1979) modified the grain model by
manifesting the lost particle porosity as an increase in grain
size with reaction. Ranade and Harrison (1979, 1981) also
modified the constant property grain model to account for
both the sintering and reaction. They suggested that the role
of sintering could be depicted as coalescence of grains to form
bigger grains. Grain models based on overlapping grains have
been developed for sulfation. Lindner and Simonsson (1981)
and Alvfors and Svedberg (1992) developed their partially
sintered spheres (PSS) model and applied it to CaO sulfation
data. Sotirchos (1987), Sotirchos and Yu (1988), and Milne et
al. (1990a,b) also developed models based on overlapping
grains.

Pore models have been developed and used by many re-
searchers to match CaO sulfation data (Ramachandran and
Doraiswamy, 1982). The random pore model (Bhatia and
Perlmutter, 1980, 1981a,b) takes into account the changes in
pore structure due to formation of solid product and consid-
ers the overlapping and intersections among the pores. They
introduced a pore structure parameter which is related to the
effective grain shape factor proposed in the grain models
(Szekely and Evans, 1971; Calvelo and Smith, 1971). They
fitted their model to experimental CaO sulfation data of
Borgwardt (1970) and Hartman and Coughlin (1976). Christ-
man and Edgar (1983) developed a distributed pore-size
model which takes into account the reaction and structural
changes in pores of all the sizes. Applying sulfation data from
Ulerich et al. (1977), their model is able to predict that the
kinetic behavior of different calcined limestones is attributed
to differences in their pore structures. Sotirchos and Zarkan-
tis (1993) developed a structural model for CaO sulfation be-
havior with structural changes due to sulfation without con-
sidering the effects of sintering. In their model they concep-
tualized the porous structure to be a network of pores of
distributed size and length. A number of other sulfation
models have been proposed in the literature that consider
the porous structure of the solid as a tree structure (Simons
and Garman, 1986; Simons et al., 1987), as a Bethe network
based on the concept of percolation (Reyes and Jensen, 1987)
or as a VVoronoi tessellation of polyhedra (Li et al., 1995).

Comprehensive Ca(OH),/CaCO; sulfation modeling has
been attempted by some researchers. Alvfors and Svedberg
(1988) modeled the overall sulfation of the Ca(OH), particle
by modifying their PSS model. They assumed first-order ki-
netics for the calcination surface reaction, and modeled sin-
tering on the basis of German and Munir’s (1976) work. Cal-
cination and sintering were taken together to predict the sur-
face area available for the sulfation. Pore diffusion, product
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layer diffusion, and chemical reactions were considered for
the sulfation step. Milne and Pershing (1988) presented a
combined model using a grain model for sulfation, second-
order kinetics for the sintering, and an empirically modified
shrinking-core model for calcination. Milne et al. (1990a,b)
applied the PSS model to simulate calcination, sintering, and
sulfation of CaCO, particles. They assumed the sulfation re-
action to be limited by product layer diffusion and diffusion
of SO, through the pores. In their model sintering is defined
as a function of surface area and takes into account the pres-
ence of CO, and H,O on sintering.

Product layer diffusion (PLD)

Bhatia and Perlmutter (1981b) were the first to postulate
(from fitting their model to the CaO sulfation data) that the
product layer diffusion of SO, might be occurring via a
solid-state diffusion mechanism. They further postulated for-
mation of charged species on the surface of CaSO, by SO,
and O, and inward movement of sulfate ions through the
product layer with reaction at the CaO/CaSO, interface.
Borgwardt et al. (1987) determined the effects of impurities
on the reaction rate of CaO sulfation. They observed lower
product layer diffusivities and slower reaction rates for pure
CaO as compared to CaO doped with impurities. On the ba-
sis of these observations, they concluded that the diffusion
process through the product layer involves ion transport with
inward diffusion of 8042_ ions through the product layer.
There exist other models in the literature which attempt to
use crystallization thermodynamics in explaining the forma-
tion of the product layer. Duo et al. (1994) proposed a crys-
tallization and fracture mechanism in which the solid product
is formed in clusters of molecules or nuclei of a certain initial
size. The initial critical size of nuclei dictates the structure of
the product layer and its thickness. Duo et al. (1994) were
able to predict the existence of a maximum thickness of prod-
uct layer mathematically and explain incomplete conversion
of Ca-sorbents with SO,.

Hsia et al. (1993, 1995) used inert marker and reactive iso-
tope experiments to clearly illustrate that the reaction front
is not at the CaO-CaSO, interface, but at the CaSO,/gas
interface. They demonstrated that the ionic diffusion phe-
nomenon involves in part the outward migration of Ca?* ions
(and O% in a coupled manner to satisfy local mass and
charge balances) through the CaSO, product layer instead of
inward SO,”~ ion movement. The rhombohedral crystal
structure of CaSO, has large tetrahedra of complex SO,*~
ions with Ca®* wedged in between. Further, the size of SO,
ions is large compared to the Ca2" ions, roughly 4.5 A vs. 1.8
A. As a result, the Ca?" ions should inherently possess a
higher mobility than the SO42’ ions. In order to explain the
associated O2~ transport, Hsia et al. (1993) reasoned that
the dissolution of CaO in CaSO, creates vacancies on some
of the O?~ sites in the tetrahedra, thereby enhancing the
mobility of O2~ ions, which are known to possess high mobil-
ity in the zircon-type lattice structure of CaSO, (Evans, 1964;
Hsia et al., 1995).

