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To simulate the staged availability of transient high surface area CaQ observed in high-temperature
flow-reactor data, the rate of calcination of CaCOj; or Ca(OH); is described by an empirical mod-
ification of the shrinking-core model. The physical model depicts particle decomposition by the
shrinking-core mechanism. The subsequent time-dependent decrease in CaQ reactivity (surface
area and porosity) due to sintering is simulated by reducing the grain-center spacing for the matrix
of overlapping CaQ grains. Information from SEM micrographs and from other physical property
measurements of the porous particles is incorporated. This submodel simulates the time-dependent
availability and reactivity of CaO fora comprehensive model used to study sulfation of CaCQ, and

Ca(OH), particles at upper-furnace injection conditions.

Snow et al. (1988) reported direct sulfation of CaCQ; at
temperatures below 1123 K,

08003(3) + SOg{g) + yzoz(g) - CaSO;(S) + Coz(g) (1)

a reaction that is pertinent to sulfur control for fluid-
ized-bed combustion of coal.

Dry serbent injection in pulverized coal hoilers occurs
at higher temperatures (1100-1500 K). Consequently, the
sorbent initially calcines before undergoing sulfation,

CaCOs(s) — CaO(s) + CO,(g) @)
Ca(OH)y(s) — CaO(s) + H,0(g) (3)
Ca0(s) + SOy(g) + %40,(g) — CaSO,(s) 4)

A nonporous CaCOQ; (carbonate) or Ca(OH), (hydrate)
gsolid decomposes to a porous CaO solid of the same volume
with porosities of 54% and 49%, respectively. The po-
rosity differences are due to the inequality of the molar
volumes. At the elevated temperatures of interest, sin-
tering of the solid reduces the surface area and porosity
developed in the calcination process. Because CaSO, has
a higher molar volume than Ca(Q by a factor of 2.72, sul-
fation of the porous CaQ reduces and probably in time
blocks the pore volume of the particle.

Small carbonate or hydrate particles dispersed in a
high-temperature gas flow reactor with SO, present ex-
perience rapid initial sulfation with lower reaction rates.
at longer times, Figure 1. When compared to the calci-
nation data of Borgwardt {1985) that show 90% calcination
in <0.25 s for 10-pm limestone particles at 1348 K, it is
apparent that initially decomposition and sulfation reac-
tions accur simultaneously.
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The sulfation of porous CaO particles consists of reaction
at the CaO surface (extremely rapid), solid-state diffusion
through the CaS0, product layer, and pore diffusion of S0,
through the particle. All three of these processes are di-
rectly related to the structural properties of the CaQ
particle. To model the high-temperature, short-time
sulfation of CaCO; and Ca(OH), particles at boiler injec-
tion conditions, the particle structure and the time de-
pendent of CaQ availability and reactivity, controlled by
calcination and sintering, must be incorporated.

A number of siructural models have been applied in the
area of noncatalytic gas—solid reactions. Ramachandran
and Doraiswamy {1982), Lindner and Simonsson {1981},
and Szekely et al. (1976) reviewed the different models.
In prineiple, most of the models simulate the porous
particle as a sphere composed of small spherical grains or
cylindrical pores. More sophisticated models incorporate
a distribution of grain or pore sizes. Lindgren (1988)
viewed the particle ds a composition of concentric shells
with a separate pore size distribution for each shell. Silcox
et al. (1989) modeled the calcination process with a
shrinking-core mechanism that produces spherical shells
of CaQ that subsequently sinter at independent rates.

The structural parameters for these models are often set
from calculated surface areas and pore volumes based on
nitrogen adsorption and mercury penetration measure-
ments. Particle size is determined by sieve analysis for
>100-pm particles. For smaller particles, Stoke's law
settling or Coulter counter techniques are employed. SEM
micrographs provide qualitative as well as quantitative
information about the structure of the particle.

This paper described the results of a combined exper-
imental and theoretical study to develop an activation
model for calcium-hased sorbents. The model was for-
mulated based on detailed examination of SEM micro-
graphs; it assumes that decomposition (to CaQ) occurs by
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Figure 1. Laboratory sulfation rate data from a 30-kW dispersed-
phase isothermal reactor (Milne, 1988).

Figure 2. SEM photomicrograph of 8.9-um Linwood carbonate,
caleined at 1073 K in a 5-mm-deep ceramic dish for (a) 45 min and
(b) 16 h (1.8 em = 1.0 um).

a modified shrinking-core mechanism. The subsequent
time-dependent decrease in CaO reactivity (due to sin-
tering) is simulated by reducing the grain-center spacing
for the matrix of overlapping CaO grains.

Structural Model for CaO

SEM Data. Figure 2a shows the structure of a CaO
particle produced from calcination of 8.9-um Linwood

Figure 3. SEM photomicrograph of b.4-um Linwood hydrate, cal-
cined in a 5-mm-deep ceramic dish at {a)} 973 K for 8 min and (b)
1073 K for 6 h {1.8 em = 1.0 pm).

carbonate at 1073 K in a 5-mm deep ceramic dish in an
air-purged electric muftle furnace. The appearance is very
similar to that reported by Borgwardt and Harvey (1972).
Note the presence of necks that join the nonuniform grains
together in a continuous matriz. The pores are tortuous
and asymmetric.

