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A new model proposed for the gasification of chars and carbons incorporates features
of the turbostratic nanoscale structure that exists in such materials. The model also
considers the effect of initial surface chemistry and different reactivities perpendicular to
the edges and to the faces of the underlying crystallite planes comprising the turbostratic
structure. It may be more realistic than earlier models based on pore or grain structure
idealizations when the carbon contains large amounts of crystallite matter. Shrinkage of
the carbon particles in the chemically controlled regime is also possible due to the
random complete gasification of crystallitic planes. This mechanism can explain obser-
vations in the literature of particle size reduction. Based on the model predictions, both
initial surface chemistry and the number of stacked planes in the crystallites strongly
influence the reactivity and particle shrinkage. Its test results agree well with literature
data on the air-oxidation of Spherocarb and show that it accurately predicts the varia-
tion of particle size with conversion. Model parameters are determined entirely from rate

measurements.

Introduction

The reactivity of chars and various carbonaceous materials
to oxygen, carbon dioxide, and steam has long been a subject
of investigation. The understanding of the factors influencing
reactivity, apart from being relevant to gasification processes
and improved operation of gasifiers and combustion systems,
is important to several newer applications. These applica-
tions include the activation of carbonaceous materials to pro-
duce various microporous adsorbents and the integrity of
structural carbons and composites that are often required to
withstand adverse environments without failure.

Several models have been proposed in the literature for
predicting the effect of process variables on the reaction rates
of chars and carbons in various environments. The simplest
model assumes that reaction occurs on the external surface
of shrinking particles (Szekely et al., 1976), thereby ignoring
internal reaction. Internal reaction is, however, generally the
dominant contributor to the overall rate, even in the pres-
ence of a strong diffusional resistance whereby reaction oc-
curs predominantly in a narrow zone near the shrinking ex-
ternal boundary (Bhatia, 1991a,b). Models considering inter-
nal reaction include the volume and grain reaction models
(Szekely et al., 1976), and those that focus on the pore struc-
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ture (Petersen, 1957; Bhatia and Perlmutter, 1980; Gavalas,
1980). The volume and grain reaction models have the defi-
ciency that they cannot predict a rate maximum with increase
in conversion in the chemically controlled regime, as is com-
monly observed (Su and Perlmutter, 1985; Chi and Perlmut-
ter, 1989). This feature can be predicted by the random pore
models (Petersen, 1957; Bhatia and Perlmutter, 1980;
Gavalas, 1980), which consider the competing mechanisms of
pore growth and overlap. The effect of these mechanisms is
characterized by a unique model-specific structural parame-
ter in each case. However, the values of the structural param-
eter determined from characterization studies and from cor-
relation of rate data are often divergent (Miura et al., 1990),
or sometimes unrealistic (Kasaoka et al., 1985). These results
suggest the need for further investigation of the factors influ-
encing reactivity and improved model development. Other
pore structure-based models exist that provide greater flexi-
bility at the expense of additional parameters. In most cases,
however, the difficulty of independently measuring such pa-
rameters and the added fitting complexity has resulted in
these models receiving much less attention. Many of these
models, as well as other models which apply to restricted pore
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structures, have therefore found limited usefulness and are
discussed elsewhere (Bhatia and Gupta, 1992).

In the literature a significant body of evidence has devel-
oped that the structure of chars and carbons has a substantial
component comprising stacked planar aromatic sheets orga-
nized in the form of small crystallites (Ben-Aim, 1987; Davis
et al., 1994; Babu and Seehra, 1996). This latter structure is
often termed “turbostratic,” as the sheets do not necessarily
have the same relative organization and spacing as in graphite.
Although this has also been reported much earlier (Biscoe
and Warren, 1942; Franklin, 1951), most models have devel-
oped along the differcnt lines discussed above. These studies
have revealed that the crystallites comprise 3—7 stacked sheets
of 2-4 nm diameter, with an interplanar spacing of about
0.34 nm. Clearly the reaction models discussed above do not
incorporate such crystalline-like structures, and therefore
cannot consider the associated anisotropy in reactivities. In-
deed, much experimental evidence exists that the edge sites
on graphite sheets or planes have a higher reactivity than the
internal ones (Horton, 1961; Thomas and Jones, 1964; Hen-
nig, 1965; Ben-Aim, 1987). This has recently also been theo-
retically confirmed by Kyotani et al. (1996) for single aro-
matic sheets using molecular orbital theory. In the computa-
tions of Kyotani et al., the edge sites were found to have a
reactivity about three times that of the internal reaction sites.
This factor is a reasonable average for the various kinds of
edge sites, comprising armchair, zig-zag, and D-type sites
(Ben-Aim, 1987; Kyotani et al., 1993), and is consistent with
the finding of Horton (1961) that the thickness of graphite
plates obtained by cleavage decreased four times as slowly as
their diameter during oxidation.