In this study, the development of a combined mathemati-
cal model describing the simultaneous calcination, sintering
and sulfation phenomena for small CaCO,/Ca(OH), parti-
cles is discussed. The model is based on the concept of
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grain-subgrain and includes first-order calcination kinetics,
the structural changes due to thermal and CO,/H ,O-aided
sintering, and sulfation reaction. The model incorporates the
actual mechanism of product layer diffusion as proposed by
Hsia et al. (1993, 1995). The model is used to predict the
sulfation and calcination data for the high reactivity CaCOj,
which exhibits more than 70% solids conversion. The model
is tested with experimental calcination and sulfation data of
other researchers. The detailed development of the modified
CaCO, (MC) and its experimental short-contact time sulfa-
tion kinetics have been discussed elsewhere (Mahuli et al.,
1997). The sulfation and calcination behavior of the calcium-
based sorbent particles is studied in a specially designed
isothermal high-temperature, entrained flow reactor (EFR)
described elsewhere (Raghunathan et al., 1992, 1993; Ghosh-
Dastidar et al., 1995). The EFR is shown in Figure 1. The
EFR is capable of measuring the residence time of particles
on-line using an optical guide assembly, and the water-cooled
injection and collection probes accomplish instantaneous
heatup and quenching of particles for time-resolved kinetic
data acquisition. The reactor is operated in the differential
mode with respect to the gas-phase SO, concentration, and
the particle separation and classification is conducted in-situ.
The overall gas-flow rate during sulfation is maintained at 15
slpm. The reactant gas consists of 3,900 ppmv SO,, 5.46 vol.
% O,, and balance N, with trace amounts (less than 10 ppmv)
of CO, and H,0.

Gas-solid mixture

To data aquisition
system

—_—
From light I

source

Injection probe

Powder
feeder

Furnace
Feeder gas
Mixing Reaction zone
zone
Preheat
zone
Reactant
gas L )
Collection
probe — Cascade cyclone
sampler
From ligh Vacuum pump
rom light C 1 To vent
SOUrCE I ] J
— —
To data aquisition

system

Figure 1. High-temperature EFR system.

February 1999 Vol. 45, No. 2 369



CaCO3Grain

Unreacted CaCO3 core Bulk SO, conc. ©

SO, profile

|
® |
[

Figure 2. Combined grain-subgrain model.

(a) Single, spherical CaCO4 grain; (b) partially calcined and
sulfated grain with inner unreacted core and partially sin-
tered and sulfated CaO subgrains; (c) partially sulfated CaO
subgrain.

Combined Calcination, Sintering and Sulfation
Model

The overall concept of the model is illustrated in Figure 2
and is applicable to either CaCO, or Ca(OH),. The following
discussion and development of model equations are for
CaCOy; it can be extended to Ca(OH), with the relevant
modifications. A single CaCO, particle is assumed to be
composed of identical, spherical, and nonoverlapping grains
(Figure 2a). All the grains are considered to be at the same
conditions of temperature and gas concentration. Calcination
takes place on a single grain according to the sharp interface
model. As CaCO, decomposes, subgrains of CaO are formed
surrounding the unreacted CaCOj grain core. The CaO sub-
grains simultaneously undergo sintering and sulfation. The
CO, diffuses out from the CaO/CaCO; interface to the grain
surface, and the SO, diffuses inward through the voids be-
tween the subgrains. A subgrain could be partially sulfated or
a newly formed CaO subgrain (Figure 2b). Ca?™ and O?%~
ions diffuse outwards through the nonporous layer of CaSO,
surrounding the CaO subgrains (Hsia et al., 1993) to react
with SO, at the outer surface of the subgrain (Figure 2c).
The shell surrounding the inner CaCO4 core is composed of
CaO subgrains of varying ages with varying degrees of sinter-
ing and sulfation. The most recently formed CaO layer, which
surrounds the uncalcined sorbent core, possesses the highest
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surface area and porosity and would be least sintered and
sulfated; whereas, the outermost layer would have the lowest
surface area and would be highly sulfated. The partially sul-
fated sintering CaO offers resistance to the transport of both
CO, and SO,. At any given time depending on the radial
position of the subgrain, the thickness of the CaSO, layer
surrounding the subgrain would vary. The concentration pro-
file of the Ca?* and O?~ ions inside the subgrain is strongly
dependent on the CaSO, layer thickness and SO, concentra-
tion at the subgrain surface.

Heat transfer is strongly dependent on the particle size,
and, for large particles, it could impede the overall reaction
rate. This model further assumes that there are no intraparti-
cle or intragrain heat-transfer limitations. For small particles
less than 5 wm in size, heatup and quenching have been
shown to be extremely fast (Gullett et al., 1988; Alvfors and
Svedberg, 1992; Mahuli et al., 1997). Detailed heat balance
calculations considering convection from bulk gas, radiation
from the reactor wall, and heat of calcination show that, for
particles of effective spherical diameter of less than 10 um
(Biot number less than 0.1), the time for heating the particle
from a temperature of 27°C to 1,000°C is less than 2 ms. As a
result, the model assumes a flat temperature profile inside
the particle during calcination and sulfation, and the energy
balance is not incorporated in the comprehensive model de-
velopment. The model also does not account for external heat
transfer and mass transfer of SO, from the bulk gas phase to
the surface of the particle.

Calcination and sintering

The calcination and sintering part of the combined model
has been discussed by Ghosh-Dastidar et al. (1995) and ap-
plied for Ca(OH), calcination kinetics and surface area de-
velopment. The calcination takes place at the CaCO,/CaO
interface and is assumed to be first order with respect to CO,
partial pressure at the carbonate core surface (Silcox et al.,
1989)

P,— P,
Yo = kc% 4)

From the solid reactant balance, the calcination rate can be
expressed in terms of conversion as

dx, 3R2k.(P,—P,)

- = - - 5
dt RTRSC, )

where k., (m/s) is the calcination rate constant and C,
(mol/m?) is the solid reactant concentration. The equilibrium
dissociation pressure P, can be obtained as a function of
temperature using a standard thermochemical approach
(Hartman and Martinovsky, 1992).