Figure 2b shows the same Ca0 after an additional 15.25
h of sintering at 1073 K. The larger grain size in this highly
sintered sample corroborates nitrogen adsorption data that
indicate a decrease in surface area from 11 to 3.7 m?/g and
a decrease in porosity from 21% to 2.8%. The equivalent
spherical grain diameters for these two BET surface areas
are .16 and 0.49 pm, respectively.

Figure 3 reveals the influence of sintering on a 5.4-um
Linwood hydrate calcined at 973 K for 8 min and at 1073
K for 6 h. The long-term heating reduced the surface area
from 21 to 3.9 m%/g (an increase in equivalent spherical
grain diameter from 0.086 to (.46 gm) and reduced the
porosity from 23% to 4.5%.

The Ca0 of Figure 3b appears to have more than 4.5%
void volume. The pore volume determination by nitrogen
adsorption for these samples, as measured with a Mi-
cromerities Digisorb instrument, has limited accuracy for
low surface area solids or for solids with a significant
number of pores larger than 600 A. The vapor pressure
is not significantly affected by the larger radii of curvature
for large pores (Smith, 1981). This technique, along with
mercury intrusion, for determining internal pore structure
dimensions is very reliable for evaluating relative differ-
ences or changes, but the accuracy of the absolute number
is a function of how close the model used for the calcula-
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Figure 4. Sample probe used to collect solids entrained in a high-
temperature gas flow stream for SEM observation.

Figure 5. SEM photomicrograph of 4.4-um Linwood carbonate,
calcined at 1367 K in an isothermal flow reactor for {a) 35 ms and
{b) 500 ms (1.8 em = 1.0 zm).

tions matches the actual physical features of the solid.

The structures of the high surface area CaQ from the
two parent stones, Figures 2a and 3a, are substantially
different. These dissimilar structures support the low-
temperature (<1100 K) findings of Gullett and Bruce
(1987} and Beruto et al. (1980). They reported that
characteristics of the nitrogen adsorption isotherms suggest
that Ca0 produced from the carbonate (¢-CaQ) has a
cylindrical pore structure, while CaQ derived from hydrate
(h-Ca0) is better represented as having slit- or platelike
pores.

Samples of Ca0Q decomposed under high-temperature,
short-time conditions (>1200 K, <1 s) similar to that ob-
served in upper furnace sorbent injection are difficult to
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Figure 6. SEM photomicrograph of raw Linwood hydrate, calcined
in an isothermal flow reactor at 1367 K for (a) 35 ms and (b} 500 ms
(1.8 e = 1.0 um).

obtain without compromising the solid with the sampling
procedure. Gathering the CaQ particles in a dispersed-
phase reactor usually entails a high-temperature collection
system that rapidly cools the sample to a temperature that
will avoid condensation of the water vapor and prevent
further decomposition and sintering. Unfortunately, the
light loading of the solids in the gas phase necessitates
proionged sample times of several minutes to gather suf-
ficient solids for analysis. During that sample period, the
highly reactive CaO can partially react with CO, and H,0
in the gas passing over the sample solids to form CaCQ,
and Ca(OH),, respectively {Bortz and Flament, 1985).

To determine whether the CaQ produced at low tem-
peratures is representative of that found under sorbent
injection conditions, a method was devised to sample an
extremely small amount of CaQ directly from a high-tem-
perature reactor with minimal alteration of the solid by
the sampling procedure. The apparatus is illustrated in
Figure 4. The very adhesive CaQ particles were collected
directly on the surface of a highly polished aluminum SEM
sample stub. A dry nitrogen purge prevented flue gas from
flowing up the sample probe and compromising the highly
reactive CaQ solids. An exposure time of less than 1 s in
a 1367 K solid-laden gas stream produced a negligible
temperature increase of the aluminum stub and deposited
an almost invisible dusting of <10-um CaQ particles on
the surface of the sample stub. The sample was subse-
quently coated with a gold-palladium alloy for SEM ob-
servation.

Figures 5 and 6 are SEM photomicrographs of samples
extracted in this manner from a 1367 K dispersed-phase
isothermal reactor at solid reaction times of 35 and 500
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ms. These solids have significantly different structures
than observed in the low-temperature CaQ of Figures 3
and 4.

The 35-ms ¢-Ca0 of Figure 5a has less apparent porosity
than expected for an extent of decomposition of 50%,
based on predicted values from the calcination model
developed subsequently in this article. The surface ap-
pears granular, but the interior porosity is not visible. Note
the uneven cracks possibly induced by the shock heating
of the particle. The 500-ms ¢-CaQ of Figure 5b shows
considerable glazing of the surface due to sintering.

The h-Ca0 photomicrographs of Figure 6 show a more
granular structure with a higher apparent porosity. At 35
ms, the 2.5-um hydrate particles are fully calcined, by
caleination model predictions. Throughout this work, the
term grain is used in reference to the small units of solids
that as a body constitute the larger, porous particle. The
500-ms grains appear fo be larger than the 35-ms grains,
possibly due to sintering.

From these SEM photomicrographs, it was concluded
that the low-temperature, fixed-bed calcination Ca0O is not
representative of that produced under rapid heating,
high-temperature calcination conditions. The basic
structure of porous CaQ appears to be a matrix of inter-
connected grains.

