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Abstract—The sintering rate of calcium oxide in a nitrogen atmosphere was measured at temperatures from
700 to HO0°C. CaO prepared from ultrapure CaCO, was compared with impure CaCQ derived from
limestone and calcium hydroxide. CaCQ, derivatives yielded an initial surface area of 104 m?/g and the
hydroxides, 76.7 m?/g. The rate of surface reduction was independent of particle size between 2 and 20 pm,
but strongly dependent on ternperature and impurities. Impurities increased the rate of sintering at a given
temperature and reduced the activation energy. The model of German and Munir {J. Am. Ceram. Soc., 59,
379-383, 1976) correlates the kinetics of surface reduction and identifies lattice diffusion as the mechanism of
solid transport. Porosity declined logarithmically with time during the intermediate stage of sintering,

INTRODUCTION

Sintering is the mechanism by which solid particles
coalesce when heated at temperatures below their
melting point {m.p. of Ca0O=2500°C). This paper
concerns the sintering that occurs between the micro-
grains which comprise a porous particle produced by
thermal decompesition of a CaCO; or Ca(OH),
particle. As coalescence of the micrograins progresses,
the specific surface area and porosity of the particle are
reduced, larger but fewer grains being ultimately
formed. Sintering has been the subject of extensive
experimental and theoretical study in the field of
metallurgy and is known to be a solid-state phenom-
enon brought about by the force of surface tension
{Rhines and DeHoff, 1984) such that the variations in
curvature from point to point give rise to fluxes of
matter (Johnson, 1980). The transport of matter that
must occur during grain fusion and growth is effected
by plastic flow and/or three types of diffusion: surface,
grain boundary, or lattice.

The changes in surface arca and porosity that
accompany sintering affect the reactivity of a solid
with fluids—a subject of interest to chemical engin-
ecrs. Mathematical models that describe the reaction
of solids with gases are becoming increasingly rigor-
ous for application to a given solid structure. In many
cases, high temperatures are required to achieve ac-
ceptable reaction rates and, because of sintering, the
structure cannot be assumed constanat. In the particu-
lar case of interest here, the sintering kinetics must be
known in order to establish the initial surface area, or
boundary conditions, for application of gas—solid
reaction models.

Similarities between sintering and diffusion-controlled
reactions

In addition to the inherent relationship between
sintering and reactivity of solids, there is evidence that
the sintering mechanism of CaQ is fundamentally
related to the transport process occurring in some—
perhaps many—of its reactions with gases that form a
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solid product. Due to its technological importance,
sulfation is the most thoroughty studied reaction of
this type. Sotirchos and Yu (1985) have shown CaO
sulfation to be controlled by diffusion in the product
layer. Bhatia and Perlmutter {1981) propose that the
diffusion occurs by a solid-state ionic transport pro-
cess. Experimental studies of the effect of temperature
and surface area on this reaction support that hypoth-
esis (Borgwardt and Bruce, 1986), the evidence con-
sisting of: (1) a high activation energy, 36.6kcal/mol,
that cannot be accounted for by gas phase diffusion;
and (2) a greater sensitivity to specific surface area
than expected for chemical reaciion control. Simifar
characteristics were observed for the CaQ reactions
producing CaSO, (Borgwardt et al, 1986) and CaS
(Borgwardt et al., 1984). An ionic diffusion mechanism
is also thought to control the later stage of the reaction
producing CaCO, (Bhatia and Perlmutter, 1983).