Apart from their lack of conformity with the above experi-
mental observations of the structure and reactivity of car-
bons, the existing models discussed earlier are currently also
unable to predict several important and unusual features re-
ported for char gasification. These features include observa-
tions of gasification-induced particle shrinkage, even in the
chemically controlled regime. This effect has been reported
for a variety of carbonaceous materials, including coal chars
and activated carbon (Hurt et al., 1988; Wong et al., 1995),
form coke (Easler et al., 1990), and soot (Ishiguro et al., 1991),
and found (Hurt et al., 1988, 1993) to occur homogeneously
at all scales of observation from the microscopic to macro-
scopic. Among the proposed explanations for this intriguing
phenomenon are atomic rearrangements at the crystallite
level (Hurt et al., 1988, 1993; Easler et al., 1990), and strip-
ping and disintegration of surface carbon layers (Ishiguro et
al., 1991), though the latter is inconsistent with the observa-
tion of shrinkage at the microscale. However, the concept of
atomic rearrangements also seems unlikely to apply to the
low temperatures ( < 1,000 K) at which shrinkage has been
reported by various investigators. This is supported by the
results of Senneca et al. (1997) showing the time scale of an-
nealing to be several orders of magnitude higher than that
for reaction in oxygen below 1,000 K. A more detailed analy-
sis of the findings is required to establish the mechanism.

Another important feature reported for char gasification
that is currently not considered in the various models is the
role of surface chemistry. From their study of CO, gasifica-
tion of coal chars, Kasaoka et al. (1985) concluded that the
rate was more closely controlled by the chemical properties
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of the char surface than by its composition and pore struc-
ture. In other studies Yang and Duan (1985) reported the
inhibition of the C-CO, reaction by chemisorbed hydrogen,
while Menendez et al. (1996) observed this for the C-O, re-
action as well. Furthermore, based on an analysis of pub-
lished results Ben-Aim (1987) noted the blocking effect of
surface oxides and inhibition of reactivity. Among these re-
sults is the important finding of Letort (1960) that the rate of
oxidation of a previously oxidized graphite surface is greater
than that of the unoxidized one, and that of Bonnetain and
Hoynant (1965) that after oxidation and degassing near 1,173
K the rate of oxidation increased and tended to a limiting
value. The latter would be explained by an estimate of Laine
et al. (1961) that 95% of the surface oxides are removed by
degassing at 1,173 K. All of these results have been con-
firmed and lucidly explained in the recent work of Menendez
et al. (1996), who conclude that stable surface C—H bonds
formed on high temperature exposure to H, retard oxida-
tion, and that degassing at high temperatures removes sur-
face oxides and liberates very reactive unsaturated carbon
atoms. None of the existing models considers such effects, so
the role of surface chemistry remains to be addressed. It may
be noted, however, that the recent modification of the ran-
dom pore model (Bhatia and Vartak, 1996), recognizing dis-
creteness of the solid, does provide a framework in which
surface chemistry and the different reactivities of the initial
and reacted surfaces can be incorporated. This is being inves-
tigated in our laboratory and will be reported in a forthcom-
ing publication.

Although it may be possible to address the problems of
shrinkage and surface chemistry within the framework of ex-
isting grain or pore models, the evidence regarding tur-
bostratic structure does suggest the need to develop a new
class of models more consistent with this geometry. To this
end we propose a new reactivity model based on the concept
of the char or carbon being composed of small crystallites
having stacked planes of aromatic sheets, based on the evi-
dence discussed earlier. The model incorporates the differ-
ences in both the reactivities of edge and internal sites on the
planes and the initial surface chemistry by considering the
effect of functional groups on the initial edges of the planes.
Most interestingly, the model can also accurately predict the
observed shrinkage in the chemical control regime without
recourse to fitting parameters. It may be noted that the model
of Kantorovich and Bar-Ziv (1994) predicts shrinkage. How-
ever, their model considers a skeleton of carbon microrods
and macrorods that does not well represent the turbostratic
structure. In addition, it utilizes somewhat complex mecha-
nisms of rod coalescence and joint breakage and rejoining at
rod intersections, which are difficult to experimentally con-
firm. Although crystallite reaction models exist in the litera-
ture (Wolff, 1959; Miura and Hashimoto, 1984), these models
involved the unphysical assumption of instantaneous gasifica-
tion of a complete plane and did not consider the subse-
quently recognized issue of shrinkage. More interesting per-
haps are the recent attempts at studying the gasification of
single planes (Kyotani et al., 1993, 1996) that, while not ad-
dressing the issues of surface chemistry and shrinkage, pro-
vide useful insights into the reaction behavior and mecha-
nism. The present work takes the next major step in moving
from the level of a single plane to that of an agglomerate of
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(b)