Meodel Concept. The individual, noncontacting spheres
of a simple grain model are inadequate to represent this
Ca0 structure. A pore model is inappropriate because the
particle structure is better described as a matrix of in-
terconnected grains rather than a solid perforated with
cylindrical pores.

Lindner and Simonsson (1981) represented this type of
structure with a model of overlapping spheres. A simple
grain model with uniform spheres cannot realistically ac-
count for a porosity of less than 26%, the void fraction of
a face-centered packing of spheres, unless grain overlap
is ignored. A grain model with a distribution of grain sizes

.is necessary to represent lower porosities. In addition to
its ability to model low porosities with a single grain di-
ameter, the overlapping grain model also represents the
fact born out by SEM data: not all surfaces of the grain
are in contact with the gas phase.

Kingery and Berg (1955} explained that sintering of two
spheres may oécur by the centers of the spheres ap-
proaching and the resultant overlapping volume filling the
neck volume between the spheres. This mechanism ac-
counts for loss of surface area and shrinkage. Coble (1958)
suggested a modification where the excess volume between
the spheres is redistributed to the entire free surface rather
than just the neck region. This mechanism results in a
simpler mathematical treatment and was subsequently
applied to the overlapping grain model.

A nonoverlapping grain model simulates the grain
growth shown in Figure 2 by combining small grains of
high surface area to produce fewer large grains with low
surface area. However, this mechanism cannot represent
the associated shrinkage for porosities of less than 26%.
A distributed grain size model preferentially combines
small grains to form large grains, thus reducing its ability
to accurately represent a low-poresity CaO and conceivably
causing porosity to increase as the surface area decreases.
The overlapping grain model simulates sintering by moving
the grain centers closer together, resulting in concurrent
surface area and porosity reduction.

Mathematical Development. As shown in Figure 7,
a single grain is viewed as a sphere with a fraction of its
exterior cut away to represent the interface with a neigh-
boring sphere. If a plane passes through a sphere of radius

Figure 7. Illastration of the overlapping grain model.

r at a perpendicular distance r; from the center, the surfaee
area and volume of the segmented portion of the sphere
(Eves, 1978) are, respectively,

8, = 2-:rr2(1 - E) (5)
r
11'[ r (f'i)a]
Vo=z-rl2-3=-+{- (6)
3 r r

If two spheres overlap, each sphere will have a surface
area and volume reduced by the values of eqs 5 and 6,
respectively. In a system of overlapping spherical grains
with n contacts per grain, the grain surface area and

volume gre
= o, h
Sg—41rr2[1 2(1 r)] (7)

. . 8
Vg=§wr3'1—g[2—3%+(%) ]] 8)

These two equations describe the grain structure as
introduced by Lindner and Simonsson (1981) by including
the number density of grains, N,

8 =N§, 9)
1-¢=NV, (10)

where S is the surface area per particle volume and ¢ is the
porosity. Substitution of egs 7 and 8 into eqs 9 and 10
yields a system of two equations and six variables. The
variables ¢, S, N, and n are specified to solve for r and r;
The nonlinear system of equations is solved by the New-
ton—Raphson method.

Evaluation of these variables from actual measurements
is practical only for the exiensive properties of surface area
and porosity. For dimensions taken from SEM photo-
micrographs to be representative, a large number of par-
ticles must be sampled, and the exterior properties of the
solid must be assumed constant throughout the interior
that is not visible.

Figure 8 shows the coordination number and porosity
for various spherical packings. For overlapping spheres,
the maximum value of n is also 12. T'o be compatible with
regular spherical packings, the curve drawn in Figure 8 is
used to specify the coordination number of the overlapping
grain model for a given porosity:

_f1%, for £<0.26
n = 127.64 exp(-3.209¢), for ¢> 0.26 an

Prior to sintering, the configuration of the overlapping
grain model is taken to be almost identical with that of
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Figure 8. Coordination number as a function of porosity for the
averlapping grain model based on regular spherical packings.

the grain medel for porosities greater than 26%. Initially,
the interface radius ratio, R, for a Ca0 grain is calculated
with

R ={0.99, for n<12
07 10.8333 + 0.6026¢, for n=12

where Re=rifr

(12)

An R, value of 1.0 is avoided because some of the partial
derivatives of egs 7 and 8 are undefined at that point.
Equation 12 accounts for the fact that the grain surface
area approaches zero when the interface radius approaches
a minimum value,

(r/Pain =1-2/n (13)

Application of the relationship between the surface area
per volume of the particle and the surface area per mass
of the solids,

8= pSyu(1-¢) (14)

and combination of eqs 9 and 10 to eliminate N yield an
equation for the initial overlapping grain radius,

3[1 - 3(1—30)]

ps,,,[ 1- E(z - 3R, + R03)]

r0=

(15)

Subsequently, r; is determined from eq 12, and substitution
of eq 8 into eq 10 yields the initial value of N.

Sintering Model

The sintering of grains at high temperatures is driven
by capillary forces associated with the curvature of the
surfaces {Fischer, 1955b). By diffusion or viscous flow
processes, material is transferred to the high surface area
regions in the granular structure, primarily the grain neck
area. 'The sintering process influences two features of the
particle structure, surface area and porosity. Because of
the strong influence of these two properties on the rate of
sulfation of Ca0, it is desirable to quantify the change in
porosity and surface area through the sintering process.