The species continuity equation for product gas CO, dif-
fusing through the product CaO assuming the pseudo-
steady-state approximation can be written as

d°P 2 9P
_+_—=
JR?> R IR

)
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with the following boundary conditions

JP
Ce&_R R— R = kc( Pe_ PC) (7)

Pla—g, =0 (8)

The latter boundary condition assumes negligible bulk CO,
concentration. Both Knudsen and ordinary diffusion may be
important at different stages of the reaction and are consid-
ered in deriving the effective diffusivity. The effective diffu-
sivity D,, (m?%/s) is assumed to vary with structural parame-
ters of the solids as per the model proposed by Wakao and
Smith (1962).

Sintering is assumed to follow second-order Kinetics as
proposed by Nicholson (1965), and is experimentally verified
for CaO particles by Silcox et al. (1989). The rate of surface
area loss is given by

ds )
E == ksm(S - Sa) (9)
where S, is the asymptotic surface area of CaO at the spe-
cific sintering temperature (m2/g), and k., is the modified
sintering rate constant (g/m?-s).

The presence of CO, and H,O is known to accelerate the
rate of sintering of CaO (Borgwardt, 1985, 1989; Mai and
Edgar, 1989). In order to account for enhanced sintering in
the presence of CO,, the sintering rate constant is modified
according to the following correlation (Milne et al., 1990a):

ksm = ksin(1+ Bpm) (10)

where kg, is the sintering rate constant (g/m?2-s), and m and
B are taken as 0.7 and 1.25, respectively, for CaCO, calcina-
tion (Milne et al., 1990a).

According to the model, the CaO shell is divided into mul-
tiple layers of subgrains depending on the time interval in
which they are formed. The surface area of each subgrain
layer is calculated by simultaneously solving Egs. 5 through
10 numerically at each time step. At the end of the ith time
interval, the CaO subgrain layer formed during the jth time
interval will have a surface area (S; ;) of

S;i=Sa+ - i (11)
[1/(So_sa)]+ Z I(smiAt

j=0

where S, (m%/4y) is the surface area of the nascent CaO
formed at time t;. In this study the value of S, is assumed to
be 107 m?/y. The surface area of the entire product shell is
calculated by summation over all the layers.

Relationship of sintering and porosity reduction is not
clearly understood and the experimental data available in lit-
erature is rather ambiguous (Milne et al., 1990c). A host of
previous studies have indicated a linear or logarithmic rela-
tionship between surface area and porosity in the low surface
area-porosity range (Gullett and Bruce, 1987; Gullett and
Blom, 1987; Milne et al., 1990c). In this work it is assumed
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that the porosity change Ae is proportional to the change in
CaO surface area AS, and porosity approaches zero as S ap-
proaches the asymptotic value S, (Ghosh-Dastidar et al.,
1995).

The calcination rate expression (Eq. 5) is coupled with the
product CO, continuity equation (Eq. 6). The core radius R,
(m) is related to the solid conversion as

Re=Ry(1— x)"° (12)

The instantaneous grain radius R, (m) changes as a result of
both calcination and sintering which work to oppose each
other. Sintering alone causes the grains to grow by combina-
tion of adjacent grains. The model simulates the unreacted
core of each small grain to remain at the center of the new
grain and assumes that the grain size is not a function of the
radial position inside the particle.

Ca0-SO, reaction modeling

For irreversible reaction and diffusion of SO, in the cal-
cined portion of the grain, assuming pseudo-steady-state con-
dition, the mass balance for SO, can be written as

J dCgso
?ﬁ(RzDseWZ)_rSOZ=O (13)
where
3k,
l'so, = r_(l — €)CionCso, (14)
g

Cion represents the concentration of ions at the reaction in-
terface (mol/m?®). The local rate of reaction is assumed to be
first-order with respect to SO, concentration and ion concen-
tration on the surface of the subgrain. The boundary condi-
tions are

C502|R =R, Chuik (15)
(9CSO2

=0 16

JR |rR=R, (16)

Both Knudson and molecular diffusivities are considered to
calculate D, the effective diffusivity of SO,. The local
porosity following sulfation is given as

e=€—(z—-1)(1- €)X, (17)

The reaction between SO, and Ca2* in the presence of oxy-
gen takes place at the surface of subgrains created as a result
of calcination. Ca?* and O2?~ ions migrate in a coupled
manner through the CaSO, layer to the surface. The
pseudo-steady-state condition can be applied (Bischoff, 1963;
Bowen, 1965; see Appendix) and the radial concentration
profile of the ions in the CaSO, layer is given by

g aC
E(ﬂ%) =0 (18)
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with the following boundary conditions

(19)

Ci0n|r= re — Pcao

aCion
- Dion ar

where ry and r, represent the subgrain and the unreacted
core radius, respectively.

The extent of sulfation for a given subgrain can be deter-
mined by performing a solid reactant balance

= I(scionCSOz

(20)

r=r

9

_ % _ I(sCionCSOzrgz
dt

(1)

2
Pcaolc

The local conversion for a subgrain at a specific radial loca-
tion inside the grain is given by

XS= — —
fgo

The change in overall subgrain size is then obtained by taking
into account the volume expansion due to sulfation

(22)

3_ .3 3
rg =Tro + Xl

(23)
The overall conversion for the entire grain is calculated by
integrating the local conversion over all the layers of sub-
grains

R
SchgstzdR
X. =

S 3
Rg

(24

In dimensionless form, Eqgs. 13, 20, and 21 can be written as

1 9 dC%, ck . C&
2 N 2 ion~S0O,
W (7R* [R* Dse ﬂR*Z - qb (1— E)TZ—O (25)
JaCE, 3 .
ar¥ i - BcionCSOZ (26)
ark cﬁ;ncgozrgz
= (27)
aT 3rg
where
3Ks Pcao
¢=R —_— (28)
e rgo Dbulk
represents a modified Thiele modulus and
kscbulk rgo
= 29
S (29)
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represents a modified Biot modulus, and 7 is the dimension-
less time.