The nature of the diffusion process occurring in the
product layer during reaction, and its relation to
sintering, is further revealed by the effects of impurities
and additives. Measurements of product layer dif-
fusivities for the sulfation of CaO of varying purity
show higher values for CaQ derived from limestones
than those prepared from pure CaCQ, (Borgwardt et
al., 1987). Likewise, the addition of smail amounts of
certain salts is found to enhance sulfation (Slaughter et
al., 1986) especially when added to presintered CaO
{Borgwardt er al, 1987). The most effective of these
salts contain cations that have a different valence than
Ca®*;suchas Li*, Na*, Cr** and Mo?*. These ions,
when incorporated into a CaSQO, or CaQ lattice,
produce defects that mediate solid-state diffusion, and
their observed effects are therefore consistent with the
hypothesis that diffusion through the prodnct layer
occurs by ionic transport. Similar effects of such
aliovalent foreign ions are observed on CaO sintering,
which suggests that its mechanism is related to that of
product layer diffusion. One purpose of this study is to
obtain information about the sintering mechanism
that may further elucidate both processes.
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From the standpoint of its physical structure, the
reactivity of a solid is expected to depend on the
specific surface arca and porosity. The former affects
rate, the latter affects both the accessibility of the
internal surface to reactants diffusing in the gas phase
and the amount of reaction product that can accumu-
late on the interior particle surface—and thus the
ultimate conversion when solid products are formed,

Nascent Ca(Q is defined here as that produced by
the rapid decomnposition of small, dispersed particles
of CaCO; or Ca(OH),—a process yielding the maxi-
mum initial surface area (Borgwardt, 1985). The
sintering and sulfation kinetics of nascent CaQ are of
current practical importance as they relate to pollu-
tion control technologies being developed to reduce
acid rain by injecting limestone or hydrated lime into
boiler furnaces (Lachapelle, 1985). These SO, sorbents
are most effective at injection temperatures of
1040-1180°C (Beittel et al., 1985) but rapidly lose the
surface area associated with their reactivity (Cole et
al., 1985). In order to apply existing sulfation models
to this process, sintering kinetics must be taken into
account in terms not only of temperature but also of
gas phase compaosition, since both CQ,; and H,0 in
fiue gas are known to accelerate CaQ sintering. This
paper is concerned specifically with the effect of tem-
perature and time in the absence of CO,and H,0 as a
first step in defining the overall process of surface area
reduction in a flue gas atmosphere.

SINTERING MODEL

A standard two-sphere model of sintering particles
was used by German and Munir (1976) to develop a
kinetic relationship for surface area reduction. That
model assumes that the grains have an initial spherical
shape with multiple points of contact between adjac-
ent grains. As sintering begins, a connecting neck
forms at each point of contact and grows in diameter
as matter is transported to the neck region under the
influence of its curvature gradient. The transport of
matter necessary for neck growth occurs by one of
four possible mechanisms. The specific surface area is
reduced by an amount proportional to the neck
diameter and the number of initial contact points
between grains. The following generalized expression
was derived for this process:

(s,_s)v_K "
s. /8 b

where §, is the initial specific surface area, § is the
specific surface at time r, and K, includes the diffusion
coefficient (a function of temperature), surface tension,
and other constants. The exponent y has unique values
for the different transport mechanisms, which are:
plastic flow, y=1.1; lattice diffusion, y=2.7; grain
boundary diffusion, y=3.3; and surface diffusion,
y=3.5. The German-Munir model can thus be used to
identify the mass transport process via the kinetics of
the specific surface area reduction. It was successfutly
applied to describe isothermal sintering kinetics of

Al;O;, ZnO, Fe,0, and TiQ,; in each case, the
transport mechanism deduced from the evaluation of
y agreed with the mechanism established by other
experimental methods. The assumptions on which
eq. (1) is formulated are valid to a 50% reduction in
surface area, at which neck overlap occurs and other
surface reduction processes may become dominant.
The exponent is also slightly dependent on the grain
coordination number which may change with particle
density.