Fundamental understanding of the sintering of CaQ
under sorbent injection conditions is inadequate to provide
areliable theoretical model of the process. Therefore, the
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sintering model developed herein is hased on a consistent
set of empirical relations that mathematically describe
trends in the available fundamental data. Derivation of
the model is specific to small particles in a dispersed phase
typical of dry sorbent injection.

Surface Area Loss. Sintering of Ca( grains is often
quantified by measurement of surface area loss with time
as a function of the temperature and concentration of the
gas species that catalyze sintering (CO,; and H,0). It is
commonly accepted that increased temperature or in-
creased CO, and H,O concentrations accelerate the rate
of loss of the surface area (Borgwardt et al., 1986; Mai,
1987). Newton (1987) reporied that sintering is also pro-
moted by the presence of 50,

German and Munir (1976) developed a rate equation
based on the theory that sintering is driven by the cur-
vature gradient at the necks of contacting grains. Borg-
wardt (1988, 1989) analyzed differential reactor sintering
data with this rate equation. The German and Munir
model fit the data well with two adjustable parameters.
However, a fundamental premise of the model is that the
grain necks are isolated, a condition that is violated when
necks merge for surface area reductions greater than 50%.
Sintering of CaQ often results in much lower reductions
in the surface area. A curious feature of the model is that
the rate of sintering is a function of the initial surface area
before sintering commenced. Therefore, this model pre-
dicts that a 50 m?/g CaQ with an initial surface area of
100 m?/g will sinter at a different rate than a 50 m?/g CaO
with an initial surface area of 60 m?/g. Data to support
or discount this characteristic are not available. An ob-
jectionable feature of the differential form of the German
and Munir rate equation is that the sintering rate is infinite
at time zero.

In keeping with the theory that sintering is a physical
transformation to lower surface energy, Nicholson (1965)
propuosed that the rate of surface area loss is proportional
to the difference between the actual surface area and the
equilibrium surface area that the particie reaches after long
sintering times. Silcox et al. (1989) used the sguare of this
surface area difference to correlate the rate data of
Borgwardt et al. (1985) as a funetion of temperature and
partial pressure of COsy. An equilibrium or asymptotic
surface area of 5 m2/g was used for high temperatures
because this value approximates the surface area of highly
sintered materials (Borgwardt, 1988). The overall fit was
not found to be very sensitive to this value.

The Silcox rate equation is modified to correspond with
recent data of Borgwardt (1988) that include the influence
of HaO as well as COy:

dS, /dt = -2450(1 + 50'TPH200'17 +
10.3‘00020.6'?) exp(—29600/ T KS,, — 5000)% (16)

The partial pressure of H,0 and CQO; (kilopascals) included
in the preexponential term reflects the observation in
Figure 9 that sintering atmospheres containing these two
gases result in higher sintering rates than measured in pure
N,. The rate constants for sintering in atmospheres con-
taining Ny mixed with either H,O or CQ, at 1073 K were
evaluated for H,O partial pressures of 0, 0.39, 7.31, and
15.2 kPa and CO, partial pressures of 0, 0.102, 1.02, and
12.2 kPa, respectively. As shown in Figure 9, the two rate
constants for CO,- and H,0-catalyzed sintering are ad-
ditive for predicting the rate constant for a mixture of CO,,
H,0, and N,.

A correlation of the rate constants for 12.2-kPa CO,
sintering data (Borgwardt, 1988} at 1073, 1341, and 1339
K is the hasis for the preexponential value, 2450 kg/{m?
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Figure 9. Comparison of 1073 K sintering data from Borgwardi
(1988) with model fit of sintering rate constant in gas mixtures of
carbon dioxide, water vapor, and nitrogen.

g}, and the activation energy, 29.6 kcal/mol. Sintering data
(Borgwardt, 1989) for a N, atmosphere at 1173, 1223, and
1273 K yield a similar activation energy of 30.3 keal/mol,
implying that the influence of CO, and H,O are properly
included in the preexponential term of the rate constant.
Sintering data at sorbent injection conditions are sparse,
s0 eq 16 is used to extrapolate sintering rates to those
conditions.

The numerical integration of eq 16 for nonisothermal
conditions experienced in sorbent injection is much simpler
than that of the German and Munir model.

For low mole fractions, <1%, a small increase in CO,
or H,0 partial pressure results in a large increase in the
sintering rate. However, the sintering rate appeats to
approach an upper limit as the concentration is increased.
There are no data that show the sintering rate at con-
centrations approaching pure €Oy or HyO to assist in
modeling the sintering of CaO in the interior of a decom-
posing particle of CaCQ; or Ca(OH), where locally high
concentrations of the product gas cceur.

For lack of fundamental rate data, the contention of
Newton {1987) that S0, catalyzes sintering is not included
in the sintering rate equation. For application of eq 16
to a sulfation environment, it is assumed that the sintering
rate of CaQ grains covered with a product layer of CaSO,
is equal to that of unsulfated CaO.