Figure 1. ldealized solid structure.

(a) Particle comprising spherical grains, with the grains con-
taining aggregated crystallites; (b) the planes in a crystallite.

crystallites, albeit with some simplifying assumptions. Fur-
ther, our approach is analytical, in contrast to the simulative
approaches of Kyotani et al. (1993, 1996).

While the present article addresses the structural con-
cerns, it may be noted that reports also exist (Lizzio et al.,
1990; Chen et al., 1993; Moulijn and Kapteijn, 1995) that the
accumulation of surface complexes can play a significant role
in the reaction dynamics. While such effects may indeed oc-
cur, in a large variety of situations it may be anticipated that

apparently pseudo—steady state conditions on the surface will
be established (Bhatia, 1987a). Under these conditions struc-
tural effects will dominate. This is indeed supported by the
observations of surface area and rate maximima at about the
same conversion in several cases (Su and Perimutter, 1985;
Chi and Perlmutter, 1989). Consequently, in the present work
we have focused on the structural issues, with the addition of
chemisorption and surface dynamics to be considered subse-
quently.

Mathematical Model
Physical basis and assumptions

The approach proposed here utilizes the following central
assumptions:

1. The char or carbon particles comprise an aggregate of
spherical grains, which themselves further comprise an ag-
glomerate of crystallites, as depicted in Figure la. The appli-
cability of the grain structure model is supported by the par-
ticle-size independence of intraparticle transport rates
(Bhatia, 1987b) for sufficiently small particles.

2. Each crystallite consists of a stack of H planes spaced
0.34 nm apart, as shown in Figure 1b.

3. Each plane comprises an aromatic sheet with functional
groups at the edge sites as shown in Figure 2a below. Reac-
tion at an edge sitc opens up further unsaturated valences at
neighboring edge sites, making them more reactive. Thus, the
rate of reaction along the perimeter is anticipated to be much
larger than that in the radial direction. As a simplification of
this picture we idealize cach plane as comprising m circular
rings of carbon atoms. Reaction of the edge atoms on a plane
is then assumed to occur layerwise, with the carbon atoms in
the outermost layer (ring) reacting together, as depicted in
Figure 2b below. For the initial outermost layer, with func-
tional groups attached, the rate constant is 4, while for the
subsequent layers the rate constant is k,. For the subsequent
layers the exposed carbon atoms are unsaturated and more
reactive, so that k, > k. These constants are assumed to hold
for all edge sites regardless of type (zig-zag, D-type, or arm-
chair). In the absence of detailed characterization of the ini-

(a

(b)

Figure 2. Crystallite plane.

(a) Actual aromatic structure with functional groups at the edge: (b) idealized configuration comprising rings ot carbon atoms, with the

atoms on a ring gasified simultaneously.
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oxidant molecule

(a)

unavailable site

(b)

Figure 3. Reaction of crystallite planes.

(a) Edge and internal sites; (b) gasification on planar sur-
face.

tial site distribution and the aromatic structures permitting
prediction of the distribution of new sites created, this simpli-
fying assumption is justified. In the future when more de-
tailed knowledge is available the assumption may be relaxed.

4. It is assumed that the oxidant or gasifying agent cannot
penetrate the interplanar space between neighboring planes.
For a planc sandwiched between larger planes, however, the
edge sites are considered exposed to the gas and therefore
available for reaction. In this case the exposed internal car-
bon atoms on the upper and lower planes of the sandwich in
the regions AB and A'D are also available for reaction from
within the sandwich as depicted in Figure 3a.