EXPERIMENTAL

Ca0 was prepared from CaCO, by decomposing
25-mg samples in a differential reactor which is de-
scribed elsewhere (Borgwardt et al, 1986). Each
sample was dispersed in quartz wool {ca 50 mg at
1.02 m?/g surface area) and inserted in the stagnant
reactor at 700°C. After a 2-min heatup period, calci-
nation was begun by initiating nitrogen flow through
the reactor at 20 l/min. Nitrogen of requisite purity
was obtained from a liquid-N, tank. Calcination was
continued for 3.5-10 min, depending on the CaCO,
particle size. The resulting CaO sample was trans-
ferred (in ca 65) to an identical reactor at a higher
temperature for sintering. Nitrogen How was main-
tained through this reactor at 6 I/min. At the conclu-
sion of the prescribed sintering period, the sample was
withdrawn, cooled under flowing nitrogen, and trans-
ferred (including the quartz wool) to a BET flask.
Fourteen such runs were composited and weighed for
surface area analysis which was carried out by N,
adsorption at 77K using the multi-point BET
method. The CaO was subseguently extracted from
the flask with dilute HCl and titrated with EDTA for
determination of the actual CaO weight (entrainment
loss in the reactor was 0-20%, depending on particle
size}. The surface area of the quartz wool was sub-
tracted to obtain the final value of the CaQ specific
surface area.

CaQ was prepared from Ca(OH), by the same
procedure with the exception that no heatup period
was used for calcination: becanse of the lower de-
composition temperature of hydroxide, these samples
were inserted in the reactor at 700°C with nitrogen
fowing. Experiments which varied calcination time
showed the surface area to be fully developed within
5min and this period was used for all hydroxide
calctnations,

The small sample size was used for two reasons:
(1) to permit the decomposition reaction to proceed in
a “differential” manner (ie. the CO, is diluted and
swept away to minimize its catalytic effect on sintering
during the calcination step); and (2) to minimize the
time required for temperature equilibration after
transfer to the sintering reactor.

Because the sintering data are to be used for prac-
tical application involving impure Ca0Q derived from
limestones, those materials were the principal source
of CaQ for this study. The limestone was Fredonia
White, BCR 2061, containing 96% CaCO,. This is
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one of several that have been characterized in detail by
Harvey (1971). It was pneumatically classified into
several narrow particle size fractions. Since the effect
of impurities was an important object of investigation,
a second source of Ca0Q was evaluated for comparison.
This material was ultrapure CaCO,; (J. T. Baker
Chemical Co., Ultrex) with total impurities certified at
less than 200 ppm. It consisted of 10-um crystals fused
into agglomerates of about 80 gm.

The hydroxide used was also a commercial ma-
terial, produced from Michigan Presque Isle lime-
stone. Those tests were supplemented by sintering
measurements with analytical grade Ca{OH), (Fisher
Sctentific Co.) as a reference material. The latter was
not pure by strict standards, containing more than
1 wt % of other constituents.

Porosity was of necessity measured with larger, 250-
mg, samples which were not dispersed in quartz wool.
Composites (800-mg) of these sintered samples were
analyzed by nitrogen adsorption/desorption to deter-
mine poresize distribution and total pore volume.
These measurements were made with a Micromeritics
Digisorb analyzer. Pore volumes were determined by
N, condensation at a relative pressure approaching
the saturation pressure so that the larpest possible
pore sizes were included. At the relative pressure of
0.99, where these measurements were made, the Kelvin
equation predicts that pores up to 0.19 um in diameter
will be filled. Most of the intraparticle pores are thus
accounted for while excluding inter particle voids.

RESULTS

As pointed out by German and Munir, a critical
step in the application of eq. (1) is the evaluation of S,
The initial surface area was therefore measured re-
peatedly with the results summarized in Tables 1 and
2. The data show no clear dependence on the purity or
particle size of the starting materials; therefore, an
overall mean value of 104 m?/g was used for all
calculations involving CaCQ, derivatives and
76.7 m*/g for the Ca(OH), derivatives. The latter

Table 1. Data used to evaluate the initial
surface area of CaQ from carbonate precur-
sOrs

Replicate S,
measuremnent  Mean S,

(m?/g) {m?/g)

Pure CaCO, 112 14
102
103
101

99.5 102
96.9

1l
99.6

Limestone, 10 xm 103 106
112
104
105

Material®

Limestone, 2 gm

Overall mean and
probable error =104 +1

YCalcined at 700°C, no sinter.

value is based on measurements from a number of
different types of hydroxides, identified in Table?2,
including one prepared from the same limestone as
used for carbonate testing.