Porosity Loss. Not all types of sintering induce
shrinkage. The mechanisms of evaporation—condensation
and surface diffusion do not reduce the porosity of the
particle during sintering (Kingery and Berg, 1955). Most
solids sinter by grain boundary diffusion or volume dif-
fusion, both of which cause shrinkage (Szekely et al., 1976).

The influence of sintering on CaO porosity is less
quantified and less understood than the effect on CaQ
surface area. There are apparent discrepancies in the
literature regarding the change in porosity from sintering.
Nicholson (1965) stated that sintering of porous solids
produced from decomposition results in the loss of surface
area, but particle shrinkage is limited. Fischer (1955a)
reported that limestone calcined under mild temperatures
(12001250 K} produced a very porous Ca0 that could not
be densified further by subsequent firing at 1580 K. In
contrast, he found that, with high-temperature calcination
and uninterrupted firing, poresity decreased with increased
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Figure 19. Surface area and porosity measurements for hydrate and
carbonate derived CaQ with differing degrees of sintering and var-
ying calcination conditions.

temperature. Borgwardt (1989) produced high surface area
Ca0 from limestone calcined at 970 K that showed a re-
duction in both surface area and porosity at subsequent
sintering temperatures between 1170 and 1370 K.

Coble (1961) showed that the density of alumina com-
pacts is a logarithmic function of sintering time. Borg-
wardt (1989) used Coble’s logarithmic law to model po-
rosity data for sintered CaO as a function of time and
temperature. Specific surface area and porosity were both
shown to be temperature dependent, but no functional
relationship between the two properties was developed.

Bhatia and Perlmutter (1980) developed a relation be-
tween surface area and porosity where the internal
structure of a particle is modeled as overlapping cylinders.
This approach was not specifically applied to the modeling
of the sintering process.

To quantify the simultaneous loss of surface area and
porosity, measurements of ¢-Ca0 and h-CaO generated
under various calcination and sintering conditions have
been compiled in Figure 10. There is a clear difference
in the ¢-Ca0 and h-Ca0 data. The porosity of Linwood
carbonate and hydrate was measured by mercury pene-
tration to be 4% and 15%, respectively. The fact that the
initial porosity of a hydrate could be 5 times higher than
that of a carbonate accounts for some of the shift to the
right of the h-CaQ data in Figure 10. It is difficult to
control the experimental conditions that influence h-Ca(
surface area conservation during the calcination process
because of the rapid, low-temperature calcination of hy-
drate particles relative to the more manageable high-tem-
perature carhonate calcination (Gullett and Bruce, 1987).

Another point of interest is the broad range of ¢-Ca0
gurface areas measured for a single porosity. The samples
that show high porosity and low surface area were pro-
duced by Bhatia and Perlmutter (1983), Borgwardt and
Harvey (1272), and Fischer {1955a) from limestone par-
ticles sized at 100, 1100, and 1300 pm, respectively. The
high surface area ¢-CaQ of Borgwardt (1988) and Gullett
and Bruce (1987) were produced with less than 3-um
particles in a fixed-bed reactor that. greatly reduced CO,
and H,0 diffusion limitations and thereby reduced cata-
lyzed sintering (Borgwardt et al, 1986).

As evidenced by the low area-to-volume ratio (or large
pore diameter) of the hed-calcined ¢-Ca0 of Figure 2 and



Table 1. Particle Shrinkage for Sintered Linwood ¢-Ca0
and h-Ca0O

parent sorbent Cal)
type d, um € d, pm ¢ @eales ST
Ca(OH), 54 015 38 0.23 44
Ca{OH); 54 0.15 30 004 41
CaCOy 4.4 0.04 4.1 0.24 37
CaCO, 44 004 35 003 3.4
CaC0O, 89 0.04 71 0.29 T8
CaCO, 89 0.04 6.7 0.03 6.8

the large particle calcination studies (Fischer, 1955a;
Borgwardt and Harvey, 1972; Bhatia and Perlmuiter,
1983), the most reliable estimate of the initial surface area
and porosity for small-particle c-CaO produced in a dis-
persed calcination reaction should be extrapolated with
the data from the experimental procedure that minimizes
CO, diffusion limitations. A large-particle calcine or CaQ
produced in a thick bed experiences a range of calcination
and sintering conditions that render extrapolation back
to the initial CaO surface area impossible. The large pore
diameter of calcines generated in a locally high CO, en-
vironment is consistent with the findings of Ulerich et al,
(1878). They reported that calcination in a 15% CO,
atmosphere produced larger pore diameter CaQ than de-
composition in N,.

Much of the Figure 10 data were obtained by sintering
the same high surface area CaO for various times to achieve
a range of surface areas and porosities. The sintering paths
of the different data sets are not the same, indicating that
the sintering process is sensitive to the conditions of the
experiment and to the initial surface area and porosity.
As discussed earlier, the sintering of CaQ is governed by
a combination of multiple processes that influences the
change in surface area relative to the change in pore
volume.

The vacuum calcination experiments of Beruto et al.
(1980) produced 89 m?/g ¢-Ca0 at 593 K and 133 m?/(g
h) CaO at 853 K. Borgwardt (1988) reported 128 m?/(g
h) CaO produced at 643 K. Borgwardt (1989) also reported
average surface areas from calcination at 973 K in a N,
atmosphere of 8 different h-CaO samples of 77 m?/g and
12 different ¢-CaO samples of 104 m?/g.