The numerical simulation is carried out stepwise with time
using the finite difference method. The calcination rate equa-
tion is coupled with the product CO, gas continuity equa-
tion; and the fourth-order Runge-Kutta integration is used to
obtain both the calcination conversion and the product gas
profile. The surface area and porosity of CaO layers formed
at different times following sintering are used for sulfation
calculations. The equations for SO, continuity and the solids
conversion are coupled; and the implicit Crank-Nicolson
technique is used to solve the initial value partial differential
equations. The calcination is assumed to proceed unhindered
by sulfation. At any given time t, the calcination has pro-
ceeded to a certain extent x. and the overall sulfation to an
extent X,. There is a profile of SO, concentration, of cal-
cium conversion, and of surface area and porosity. The com-
bined model has four specific rate parameters k., kg, K,
and D,,,, which are obtained from the best fit of experimen-
tal data and all of which follow an Arrhenius dependence
with temperature.

Results and Discussion
Sulfation of MC: short-contact-time kinetics

The sulfation characteristics of MC are compared with two
commercial sorbents under identical reaction conditions, a
calcium carbonate (LC) and a calcium hydroxide (LH). The
chemical composition and the initial surface area and pore
properties of the sorbents are shown in Table 1. The primary
particle-size distribution of the sorbents illustrates that the
sorbents possess a unimodal distribution with the median
particle diameter dg, between 1-3 um for MC and LH and
about 7 um for LC. The in-situ particle sizing allows compar-
ison of the different sorbents for the same particle size. As
seen in Figure 3, the initial reaction rate of MC is more than
two times that of LC, while its ultimate conversion is nearly 3
times that of the LC. The LC shows a virtual reaction die-off
beyond 100 ms and its long-time conversion values of about
28% match with those reported by previous researchers
(Milne et al., 1990c; Gullett et al., 1988). Mahuli et al. (1997)

Table 1. Chemical Composition and Initial Structural
Properties of Sorbents

Composition Ca(OH),* CaCO,* Modified CaCO,**

(wt. %) (LH) (LO) (MC)
Ca(OH), 93.6 — —
CaCO, 1.0 97.0 97.0
Sio, 0.8 0.8 0.8
Al, O, 0.6 0.5 0.6
MgO 1.0 — 1.0
CaO 1.0 — —
Fe,0, 0.5 0.5 0.5
MgCO, — 1.0 —
BET Surface Area 16.9 19 61.0
(m%g)
Pore VVolume 0.06 0.004 0.121
(cm*/g)

*Linwood Mining and Minerals Co., Davenport, I1A.
**Fan et al. (1998).
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i  Experimental data (Mahuli et al., 1997)
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Figure 3. Short-contact-time sulfation data for MC, LH,
and LC by Mahuli et al. (1997).

have compared the MC with a high surface area hydroxide
having similar particle size, surface area, and porosity. They
have shown that the CaO from hydroxide sinters much faster
than CaO from carbonate. In comparing LC and MC, Mahuli
et al. (1997) have shown that even though CaO from LC pos-
sesses high surface area, its area is concentrated mainly in
small pores <50 A in size. The CaO from MC has most of
its surface area distributed in the 50-200 A size range which
is the primary reason for its exceptional reactivity.

In order to analyze the effects of intraparticle diffusional
and heat-transfer limitations, sulfation conversions of various
particle sizes at 1,000°C are shown in Figure 4. The 3.9 um
and 1.7 um particles do not exhibit any difference in the ini-
tial rate or the longer-time conversion. Ghosh-Dastidar et al.
(1995, 1996) showed that the LH also does not show signifi-
cant particle-size effect below about 5 um. This confirms
similar observation made by previous investigators (Milne and
Pershing, 1987).

Calcination and sintering modeling

The results of calcination modeling have been discussed by
Ghosh-Dastidar et al. (1995) for LH. Here, the calcination
results for MC are modeled and compared with LH. Figures
5 and 6 show the experimental data and model predictions
for calcination of 3.9 um MC and LH, respectively. The ex-
perimental data are obtained in the short-contact time EFR
reactor under inert nitrogen conditions. The MC exhibits an
extremely fast initial rate of calcination especially above 900°C
and achieves more than 75% calcination, while conversion
for LH progresses relatively slower at 900°C and tends to
flatten beyond 50% at higher reaction times. For both the
particles, most of the calcination is achieved within the first
50 ms at all the temperatures studied. The high initial surface
area of MC contributes to its faster calcination kinetics and
the model is able to predict that characteristic behavior.
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Figure 4. Effect of particle size on sulfation characteris-
tics of MC by Mahuli et al. (1997).

The overall surface area evolution of the partially calcined
MC shown in Figure 7 represents the net effect of two oppos-
ing phenomena of calcination and sintering. For comparison,
the experimental data for LH and the model predictions
(Ghosh-Dastidar et al., 1995) are shown in Figure 8. The sur-
face area undergoes tremendous changes in the initial few
milliseconds, and Figures 7 and 8 only show the net result of
those changes. The surface area of nascent CaO has been
measured at more than 100 m?/g, however, the overall sur-
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Figure 5. Predictions based on the grain-subgrain
model for experimental data by Mahuli et al.
(1997) for calcination kinetics of MC.