The rate of surface area reduction in CaQ prepared
from pure CaCQ, is shown in Fig 1 at three sintering
temperatures. Within the limits of strict validity of
eq. (1), the broadest applicable range of AS is obtained
at 1000°C; these data were therefore used for the initial
estimate of y. The minimum total deviation from
eq. (1) was obtained with y=3.0, which yields the
curve shown in Fig. 1 for 1000°C.

Figure 2 shows the rate of surface area reduction in
CaO derived from limestone. Again, the exponent for
eq. (1) was estimated by fitting the widest range of AS
values that comply with the 50% limits which, in this
case, are 900 and RB00°C sintering temperatures. Values
of y =2.3 and 2.8, respectively, yielded the best fit with
these data.

Table 2. Data used to evaluate the initial surface area of CaO from hydroxide

precursors
S, of CaO
Material Source (m¥/gt
Comnercial Ca{OH), Presque Isle, Michigan 78.3
Commercial Presque Isle (replicate) BO.O
Comimnercial Marbichead, Pennsylvania 79.6
Analytical grade Fisher Scientific Co. 76.5
Analytical Fisher (replicate) 74.5
Analytical Fisher (replicate) 73.6
Laboratory preparation Fisher, calcined and 74.7
rehydrated®
Laboratory preparation 2 um limestone, calcined 76.0
and hydrated®
Overall mean 76.7
Probable error +06

* All materials calcined at 700°C, no sinter.
*Three grams calcined for 180 min at 980°C (5 of Ca0 =3 m2/g); slaked in
water and dried in N,, then recaicined at 700°C.
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Fig. 1. Surface area reduction in pure CaQ.
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tig. 2. Surface area reduction in limestone-derived CaQ.
Particle size=2 pm, except for: (@)=10um, and (W)
=20 gm.

The mean value of y obtained from the above
measurements, 2.7 +0.3, is in closest agreement with
the mechanism of lattice diffusion. The range of val-
idity of eq. (1) was tested by fitting the remaining data
using y=2.7, the results of which are shown by the
other curves in Figs 1 and 2. It is apparent that the
German—Munir model adequately correlated the sur-
face area reduction in nascent CaQ to AS values
exceeding 90%. The average deviation of the 5I
limestone data of Fig. 2 (with y=27}is 3.2 m?/g over
this range.

CaO derived from Ca(OH), gave the results shown
in Fig. 3. The best fit of eq. (1) occurred with y=2.7 at
each of the three sintering temperatures. These data
corroborate the results obtained with carbonates and
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Fig. 3. Surface area reduction in hydroxide-desrived CaO.
Open symbols are Presque Isle commercial grade, closed
symbols are analytical grade.

indicate that the same sintering mechanism is oper-
ative in both materials.

Table 3 summarizes the y values obtained from all
the data of Figs 1-3. They vield a mean value of y=2.5
for the seven estimates made from curves within the
AS range of 0-0.55 and y = 2.7 for all curves, where AS
reaches 0.97 at the highest temperatures.

Since eq. (1) (with constant y) correlates the S vs r
responses within experimental error at all tempera-
tures studied, the sintering rafe constants, K;, deter-
mined by the above procedure can be used to evaluate
the temperature effect. For diffusioncontrolled trans-
port, the coefficient of diffusivity increases with tem-
perature according to

D=D,exp(—E/RT)

and K, should therefore follow the Arrhenius relation-
ship. Figure 4 is such a plot, with K; values determined
by the best fit of eq. (1) to the data of Figs 1-3 with
y=27.

Measurements of porosity are shown in Fig. 5 for 2-
pm CaQO particles sintered for 15min at different
temperatures. Below 900°C, the porosity remained
nearly constant at a maximum value of 48%. During
this period, the pore size distribution consisted of
micropores smaller than 60 A and macropores having
a mean diameter of 170 A. The latter comprised most
of the total pore volume. Voids up to 300 A, presum-
ably fissures, were also present. At 930°C, few micro-
pores remained. The mean diameter of the macropores
was constant at 170 A well into the final stage of
sintering at 1000°C.