The upper limit of the CaQ surface area versus porosity
data of Figure 10 is taken to be the sintering path of
small-diameter ¢-Ca0Q calcined in a dispersed phase. For
the theoretical porosity of 54%, the initial small-diameter
¢-Ca0 surface area, immediately following calcination, is
extrapolated from the upper limit data of Figure 10 to be
100 m?/g. With the lack of consistent high surface area
h-Ca0 measurements, h-Ca0 is assumed to have the same
initial surface area as ¢-CaQ, Therefore, the initial surface
area of small-diameter CaQ produced in a dispersed en-
vironment is taken to be 100 m?/g.

If surface area per particle volume, S, is plotted against
porosity, the sintering path of many of the data sets in
Figure 10 lies on a line through the origin. Also, the upper
limit of the data is represented by a line instead of a curve.
Therefore, a fundamental assumption of the sintering
model is that Ae is proportional to AS:

€g = £ — (51/81)(31 - Sz) (17}

This assumption accounts for CaO of differing surface
area to pore volume ratios, m, following different sintering
paths, as observed in Figure 10. The specific surface area
at some point along a single sintering path is

S - me
Toel-o

(18)
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Figure 11. Changing values of r, r,, and n for sintering of 100 m?/g
of grain.

Of course, loss of porosity equates to particle shrinkage.
Table I shows measured particie diameters for sized sor-
bents and their calcines after various sintering times. The
calculated CaO particle diameter is determined from the
initial and theoretical calcine porosities of the parent
sorbent and the measured CaQ porosity. Mass mean
particle diameters were determined by X-ray detection of
the Stoke's law settling rate with a Micromeritics sedi-
graph.

Solution Scheme. Equation 16 is integrated to eval-
uate the change in specific surface area, S, for a single
time step. The resultant loss of porosity is determined
with eq 17. With eq 14, the value of S is determined, and
with eq 11, the value of » is updated. With the new po-
rosity and conservation of grain volumne, V,, through the
sintering process, eq 10 yields the number density, N.
Subsequently, the grain surface area, 5., is evaluated with
eq 9. The Newton—-Raphson methoé is applied to si-
multaneously solve eq 7 and 8 for » and r,.

Figure 11 shows how », r, and r; change as the surface
area of a 100 m?/g of CaO grain sinters to 10 m?/g. There
is a steady increase in the grain radius and coordination
number (to a maximum value of 12 for face-centered cubic
packing)} as the surface area decreases. The interface ra-
dius, r;, has an unexpected increase for a short period of
the sintering process. The surface area of an overlapping
grain of constant volume is reduced by increasing n or by
decreasing r; or by a combination of the two, which is the
mechanism chosen for the sintering model. In order for
the coordination number to correspond to the character-
istics of regular spherical packing, Figure 8, n is set and
ri is calculated. Alternatively, r; could be constrained to
steadily decrease as the surface area decreases and r and
n could then be solved for. However, this route is less
stable numerically and is further removed from the body
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Table II. Shrinking-Core Model Rate Constant at 983 K
{Borgwardt, 1985)

Spo Mg R 1W0%m/s S0 mifg R, 10%m/s
0.1 3.23 1.4 121
0.20 3.14 7.2 0.82

of information available for packed spheres.

Calcination Model

Carbonate Rate Equation. Borgwardt (1985) mea-
sured calcination rates of CaCQ; particles with narrow size
distributions ranging from 1 t¢ 90 pm in diameter. A
differential fixed-bed reactor was used for temperatures
of less than 1000 K and reaction times greater than 1 s.
A dispersed-phase isothermal flow reactor was employed
for short reaction times (0.1-0.7 s) and high temperatures
(1050-1350 K}, conditions necessary to simulate boiler
injection.

Borgwardt showed that the instantaneous rate of cal-
cination in the differential reactor is proportional to the
initial surface area and to the fraction of remaining CaCQs.
Data from Snow (1985) and the theoretical calcination
model of Silcox et al. (1989) accounting for CO, diffusion
limitations indicate that carbonate calcination is kinetically
controlled with negligible pore-diffusion limitations for
these experimental conditions.

The classic shrinking-core model for mathematically
representing a decomposition reaction is based on the
assumption that the rate of change of volume of the un-
reacted solid is proportional to the surface area of the
unreacted spherical core:

dV, /dt = -kdwr? (19
Noting that
V,=(1- x)%:rro"“ (20)
and
1-x=(r,/ro)® (21)

integration of eq 19 yields (compare Smith (1981))
kR 1-(1- x)iA3

rg t (22)

This model can be applied to the calcination of CaCQy,
by assuming that the porous carbonate particle is com-
posed of smaller grains of CaCOj of equal diameter that
calcine at equal rates. The initial surface area of the solid
provides an estimate of ry, for this case, the initial radius
of the grains within the particle:

3
Fo = — 23
= 8. (23)

Table II lists values of &/ calculated with eq 22 for the
983 K rate data of Borgwardt (1985) plotted in Figure 12.
From these values of &, it appears that application of the
shrinking-core model, eq 22, to the calcination of carbonate
particle grains, the radius of which is determined from the
initial specific surface area of the solid, does not yield a
rate constant that is independent of surface area.