February 1999 Vol. 45, No. 2 373



100

90 ] A A

80 ’ 4

70

60 4

50

40
1 Experimental data (Ghosh-Dastidar et al., 1995)

Calcination conversion, %

30

Particle size: 3.9 pm; Reaction gas phase: N2
B 900°C
20 ® 950°C
] A 1050°C

10 ]
] e (Grain-subgrain model predictions

L e B L ) B A T
0 50 100 150 200 250 300
Residence time, ms

Figure 6. Predictions based on the grain-subgrain
model for experimental data by Ghosh-Dasti-
dar et al. (1995) for calcination kinetics of LH.

face area never rises to those levels even after complete cal-
cination. At 900°C, the calcination kinetics dominates over
sintering; hence, the surface area initially rises above the
parent, goes through a maximum, then rapidly decreases due
to sintering and tends to level off to an asymptotic value at
higher residence times. Another interesting point is that the
higher the temperature, the earlier the maximum in surface
area occurs. The grain-subgrain model incorporates the op-
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Figure 7. Predictions based on the grain-subgrain
model for experimental data by Mahuli et al.
(1997) for surface area evolution during calci-
nation of MC.
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Figure 8. Predictions based on the grain-subgrain
model for experimental data by Ghosh-Dasti-
dar et al. (1995) for surface area evolution
during calcination of LH.

posite competing influences of calcination and sintering on
CaO surface area and predicts the maxima behavior, as well
as the overall observed trends. The grain-subgrain model ac-
counts for reduced surface area with fewer grains of larger
diameter and vice versa. Figure 9 shows the model predic-
tions of the grain and unreacted core size with calcination
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Figure 9. Grain-subgrain model simulation of the varia-
tion of the normalized grain and core radius
with time during the calcination and sintering
of LH.
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and sintering. The grain size shown in Figure 9 for LH fol-
lows the opposite trend of surface area, initially decreasing to
a minimum before increasing due to sintering.

The two rate parameters, the calcination rate constant k.
and the sintering rate constant kg, are adjusted to obtain the
best fit of the experimental data. The values of the rate con-
stants and those reported in the literature are shown in Table
2. The sintering activation energies for MC and LH are quite
similar and compare well with literature values which lie in
the range of 50-65 kcal /mol. However, Borgwardt (1989) re-
ported that the kg, value for hydrate is an order of magni-
tude higher than for carbonate, while the kg, values ob-
tained from the grain-subgrain model are similar for LH and
MC. It has been shown that the chemical composition and
the level of impurities in the solid matrix have a significant
influence on the sintering characteristics, which is probably
the reason for the discrepancies in the kg, values. Moreover,
Borgwardt (1989) used a different model to analyze the sur-
face area evolution behavior.

CaO sulfation modeling

Equations 13 through 24 represent the model equations for
the sulfation reaction alone and are solved numerically to in-
vestigate the sulfation model predictions and compare them
with other models. In the absence of internal diffusional re-
sistances (¢ < 1), chemical kinetics and product layer diffu-
sion control the overall reaction rate and the conversion can
be obtained in terms of the modified Biot modulus B for the
grain-subgrain model. The corresponding equations for the
random pore model and the spherical grain model (Bhatia
and Perlmutter, 1981a) for z =1, respectively are

(30)

r=3[1- @1 0"]+ ?[1—3(1— )P +2(1-x)] (31)

Figure 10 compares the predictions of the grain-subgrain
model with the random pore model and the grain model at
two values of B. The agreement among the three different
models is close, especially for the larger value of the modi-
fied Biot modulus B and for smaller conversions. The larger
B represents increased product layer diffusional resistance,
which, as expected, slows the progress of the conversion con-
siderably.

In the presence of diffusional resistances, the porosity and
surface area play an important role in determining the reac-
tion rate and conversion behavior. Figure 11 shows the effect
of initial porosity on the conversion characteristics when dif-
fusional resistances dominate. The larger porosity signifi-
cantly delays plugging and allows greater conversion. The
conversion is also influenced by the surface area as well as by
the dispersion of pore sizes. Bhatia (1985) and Christman and
Edgar (1983) have shown that a less dispersed pore structure
leads to increased maximum conversion. It has been postu-
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Table 2. Rate Parameters for Calcination and
Sintering of MC and LH at 1,000°C from
Grain-Subgrain Model

Literature Values

MC LH for CaCO; & Ca(OH),
K¢, m/s 0.9%x10°® 8x10°® 5.4x10 2 for CaCO,
(Silcox et al., 1989)
1.8x 1072 for CaCO,
(Milne et al., 1990a)
Kgn, 9/m?-s  3.6X1071 2x107! 32x 107! for CaCO,
(Silcox et al., 1989)
E., kcal/mol 24.4 225 22 for carbonate;
16.4 for hydrate
(Milne et al., 1990a)
Egn, kcal/mol 59.8 57 ~ 53 for both carbonate

and hydrate
(Borgwardt, 1989)
~ 59 for both carbonate and
hydrate (Milne et al., 1990a)
77 for hydrate
(Milne and Edgar, 1989)

lated that the strong product layer diffusion resistance largely
obscures the effect of pore-size distribution (Bhatia and Perl-
mutter, 1983). The grain-subgrain model does not incorpo-
rate the distribution of pore sizes (or grain sizes). Figure 12
indicates the effect of z, the molar volume ratio of product to
reactant, on the conversion characteristics. At z=1, a near
complete conversion is attained since there are no porosity
losses and diffusional resistances do not increase with reac-
tion. At z =2, the conversion is limited to only about 35%

1 PR
0.9 ), /, ’
] oS B=lz=1
0.8 ’ LT
] -
0.7 /‘ rid
0.6 ./ Z - 10,z =
S ./ 7
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0.3 4 hon
1 / / z = Molar volume ratio of CaSO,, to CaO
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] ————— Grain-subgrain model
0.1+ — = = Random pore model (Bhatia and Perlmutter, 1981a)
----- Grain model (Szekely and Evans, 1971)
0""I’ r. ' r° T
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Normalized time,

Figure 10. Conversion-time behavior predicted by
grain-subgrain model, random pore model,
and grain model at two values of modified
Biot modulus when only effects of chemical
reaction and product layer diffusion domi-
nate.
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Figure 11. Grain-subgrain model predictions of the ef-
fect of CaO initial porosity on sulfation con-
version.

for an initial porosity of 0.3. For CaO sulfation, the product
CaSO, occupies nearly 3 times the volume of the reactant
(z =2.86) and with an initial porosity of 0.3, the theoretically
predicted conversion is limited to less than 25%.