DISCUSSION

Surface area reduction

Comparison of the sintering rates of pure and
impure CaOQ derived from CaCQ, lends further sup-
port to the lattice diffusion mechanism deduced from
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Table 3. Evaluation of y from sintering data of Figs 5-7

Sinter temperature No. of AS range ¥ for best

CaQ precursor (*C) data (%) curve fit
Pure CaCO, 500 5 16 20
Pure CaCO, 1000 11 55 30
Pure CaCQ, 1100 5 94 i
Limestone 700 4 14 22
Limestone 800 5 29 28
Limestone 200 15 54 23
Limestone 950 22 93 32
Limestone 1000 6 97 29
Hydroxide 700 5 19 27
Hydroxide 800 10 K} 27
Hydroxide 950 4 94 2.7

Mean and standard deviation of ¥ for 25+01

seven estimates, 0< 5§ <0.55
Mean and standard deviation of ¥ for 2.7+01

11 estimates, 0 < AS <0.97
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Fig. 4. Effect of temperature and precursor type (hydroxide,
limestone or pure CaC0,) on the sintering rate of CaQ.

the § vs ¢ responses. The lattice defects caused by
impurities, especially aliovalent ions, accelerate this
solid-state diffusion process (West, 1984). It is clear
from Figs 1 and 2 that pure CaO, which lacks these
extrinsic defects, sinters more slowly at & given tem-
perature than the impure CaO derived from limestone.

From Fig. 4 it is also apparent that the activation
energy for sintering of pure CaQ is greater than that of
the impure material—a result that is again consistent
with the lattice diffusion mechanism. This is explained
by the fact that the rate of diffusion is dependent on
the concentration of two types of defects, only one of
which is present in a pure material: the intrinsic defects
induced by temperature. The concentration of in-
trinsic defects declines exponentially as the tempera-
ture is reduced. Impure material, on the other hand,
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Fig. 5. Porosity and surface area of 2-uym limestone CaQ
particles after 15-min sinter. Sample size =250 mg.

has both the intrinsic defecis and extrinsic defects
caused by foreign ions in its lattice. The latter are
ptesent in constant concentration and thus predomi-
nate at low temperature where they effectively reduce
the activation energy (Catlow, 1983). According to this
interpretation, the two lines should intersect at some
higher temperature where intrinsic defects predomi-
nate in both materials and their slopes will then be
equal (Tilley, 1987). Although single straight lines are
shown in Fig. 4, the limestone data suggest that a
continuous reductton in slope and activation energy
as the temperature is lowered.

The apparent activation energy for the hydroxides
is similar to that of the limestone, but the rate constant
is an order of magnitude greater at a given tempera-
ture. Although the two hydroxides showed no differ-
ence in sintering characteristics, neither material was
pure by strict standards. Their impurities may partly
account for a faster sintering rate relative to the
carbonates, but their lower initial porosity is probably
the main cause. The theoretical porosity of CaO
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derived from Ca(OH), is 0.49 based on the change in
molar volume. The measured porosity was 0.40, com-
pared to 0.48 for Ca() derived from limestone (theor-
etical =0.54). It is reasonable to expect that a denser
structure would have more points of contact between
grains and therefore sinter faster at any given value
of S.

Turning to other matters, the results provide ad-
ditional evidence in support of the hypothesis that the
gas—solid reactions of CaQ discussed earlier also
involve lattice diffusion. This evidence is the similar
effects of impurities and temperature. The diffusion
that occurs during sintering and the product-layer
diffusion that occurs during reaction are both highly
sensitive to temperature and both are strongly affected
by impurities. Addition of 5wt % Na,S0, for
example, reduces § by half when limestone particles
are caicined and sintered at 800°C for 10 min. It also
increases the sulfation rate of presintered CaO by a
factor of 10 at that temperature (Borgwardt er ai,
1987).