5. The two bounding planes of the crystallite have func-
tional groups attached on their planar surfaces. A fresh pla-
nar surface within the crystallite, as shown (AB or A'D) in
Figure 3a, is assumed to have a reaction rate constant k5 for
reaction from cach exposed side in the sandwich. The two
externally exposed initial bounding planar surfaces of the
crystallite, having attached functional groups, are assumed to
have a reaction rate constant k,. Furthermore, we assume
that the functional groups retard the reaction at the internal
sites to the same extent as at the edge sites, so that

k, ks
=k, = 1
P (D

k.
4 A

where A =4k, /k,. It is this factor A that reflects the role of
the initial surface chemistry. Further refinement, such as a
distribution of A values (or of an associated Arrhenius acti-
vation energy difference between initial and new sites), is also
possible but not considered in the present work. Such a dis-
tribution would reflect the surface heterogeneity long-recog-
nized in the analysis and interpretation of adsorption
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isotherms (Rudzinski and Everett, 1992) and is therefore an
important future direction for the new approach.

6. The ratio of the reactivity of new edge sites to new in-
ternal sites is e, with the value e = 3 being a good representa-
tion of the results of Kyotani et al. (1996). Thus,

2o 2)

7. When an exposed planar surface reacts, the entire ex-
posed part is instantaneously gasified. Thus, in one step the
plane reacts to a size equalling the smaller of the two neigh-
boring planes, as depicted by AB— A'B' in Figure 3b, re-
gardless of which side the oxidant attack occurs from. This
assumption is realistic because if an internal exposed site re-
acts, a hole with surrounding unsaturated carbons is created.
These unsaturated atoms will be extremely reactive, leading
to rapid gasification of the entire exposed surface, regardless
of the side in which the initial hole-forming attack occurred.
This point of view is supported by the recent simulations of
Kyotani et al. (1996).

8. Due to the random nature of the layerwise reaction, a
plane can be completely gasified even though the neighbor-
ing planes are larger and still reacting. In such a case shrink-
age of the crystallite occurs with the neighboring planes com-
ing together to close the gap created. This shrinkage is pre-
dominantly a result of the attractive van der Waals forces
between the planes, and is assumed to be transmitted homo-
geneously at all length scales in the particle, following the
observations of Hurt et al. (1988).

9. The agglomerate in a grain is composed of randomly
overlapping crystallites at all times during gasification. This
simulates defective crystallites fused and cross-linked with
others, and having angular boundaries, as is commonly be-
lieved to occur. The properties of such randomly overlapping
entities have been dealt with in the context of gasification in
earlier work (Bhatia and Perlmutter, 1980; Gavalas, 1980;
Adschiri et al., 1987), and are used in the present analysis.

Structural characterization

The surface area of porous solids forms one of their key
characteristic variables, usually measured by adsorption. Here
we develop a relation between the structural parameters H
and m, and the initial surface area. To this end we first char-
acterize the initial crystallites by estimating the relation be-
tween diameter and number of rings. Assuming neighboring
carbon atoms to be close-packed on a plane, one obtains

V3

h= —2—(1 3)

where £ is the radial distance between successive rings, and
d the center-to-center distance between carbon atoms. This
yields the number of sites in the nth ring or layer as

2ah(m—n+1)

N, y =V3x(m—n+1) (4)

in which N, represents number of sites in the sth layer and
n =1 corresponds to the outermost ring. In this notation n =
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m corresponds to the innermost layer (ring), circumscribing a
single aromatic ring. The quantity N, is always taken as the
smallest integer larger than the value evaluated from Eq. 4.
The total number of carbon atoms in a plane is then obtained
as

3
=£7rm(m+1) (5)

Nm= ¥ N,==

n=1
and the volume of a crystallite as
V.=mm?h?5(H -1) (6)

in which 6 is the interplanar separation (measured between
centers of carbon atoms), here taken as 0.34 nm. This yields
the crystallite density

V3m(m +1)HM,

N, HM,
 2m*hS(H-1N,

P = %

<

(7

We now assume that for large crystallites the density p, is
the same as that of graphite, having the value 2,260 kg/m?,
and yields /= 0.15 nm. The measured initial specific surface
area of the crystallite is evaluated as

27 (r, H8 + r2)N,

Seg = MNH ®
in which
r,=mh 9)
is the initial crystallite radius, and
ry=r,+ oy (10

is the radius of the surface on which the centers of the first
layer of adsorbate molecules lic. Here oy, is the distance be-
tween the centers of the carbon atoms and the adsorbate
molecules with 0.35 nm taken as a typical value. This corre-
sponds well with the size parameter (Seaton et al., 1989) of
the Lennard Jones potential for the nitrogen carbon interac-
tion. Substituting values of 4, 8, oy, and N,, and combining
Egs. 5, 8—10 we obtain