In order to demonstrate the application of the sulfation
model, experimental CaO sulfation data reported in the liter-
ature are analyzed. The requirement for the sulfation data is
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Figure 12. Grain-subgrain model predictions of the ef-
fect of z, the molar volume ratio of CaSO, to
CaO, on sulfation conversion of CaO.
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Table 3. Experimental Parameter Values Applied to
the CaO Sulfation Data of Borgwardt (1970)

Experimental Parameter

Numerical Value

€ 0.56
Rgo 48 um

S, 5.9x10° m?/m?
Chulk 3,000 ppmv
Pcao 332 g/em®

that there should not be any concomitant sintering of CaO.
Borgwardt (1970) represents one such study and the authors
have obtained short-contact time sulfation data in the EFR
reactor using precalcined and presintered CaO. The reaction
parameters for Borgwardt’s (1970) data in the temperature
range of 650 to 980°C are listed in Table 3. Figure 13 shows
the computed results obtained from the grain-subgrain model
superimposed on the experimental data of Borgwardt (1970).
The two rate parameters k, and D,,, represent the only fit-
ting parameters. k. can be obtained from initial rate data
leaving D;,, (or B) as the only adjustable parameter. The
best fit values of k; and D,,, are listed in Table 4 along with
the values reported by Bhatia and Perlmutter (1981b). The
random pore model predictions of the same data are pre-
sented in Figure 14. The random pore model predicts a stop
in the reaction at the stage of surface pore plugging. The
grain-subgrain model uses the residual porosity concept first
introduced by Hartman and Coughlin (1976) based on their
experimental observations. The residual porosity value of
0.005 used in these computations is based on Hartman and
Coughlin (1976). The value k,=6.0x10"° m*/kmol-s ob-
tained from the grain-subgrain model at 870°C compares well
with the value k,=4.7x10"% m%/kmol-s for the random

] Experimental data (Borgwardt, 1970)
0.9 — Particle size: 48 um; SO2 conc.: 3000 ppm

B 650°C
0.8 7 ® 760°C
] A 870°C
0.7+ * 980°C
= 1 . .
-2 0.6 = (Grain-subgrain model predictions h¢
g o
2 1
3 ]
S 054
8 ]
8 ]
g 0.4
0.3
0.2 1
0.1
o] T T
0 20 40 60 80 100 120

Residence time, s

Figure 13. Predictions based on the grain-subgrain
model for experimental data on sulfation of
CaO by Borgwardt (1970).
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Table 4. Model Parameters from Grain-Subgrain
Model vs. Random Pore Model*

Grain-Subgrain Random Pore Model

Model (Bhatia and PerImutter, 1981b)
ks, m%/mol-s 3.8x1078 8.34x10°8
Dion, M%/5 2.1Xx10716 6910712
0.1 6.3
E,, kcal/mol 14.7 134
Ei.n, kecal/mol 279 30

*The experimental data are the CaO sulfation kinetics from Borgwardt
(1970) at 980°C.

pore model. In the literature, the value of the sulfation rate
constant varies considerably. For example, Hartman and
Coughlin (1976) obtained a higher value k,=111.5%x10"°
m*/kmol - s at 850°C by using the grain model to fit their data,
while Ramachandran and Smith (1977) calculated k,=1.7 X
10~° m*/kmol-s at the same temperature. The sulfation and
PLD activation energies obtained from the grain-subgrain
model are 14.7 and 27.9 kcal/mol respectively, compared to
13.4 and 30 kcal/mol estimated by Bhatia and Perlmutter
(1981b).

The product layer diffusivity is very difficult to measure
experimentally and its value is generally obtained from fitting
the experimental data to an appropriate model (Berniere and
Catlow, 1983). As a result, its value depends on the particular
mechanistic model used. The ionic diffusion in solids could
occur by various mechanisms such as interstitial or vacancy.
For a true crystal (without defects or vacancies), the final
equation for diffusivity can be expressed as (Shewmon, 1989),

Experimental data (Borgwardt, 1970)

091 Particle size: 48 um; 802 conc.: 3000 ppm
] B 650°C
087 ® 760°C
] A 370°C
0.7 o
] & 930°C
] 1 *
-2 0.6 === Random pore model predictions 1
g 1 (Bhatia and Perlmutter, 1981b)
I3 ]
E ]
2 0.5
8 ]
g ]
3 04 :
0.3
02
0.1+

0 20 40 60 80 100 120
Residence time, s

Figure 14. Predictions based on the random pore model
of Bhatia and Perlmutter (1981b) for the ex-
perimental data on sulfation of CaO by Borg-
wardt (1970).

Adapted from Bhatia and Perlmutter, 1981b.
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Figure 15. Simulated variation in the SO, concentration
profile with time and radial distance based
on the grain-subgrain model for the experi-
mental conditions of Borgwardt (1970).

(32)

— AH; — AH,,

A H; is the energy of vacancy formation and AH,, is the en-
ergy of vacancy migration per vacancy. In the case of CaSO,
structure doped with CaO, defects already exist due to impu-
rities; and thus only AH,, can be considered. An estimate of
the magnitude of diffusivity of Ca?* ions through the CaSO,
can be obtained from estimates of D, and AH,,. Typically,
D, depends on the size of the diffusing ions and has values in
the range of 1073 cm?/s. For AH,,, an average value of about
2.5 eV is an acceptable estimate for the energy of vacancy
migration (Shewmon, 1989). The estimated value for diffusiv-
ity of Ca?" ions is about 10! m?/s based on the above
values. The value of D,,, obtained from the grain-subgrain
model is in the range of 10~ 1°-10" m?s.