Pore structure development and porosity reduction

When a crystal of CaCOj; or Ca(OH), decomposes
thermally, the resulting CaQ grains, assumed to be
honporous, occupy a total volume approximately equal
to the precursor crystal (Hartman er al,, 1978). The
results of the surface-area-reduction measurements of
this study imply that the initial CaO grain structure
can be mathematically represented as an assemblage
of uniform spheres. This array and the subsequent
changes within it are similar to those described by
Caillet and Harrison (1972) for MnO sintering except
that additional effects occurring on a larger scale must
be considered here.

Assuming six points of contact for each grain, the
theoretical porosity of such an open-packed array
would be 47.6% —in agreement with the measured
value for CaCO decomposition (Fig. 5). At this stage,
before sintering begihs, both surface area and porosity
have their maximum values, §, and &,. The maximum
value of the surface area, 104 m?/g for CaCOQ, de-
composition, corresponds to an inittal CaQ grain
diameter of

6

dy=—

! 8.p

or 174 A for uniform spheres with no connecting
necks. The voids enclosed by the array of grains
represent the initial micropore structure which would
be expecied to have an apparent pore diameter of
about 40 A.

As sintering begins, necks develop and grow at each
point of contact between grains. In addition to the
reduction of surface area, neck growth will result in
contraction of the distance between grain centers due
to the displacement of matter by lattice diffusion. The
grain array thus shrinks and the total volume of
micropores between grains is reduced. If the grain
array remained continuous throughout the particle,

the particle volume would also shrink and porosity
should decline simultaneously with surface area.

The results of this study show that surface area
undergoes a large reduction before the onset of par-
ticle shrinkage. During this initial stage of sintering,
the surface area declined from 104 1o 80 m?/g {for
carbonate-derived CaQ) while the porosity remained
nearly constant. Ope can thus infer that the con-
tracting grain arrays are niot continuous throughout
the particle, but occur in clusters. The development
and contraction of grain clusters within the particte
opens a network of macropores between clusters. The
presence of the macropore network is revealed by the
pore size measurements that show a predominant
diameter of 170 A when the initial sintering stage is
completed.

The proposed structure during the initial stage of
sintering, involving random clustering of grains with
formation of micropores and a macropore network
during neck growth, is consistent with the apgregates
of “truncated spheres™ which Linder and Simonsson
(1981) found most applicable to the representation of
the imitial solid structure of CaQ for evaluation of
sulfation models. It is also consistent with the pore-
tree model of CaO proposed by Simons and Garman
(1986) where micropores are “leaves,” and Macropores
are “branches and trunks,”

To account for large reductions of surface area, the
clusters must contain many grains and/or undergo
progressive reclustering. Each cluster would have to
contain, for example, 125 of the original grains and
fuse completely into a single solid sphere in order to
reduce the specific surface area by 80%. The measured
diameter of the macropores, 170 A following the initial
stage of sintering, is in accord with this number of
grains per average cluster. Since the observed AS
exceeds 90% at high temperatures, one can conclude
that once the micrograins within a cluster have co-
alesced, accretion and growth of the targer masses
continues. This growth presumably involves the for-
mation of new necks between the larger masses and
may explain the approximate validity of eq. (1) beyond
AS =035,

After grain clusters contract and the micropores
disappear, the accretion of fused clusters begins,
marking the intermediate stage of sintering, During
this stage, macropores are also eliminated causing the
overall dimensions of the particle to shrink and po-
rosity to decline. The data of Fig. 5 show that the rate
of porosity reduction becomes appreciable above
900°C in a nitrogen atmosphere. Equations which
predict the rate of change of porosity have been
reviewed by Exner and Petzow (1980). The most
widely accepted model is Cobles (1961) logarithmic
law which accounts for the transport of matter by
diffusion and also accounts for a continuous growth in
grain size:

e, —e=k,In{t/t;) 2

where ¢ is the porosity at time ¢, and k, contains the
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physical constants of diffusion. ¢z, and 1, are the
porosity and time when particle shrinkage begins.