Satterfield and Feakes {1959) concluded from micro-
scopic observation of the decomposition of calcite crystals
that the calcination region is a complex zone. They de-
scribed the formation of cracks in the decomposing crystal
that increased the surface area of reaction. This mecha-
nism would result in an increase in &’ with time. The
constant values with time of the data plotted in Figure 12
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Figure 12, Differential reactor calcination rate data at 983 K from
Borgwardi (1985} for various surface area carbonates.

do not support the possibility of increasing the surface
from fragmentation as calcination proceeds.

The fundamental mechanisms governing this decom-
position process are obviously more complex than por-
trayed by the shrinking-core model applied to the grain
level of the carbonate particle. This model provides a
reasonable description of the trends in the data but does
not provide a satisfactory statistical fit. To study the
influence of calcination on the sulfation of Ca0 in a com-
prehensive model, a more empirical approach is adopted.
A calcination submodel that fits the calcination data avoids
uncertainty that may arise when interpreting the sulfation
model results, which include the influence of calcination.

Furthermore, the assumption that calcination occurs by
a shrinking-core mechanism on the individual grains of the
carbonate particle requires 2 simultaneous sulfation model
to account for two levels of Ca0Q within the particle. First,
each grain is composed of multiple spherical shells of CaO
with different exposure times after calcination, resulting
in a range of surface areas (reactivity). Second, grains at
different radii in the particle sulfate at different rates due
to the SO, concentration profile within the particle. In
addition to multiplying the computation time, this ap-
proach, when employed with a sulfation model, reduced
the predicted extent of sulfation of a 50-pm carbonate
particle by a factor of 7 helow the measured value and by
a factor of 5 below the extent calculated if the calcination
proceeds by a shrinking-core mechanism on the particle
as a whole instead of on the particle grains.

Particle size has been shown to be a controlling factor
in the sulfation of both h-CaQ and ¢-Ca0 (Gullett and
Blom, 1987a; Milne, 1988). Figure 13 shows the relation-
ship of surface area and particle diameter for sized car-
bonates and hydrates. The interdependence of surface
area and particle diameter among the stones calcined by
Borgwardt (1985) leads one to believe that a more em-
pirical evaluation of Borgwardt’s calcination data as a
function of initial particle diameter instead of initial
surface area should describe the trends in the data.

If the calcination of a carbonate particle proceeds by the
ghrinking-core mechanism, eq 22 is applicable if r, is the
initial particle radius instead of the equivalent spherical
grain radius based on the BET surface area. By use of the
data of Figure 12, a logarithmic plot of the average values
of k'frq vs rp, where rg is the particle radius, has a slope
of —-0.6. If the exponent of ry in eq 22 is changed from to
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Figure 14. Calcination rate data for sized Georgia marble limestone
at 983 K (Borgwardt, 1985) and model fit.

1 to 0.6 and the particle diameter is substituted for the
particle radius,

3
x=1—(1-%¢) (24)
il

an empirically modified form of the shrinkage-core model
at the particle level accurately fits the measured extent
of calcination as a function of time and particle size as
shown by the curves in Figure 14. Because of its dem-
onstrated applicability to a wide range of particle sizes, eq
24 is employed as the calcination rate equation. This
reduced dependence on partricle diameter relative to eq
22 can be partially explained by envisioning that caleina-
tion proceeds along a broad reacting front through the
particle rather than a distinct reaction interface.

This calcination model not only fits the differential re-
actor data of Borgwardt, it is consistent with Borgwardt’s
high-temperature data and other sources of calcination
data. Figure 15 shows the calculated rate constants for
four separate sets of calcination data obtained from dis-
persed-phase isothermal reactors. The Borgwardt data and
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Figure 16, Model fit of Borgwardt {1985} flow reactor calcination
rate data for 10-um Fredenia limestone.

IFRF data of Bortz and Flament (1985) show a change in
the activation energy at about 1150 K. Borgwardt’s rate
constant plot (1985) shows this same trend. Because the
high-temperature calcination kinetics are of interest for
dry sorbent injection, the data above 1150 K are used to
evaluate the calcination rate constant. The IFRF and
Borgwardt data have nearly identical activation energies
of 22.1 and 21.8 kcal/mol, respectively. The data of Bortz
et al. (1985) agree very well with the Borgwardt data. The
7-um IFRF data have a significantly lower rate constant.
Because Borgwardi’s data were obtained with particles
having narrow size distributions, unlike the other data of
Figure 15, the 10-pm high-temperature Borgwardt data,
Figure 16, were used to evaluate the carbonate rate con-
stant:

k =10.303 exp(-10980/T) (285)
Hydrate Rate Equation. The decomposition of Ca-

{OH), is assumned to follow the same mechanism as that
for carbonate caleination. Bortz and Flament (1985)
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CaCO3 or
Ca(OH)2 core

Figure 17. [lustration of the shrinking-core calcination model.

measured 70% calcination after 25 ms at 973 K. The
activation energy reported by Mai (1987) and the 973 K

data of Bortz and Flament were utilized to estimate the.

Ca(OH), rate constant:
k = 53.87 exp(-8300/T) (26)

For boiler injection temperatures, this rate constant pre-
dicts nearly instantaneous calcination.