5.912[ H(m +2.33) +0.4412 m*]
e mH(m +1)

, m¥g (11

As indicated in assumption (9), the crystallites are considered
randomly overlapping so that, following the earlier analyses
(Bhatia and Perlmutter, 1980; Gavalas, 1980) for randomly
overlapping entities,

Vo = In(1/e,) (12)

where V, is the volume of nonoverlapped crystallites per unit
grain volume, and €, is the grain microporosity. Assuming
that the crystallite solid-phase density does not change on
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overlapping, we now obtain the resulting initial specific sur-
face area as

_ Seg p[V::S EM()
& pt(1~ E;L())
5,912[H(m +2.33) +0.4412 m*]e,, In(1 /e, ) R
B m(m+1DH(1-€,) M/
(13)

This completes the characterization of the initial crystallites.
As is common for most existing structural models, such as the
random pore model, three parameters are needed to charac-
terize internal structure of the grains. These could be m, H,
and e,, with S, being a derived parameter. In case of the
pore structure models the parameters are usually the mean
pore size, dispersion parameter of the micropore size distri-
bution and the grain microporosity.

Analysis of crystallite evolution

As assumed in the present work, all the crystallite planes
initially have the same size m (the number of layers or rings
of carbon atoms). As gasification is initiated at the exposed
edges and the upper and lower basal planes [with these planes
having a lower reactivity, as discussed in assumption (5)], the
sizes of the different planes will not remain the same. To
describe the evolution of the different planes we define a
probability P,(+) that the edge of the ith plane is at position
n at time ¢. The planes are indexed sequentially with the top
plane having the index i =1 and the bottom plane i = H. As
indicated earlier the index n =1 at the initial edge of the
planes (m layers away from the center) and increases to m at
the innermost ring. Figure 4 illustrates this numbering
scheme. A master equation may now be developed for the
evolution of P, (¢), as follows.

dPin n-2 o
a KinPin + Kin - 1yPiin -1y = Tin — Bin + 2 kWP R
k=1

i=1,2, ... H;n=1,2,....m (14)

Here the first term in the righthand side represents the rate
of transition of the edge of the ith plane from #n to (n+1),
while the second term is the rate of transition from (n — 1) to

n=_"m 21
. s =1
i=2
i=H

Figure 4. Indexing scheme for crystallite planes and
carbon rings on a plane.

The index m takes on the values of 1, 2, ..., m, starting
from the initially outermost ring of carbon atoms.
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n. The rate constant k;, has the value

kin=ky/A, n=1

=k,, n>1 (15)

following assumption (3) and (5). The third term in the right-
hand side of Eq. 14, T}, represents the evolution rate of P,
due to gasification of the ith plane at its exposed surface on
the upper side, and the fourth term B,, similarly represents
the rate due to gasification at its exposed surface on the lower
side. Finally, the last term in the righthand side of Eq. 14
represents the rate of increase of P, due to gasification of
the ith plane on its upper and lower exposed surfaces. Since
gasification of the entire exposed surface is instantaneous,
following assumption (7), transition of the edge of the ith
plane into location n could in principle occur from any loca-
tion having an index less than n when surface reaction oc-
curs. However, since the distance parameter oy > 2k, we as-
sume that the innermost exposed layer is unavailable for re-
action, as depicted in Figure 3. The term R,,, in Eq. 14 then
represents the probability of transition of the edge of the ith
plane from location & to location n, due to reaction on the
upper and lower surfaces, and k{ the corresponding rate
constant (to be specified later).

It is now necessary to relate the terms T, B;, and R, in
the righthand side of Eq. 14 to P,,. For the term T, it is
recognized that the plane above (having index £) covering
part of the ith plane may be any of the upper planes between
1 and (i + 1), both inclusive, with the planes between this and
the ith plane having been completely gasified. The absence
of these completely gasified in-between planes leads to
shrinkage and closure of the gap between the ith and fth
planes, following assumption (8). Furthermore, this latter
plane may have any size index between (n+2) and m for a
portion of the upper surface of the ith plane to be available
for reaction (Figure 6). Accordingly, we may write the rate of
change of P, due to gasification on the upper surface as