Equation (2) can be applied. to the nascent CaO
data if one assumes that the porosity at a given value
of § is the same as that indicated by Fig. 5. With this
assumption, the data read from Figs2 and 5 are
plotted in Fig. 6 which shows satisfactory agreement
with the Coble model within the uncertainties of the
S(t, T) measurements. The induction period, f;, dis-
tinguishes the initial stage from the intermediate stage of
sintering; it can be delineated by extrapolating ¢ to the
theoretical porosity at the instant of CaCO, de-
compaosition, g, =0.54. ¢, includes the time required to
heat up from the 700°C calcination temperature to the
sintering temperature plus the time elapsed during
cluster coalescence and macropore development prior
to the onset of particle shrinkage. Figure 6 shows that
an induction period of 3 min elapses before porosity
reduction begins at 950°C, thus marking the beginning
of the intermediate stage at that temperature. From
Fig. 2, the surface area decreases from 104 to 80 m?/g
during the 3-min initial stage of sintering in which
micropores are eliminated and macropores expand
with a constant overall porosity of s,.

There is substantial discrepancy between the value
of §, determined from 25-mg samples (104 m?/g,
Table 1) and the maximum § obtained with the 250-
mg samples (79 m?/g, Fig.9) used for porosity
measurements. The difference is attributed to the effect
of CQ, evolved during calcination which accelerates
Ca(Q sintering (Beruto et al., 1984; Borgwardt et al.,
1986). That effect will be pronounced in a large mass of
particles, especially when the gas flowing through it is
subject to channeling. Maximum initial surface is
attained when the particles are well dispersed in a
high-velocity gas stream during decomposition—con-
ditions that require small sample size.

SUMMARY AND CONCLUSIONS

Sintering rates of CaQ derived from limestone were
measured in an inert atmosphere, i.¢. at conditions not
complicated by the catalytic effects of CO, and H,0.
The observed responses are consistent with a struc-
turat model in which the nascent CaQ forms an open
packed array of spherical grains, initially 174 A
diameter, that interact by neck formation and neck
growth at their points of contact. The reduction of
surface area results from transfer of matier during
neck growth and grain fusion. The initial stage of
sintering is characterized by development of micro-
pores within grain clusters and a macropore network
between clusters. The sintering rate increases rapidly
with temperature; it is also accelerated by the presence
of impurities in the CaQ. The intermediate stage is
characterized by reduction of porosity which begins
when fused clusters coalesce, eliminating macropores.

CaQ derived from Ca(OH), sintered faster than
carbonate derivatives, but the surface reduction in
both materials during the initial and intermediate
stages were consistent with the model of neck growth
kinetics formulated by German and Munir, The data
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Fig. 6. Inferred porosity reduction in nascent CaO.

analysis indicates that transport of matter occurs by
the lattice diffusion mechanism. This conclusion is
supported by measurements of sintering rates of ultra
pure CaO which are much slower, especially at low
temperatures where impurity-induced lattice defects
most strongly affect solid-state diffusion. The similar
effects of temperature and impurities on CaQ sintering
and on the product-layer diffusivity of the CaO
sulfation reaction are evidence linking the transport
mechanism of these two processes.

NOTATION

D coefficient of diffusivity, 12/t

D, Arrhenius frequency factor, 13/t

d, initial grain diameter, |

E activation energy of diffusion, cal/mol

K, sintering rate constant in an inert atmos-
phere, t 7!

ky particle shrinkage constant defined by eq. (2)

R gas constant

b specific surface area at time 1, 1°/m

S, initial specific surface area of CaO following
decomposition of its precursor, 1*/m

AS total change in specific surface area, 2/m

t time, t

L induction period for onset of particle shrink-
age

T temperature, K

Greek letters

¥ mechanism-dependent exponent defined by
eq. (1)
particle porosity at time ¢

£, initial particle porosity following decompo-
sition of CaQ precursor

b, true density of CaO, m/1?
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