Particle Model. In harmony with the development, of
the calcination rate equation, a hydrate or carbonate
particle is physically modeled as a sphere, with a measured
internal poresity that decomposes by the shrinking-core
mechanism. A porous outer shell of high surface area CaO
grains is produced, as illustrated in Figure 17. The Ca0

grains are modeled as overlapping spheres. The porosity

of this shell is determined by the theoretical porosity at-
tributed to the parent stone (54% for ¢-CaQ) and 49% for
h-CaQ) and the initial porosity of the sorbent. The initial
surface area of small-particle ¢-CaD generated in a dis-
persed system is assumed to be 100 m?/g.

The volume of the reacted parent stone is replaced by
concentric shells of uniform overlapping CaQ grains. The
grains of each shell independently sinter and react with
80,, where applicable, to simulate ranges of surface area,
porosity, and extent of sulfation throughout the particle.

Combined Model

As a check of the combined calcination and sintering
model, the surface area and calcination rate data reported
by Bortz et al. (1986) of 13-yum Marianna limestone cal-
cined in an isothermal flow reactor at 1373 K are compared
to model predictions in Figure 18. The natural gas fired
reactor is assumed to have operated at 5% O,, which serves
as a basis for using 7.5 kPa of CO, and 14 kPa of H,0 for
evaluation of the sintering rate constant. The data suggest
an approximate peak surface area of 25 m?/g at 80%
conversion, whereas the model predicts a maximum of 40
m?/g at 90% conversion. By comparison, Borgwardt
(1985) measured an average surface area of 55 m?/g at 87%
conversion for 10-um Fredonia limestone calcined at 1348
K in a flow reactor with a N, atmosphere. Therefore, the
model prediction is probably close 1o the actual surface
area of the 13-pm Marianna calcine prior to sample col-
lection where subsequent sintering and recarbonation re-
duced the surface area to the value measured. The 90%
extent of calcination at 0.5 s indicates recarbonation of the
sample CaQ during sample collection,

Conclusions

The overlapping grain model of Lindner and Simonsson
(1981) is consistent with the structure of Ca0 observed in
the SEM photomicrographs. The CaQ solid is viewed as
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Figure 18. Model predictions for 13-um Marianna limestone cal-
cined at 1373 K in a flow reactor (Bortz et al., 1986).

a matrix of overlapping spheres that move closer together
according to the sintering mechanism of Coble (1958). A
sintering rate equation based on the recent experimental
data of Borgwardt (1988) is used to calculate the change
in surface area of the overlapping grains with time. Ex-
trapolation of surface area and porosity data yields an
initial CaO surface area of 100 m?/g for small-diameter
CaCO; and Ca(QOH), particles calcined in a dispersed
phase. Porosity decreases in direct proportion to the
change in surface area per particle volume. The overlap-
ping grain model is confined to coordination numbers of
spherical packing of similar porosities. The grain radius
and spacing are evaluated by simultaneously solving the
nonlinear surface area and volume equations for an
overlapping sphere.

The calcination of carbonate or hydrate particles is
modeled by the shrinking-core mechanism where a shell
of 100 m?/g overlapping CaQ grains is produced as the
reaction interface recedes. The calcination rate equation
is an empirically modified form of the shrinking-core model
with a particle diameter dependence of 1/d®%. This
equation more accurately correlates available high-tem-
perature carbonate calcination data than the more fun-
damental shrinking-core model applied to individual sor-
bent grains in the particle.

The combined ealcination and sintering model approx-
imates high-temperature observations to within the accu-
racy of the data, which are extremely difficult to obtain
without altering the properties of the dispersed-phase solid.
The model simulates the transient high surface area CaO
produced upon injection of CaCO; or Ca(OH), particles
into a high-temperature gas stream. This transient, highly
reactive CaQ is of primary interest in the area of dry
sorbent injection for SO, capture in coal-fired utility
boilers. To calcination and sintering models are designed
as submodels for a comprehensive sulfation model.
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Nomenclature

d = particle diameter, m

dy = initial particle diameter, m

E, = activation energy, keal/mol
"= shrinking-core medel calcination rate constant, kg/(m?
8}

k = calcination rate constant, m®#/s

m = ratio of § to ¢, m™?

ri = coordination humber

N = Ca0 grain number density, m™3

p; = partial pressure of gas i, kPa

r = CaO grain radius, m

r, = unreacted particle core radius, m

ry = initial sorbent grain or particle radius, m

r; = Ca0 grain interface radius, m

Ry = initial value of the ratio of r; to r

8 = surface area per particle volume, m™

S, = surface area of overlapping grain, m?

S = specific surface area, m?/kg

Spmo = initial specific surface area, m2/kg

8, = surface area of the overlapped portion of a sphere, m?

t = time, s

T = temperature, K

V, = volume of overlapping grain, m?

Vf = volume of the overlapped portion of a sphere, m?

V. = volume of the unreacted sorbent core, m3

x = extent of caleination

Greek Symbols

¢ = porosity {(void fraction)
p = solid density, kg/m?®

Registry No. CaCO,, 471-34-1; Ca({OH),, 1305-62-0; CaO,
1305-78-8.
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