Figures 15 and 16 show the predicted radial concentration
profile for SO, and the local subgrain conversion profile in-
side the grain at various times. The SO, concentration de-
creases continuously with time as a result of consumption as
well as increasing diffusional resistance. The profile of ionic
concentration at the surface of the subgrain is shown in Fig-
ure 17 for three locations in the grain. Before the buildup of
the product layer, the ionic concentration is the same every-
where as the solid CaO concentration. As the reaction pro-
ceeds, the product layer offers increased resistance to ionic
diffusion. In addition, the local SO, concentration also influ-
ences the ionic concentration profile. In the initial stages of
SO, exposure, the porosity reduction due to sulfation is not
drastic and a significant amount of SO, can diffuse inside
and react with the surface ions thus lowering their concentra-
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Figure 16. Simulated variation in the local conversion
with time and radial distance based on the
grain-subgrain model for the experimental
conditions of Borgwardt (1970).

tion. As the reaction proceeds, the SO, concentration espe-
cially in the interior of the grain reduces significantly and,
subsequently, the ion concentration in the interior of the grain
(R=R,) increases.

1.00
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Figure 17. Simulated variation of the subgrain surface
ion concentration with time at three radial
positions based on the grain-subgrain model
for the experimental conditions of Borgwardt
(1970).
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Figure 18. Predictions based on the grain-subgrain
model for experimental data by Mahuli et al.
(1997) for the sulfation kinetics of MC.

Combined calcination, sintering and sulfation modeling

The application of the combined model is demonstrated
for short-contact time sulfation data of MC and LH. Figure
18 shows the results for the simultaneous calcination, sinter-
ing, and sulfation of 3.9 um MC particles. Initially, sulfation
progresses extremely fast reaching nearly 50% conversion in
less than 50 milliseconds. Moreover, the initial sulfation rate
is very similar for 1,000°C and 1,080°C, with the higher reac-
tion time data indicating slightly higher conversion at 1,000°C
than at 1,080°C. This is indicative of an optimum sulfation
temperature for MC. Mahuli et al. (1997) investigated sulfa-
tion at various temperatures between 900°C and 1,100°C and
showed that 1,020°C exhibits the highest sulfation conversion
at longer reaction times. A number of previous researchers
have observed this phenomenon of optimum temperature for
CaCO, sulfation; however, the estimates of optimum have
varied widely between 1,000 to 1,150°C. Milne et al. (1990c)
predicted the optimum temperature to be 1,065°C using their
model, while Alvfors and Svedberg (1992) reported it to be
1,027°C from their PSS model. Bortz and Flament (1985) ex-
perimentally observed the optimum to be 1,090°C, while Wang
et al. (1995) reported a temperature of 1,050°C. This phe-
nomenon during combined calcination, sintering and sulfa-
tion of CaCO; can be explained as follows. As the tempera-
ture increases, the rate of reaction and product layer diffu-
sion increase. However, the rate of sintering is also consider-
ably enhanced with increasing temperature (due to its high
activation energy of > 50 kcal/mol). This leads to a greater
loss of porosity which hinders the transport of SO, into the
interior. Furthermore, the CaSO, vapor pressure may also
begin to exert an influence on the overall reaction and lead
to decomposition of the product at higher temperatures
(Milne et al., 1990c). These opposing effects together lead to
an optimum temperature for sulfation. The grain-subgrain
model closely predicts the initial steep slope and the rate at-
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Figure 19. Predictions based on the grain-subgrain

model for experimental data by Mahuli (1995)
for the sulfation kinetics of LH.

tenuation characteristics. However, for the reaction tempera-
ture of 1,080°C, the model overestimates the initial rate; but
at higher residence times, its predictions match well with the
experimental data.

Figure 19 shows the experimental data and grain-subgrain
model predictions for simultaneous calcination and sulfation
of LH. For the three temperatures shown in the figure, the
rate of reaction and the final conversion continuously in-
crease with temperature, and an optimum temperature is not
clearly obvious from the data. Investigations to precisely as-
certain the optimum temperature were not conducted as part
of this study. Milne et al. (1990c) have reported an optimum
of about 1,120°C.

Table 5 shows the values of the adjustable rate parameters
obtained from fitting the grain-subgrain model for MC and
LH sulfation. The inputs to the model include the initial pore
properties of MC and LH listed in Table 1, the SO, bulk
concentration (3,900 ppmv), and the particle size (3.9 um).
The k. and kg, are fixed at the values obtained from the
calcination and sintering model (Table 2) and are not varied
in modeling the combined data in Figures 18 and 19. The K,
and D,,, values in Table 4 obtained from fitting the grain-
subgrain model to Borgwardt’s (1970) data are used as initial
guesses. The sulfation rate constant kg is found to be nearly

Table 5. Model Parameters for LH and MC Sulfation
at 1,080°C Obtained by Fitting Grain-Subgrain Model
to the Short-Contact-Time Data

Model Parameters MC LH
k,, m#/mol-s 1.6x1073 2.3x107°
Dions M%/5 4.0x10"Y 3.0x107 1
E,, kcal/mol 18.2 145
Eion, kcal/mol 26 32,6
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three orders of magnitude higher for short-contact time MC
and LH sulfation data. The value for k, obtained for experi-
mental data (Borgwardt, 1970) using the grain-subgrain model
is at a sulfation reaction temperature of 980°C for 45 um
CaO particles following reaction for 100-150 s. Because of
large particle size and lower reaction temperatures, it is plau-
sible that the kinetic data obtained by Borgwardt (1970) suf-
fers from external transport limitations. This would result in
lower conversions for these particles than the smaller parti-
cles (MC and LH) after similar exposure times. The grain-
subgrain model is developed without considering the external
transport limitations and, since Kk, is an adjustable parameter
for the grain-subgrain model, a lower value of k; is obtained
for large particles where external transport limitations domi-
nate the overall sulfation process.

Conclusions

The grain-subgrain model presented in this study incorpor-
ates three simultaneously occurring phenomena when a
CaCOj; or Ca(OH), sorbent particle interacts with SO, in
the high-temperature environment of a fossil fuel combustor.
This model includes for the first time the solid-state diffusion
parameters of the ionic species in the product layer, which is
the fundamental limiting factor on reaction rate and total
conversion. The calcination is described by first-order kinet-
ics, and the resulting CaO formed from CaCO,/Ca(OH),
grains is visualized as being composed of layers of subgrains.
The sintering is described as a second-order process with
subgrain layers having different surface area and porosities
due to different extents of sintering. The calcination and sin-
tering are together used to predict the local surface area and
porosity as functions of time, which are used in calculating
the local sulfation of the individual subgrains. The grain-sub-
grain model incorporates the solid-state ionic diffusion of
Ca?" and O?~ in a coupled manner through the product
phase to the outer surface of the subgrain where it reacts
with SO,. The model matches the experimental data from a
differential fixed-bed reactor with an SO, exposure time of a
few seconds, as well as ultrafast short-contact-time data from
an isothermal high-temperature entrained flow reactor at SO,
exposure times of under 500 ms. The proposed model can be
used to predict independent calcination, CaO sulfation, as
well as combined calcination, sintering, and sulfation data for
CaCOj; and Ca(OH),. The predictions of the proposed model
are compared with those of the random pore model and the
grain model. The values of k. and kg, compare well with
those previously reported. The product layer diffusion coeffi-
cient has shown considerable variation in the literature and
its value is known to depend on the choice of the model. The
grain-subgrain model with its coupled diffusion of Ca?* and
0%~ ions through the CaSO, matrix gives a product layer
diffusivity of the order of 10~ m2/ while the previously
reported values lie in the range of 107'2-10"* m?/. The
sulfation and PLD activation energies obtained from the
grain-subgrain model are 14.7 and 27.9 kcal/mol, respec-
tively, and compare well with the reported values.
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Notation

Cion = concentration of calcium ions at the surface of the subgrain,
mol/m?

Ci = Cion/Pcac: dimensionless ionic concentration
Cpui = concentration of SO, in the bulk gas phase, mol/m?
Cso,= concentration of SO, inside the grain, mol/m?
Céo,= Cso,/Chuik, dimensionless SO, concentration

D = diffusivity in Eq. 32
D, = pre-exponential factor in Eq. 32
D, = effective diffusivity of SO, through the grain, m?/s
Dy = bulk diffusivity of SO,, m2/s
D = Dye/Dyyik, dimensionless SO, diffusivity
D;,, = ionic diffusivity, m%/s
E. = activation energy for calcination reaction, kcal/mol
E,;, = activation energy for sintering, kcal/mol
E, = activation energy for sulfation reaction, kcal/mol
k, = specific rate constant for CaO sulfation, m*/mol-s
P = partial pressure of CO, in the CaO product layer
P.= partial pressure of CO, at the CaO/CaCO; interface
r= distance along subgrain, m
r.= unreacted core radius of CaO subgrain, m
r,=subgrain radius, m
rqo = initial subgrain radius, m
r*=r/ry,, dimensionless subgrain radius
R = radial distance in the grain, m
R = universal gas constant in Egs. 4, 5, and 32
Rgo = initial grain radius, m
R* = R/Rgo, dimensionless grain radius
S = specific surface area of CaO, m?/
S, = specific surface area of nascent CaO, m2/g
S; ;= specific surface area of CaO formed at time t; at the end of
time t;, m%/4g
T = temperature, K
X, = extent of calcination of CaCOj,
X, = local extent of sulfation
X, = overall conversion of CaCO, to CaSO,
z=molar volume ratio of CaSO, to CaO

Greek letters

B = modified Biot modulus
AH;= energy of vacancy formation per vacancy
AH,, = energy of vacancy migration per vacancy
At=time increment, seconds
€,= local product layer porosity following sulfation
€, = initial porosity of CaO
e= local porosity of CaO at any time t following sintering
v, = rate of CaCOj, calcination reaction, mol/m?-s
A= perturbation parameter given in Eq. A6
¢ = modified Thiele modulus
Y= structural parameter used in random pore model
Pcao = density of CaO, mol/m?
7= 3KCpu /g0, dimensionless time
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Appendix

The unsteady-state diffusion of the ions through the prod-
uct sulfate layer in the subgrain can be given by the following
differential equation

1 9 aC; JC;
Dion_z_(rZi =—= (Al)
r< adr ar at
subject to the boundary conditions
Cionlr=r. = Pcao (A2)
acion
— Dion ar = I(s;cioncsoz (A3)
r= rg

As no analytical solution is available for this equation (sub-
ject to these boundary conditions) and numerical solutions
encounter severe ‘“stiffness” problems, an appropriate solu-
tion can be obtained by assuming pseudo-steady state. In or-
der to justify this assumption a comparison between unsteady
state and the pseudo-steady state is made on the basis of the
perturbation solution given by Bowen (1965). The sulfur diox-
ide concentration at the surface of a subgrain Cgo, is as-
sumed constant for the purpose of comparison. Therefore,
Eq. A3 reduces to

-D acion
ion ar

=K,C

9

ion (A4)

r=r
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where

Ki= kscso2 (A5)
A perturbation solution for these equations is given by
Bowen (1965), which involves a parameter A, given by

r,K:
A=D o 0 (A6)

Tc Dion

where 7, (=r;/Dj,,) and 7 (=r,/K’) are the characteristic
times for diffusion and chemical reaction.

Bowen (1965) has shown that when A <1, diffusion times
are short when compared to reaction times, and the pseudo-
steady-state approximation can be applied to Eqgs. Al through
A4,

Taking the representative values of the corresponding pa-
rameters for the diffusion of Ca?* ions through the CaSO,
product layer for CaO sulfation, we obtain: ry= 1x107 " m;
K,=1x10"% m/s; and Dj,, =1x10"* m?/. Substituting
these values in Eq. A6 yields a value for A of 0.1.
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