T =khp

( S %, T (qg)

jen+2 =1 s=£+1

i—1 m=1

+ 111G X %] (16)

s=1 =1

where &, is the Kronekar delta function. Here ¢, repre-
sents the probability that the sth plane has been completely
gasified and is absent at time ¢, so that

m
QS=1_ Zpsn (17)
n=1

The second term in the square brackets in the righthand side
of Eq. 16 represents the probability that all planes above the
ith have been gasified away, so that the ith plane is now the
top plane. A plane having only a single ring (n =m) is con-
sidered to have only an edge and no planar surface. Further-
more, in Eq. 16, following assumptions (5) and (6),
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kﬂ)=k3=k2/e> i>1;n=1,2,...,m

=ky=ky/A=k,/(Ae), i=1;n=1,2,...,m (18)
since the top of the plane i =1 is the initial less reactive sur-
face. This equation also specifies the rate constant in the last
term in the righthand side of Eq. 14. Similarly, for the reac-
tion on the lower side of plane i,

m H -1
Binzkgrzx)Pin E Z Pij I_I (qs)
jEa+2 =ity s=itl
H m-~ 1
+ 11 @) X 8,1 (19
s=i+1 =1
where
D=k, /e, i<H;n=1,2,...,m

=k,/Ae, i=H;n=12,....,m (20)
To determine the transition probability R, for plane i to
instantaneously gasify from size & to size n, it is again neces-
sary to consider the processes on the upper and lower sur-
faces of the ith plane. For these we identify four possibilities.

e The plane above the ith plane has edge location be-
tween (k +2) and (n —1), and the plane below has edge loca-
tion #. In this case, even if attack occurs from above the ith
plane will gasify to size n, following assumption (7). As be-
fore, recognizing that the plane immediately above can have
any index £ lying between 1 and (i —1), and the plane below
any index between (i +1) and H, with the in-between planes
having been gasified away, the probability for this process may
be expressed as

by
Rgni -

n—1 i—1 i—1
s Y e, TI <qs>]

j=k+2 f=1 s=f£+1

H L-1
Z an I_,[ (Qf)]

{=i+1 s=i+1

i=1,2,...,H;n=1,2, ... .mk=1,2,...,(n=2) (21)

The first set of square brackets in the righthand side of the
above equation contains the contribution to the probability
from the plane above, and the second set the contribution
from the plane below (having fixed edge location n to which
plane i gasifies). Furthermore, for the upper exposed surface
to be available, at least two layers must be exposed (see Fig-
ure 3). Thus, the plane above has a size index of at least
(k+2).

e The plane above has edge location at #, and the plane
below has any random edge location between 1 and n (both
inclusive). In a manner similar to that above we obtain

2)
REn{( -

jel =i+ s=i~l

i—1 i—1 n H -1
Z Pin l;[ ](qs)][ Z Z Pl’] I_I (qx)
=1 s= 4+

(22)
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with the domain of i, n, and k being the same as in Eq. 21.
e The plane above has edge location at n, and the plane
below has edge location between (k +2) and (n — 1). Again,
recognizing that the initial in-between planes on each side
may have been completely gasified, we obtain, as in Eq. 21

3y —
Rinkh
f=k+20=i+1 s=i+]1 f=1 s={+1

1 i1 i—1
Z Z Pl’/ 1_[ (QS jHi Z Pt’n H (qs)]
(23)

with the indices i, #, and k having the same domain as in Eq.
21.

e The plane below has edge location at #, and the plane
above has edge location between 1 and n. In a manner simi-
lar to the section with Eq. 22 above, we obtain the probability
for this mechanism as

H £-1 noi-1 i1
Rﬁi;(.— Z P(le I—I (QS):I[ Z Z PF_/ 1_[ (qs)

f=i+1 s=i+1 j=1 0=t s={+1
(24)

with the indices i, n, and & having the same domain as in Eq.
21.

The four contributions listed above may now be combined
in the form

Ry = Ri + R + RGL+ Rigi (25)

to yield the overall transition probability required for use in
Eq. 14. Equations 14-25 now completely specify the evolu-
tion of the crystallites in their nonoverlapped forms, given
the initial conditions

PAUOY=PY =5, i=1,2,..., om (26)

which assert that each sheet (or plane) has initial edge loca-
tion at n =1 (has m rings of carbon atoms).

Evolution of structure and conversion

Once the probability distribution P, (1) for the edge loca-
tions of the crystallite planes is determined through Eqgs.
14-26, it is possible to estimate the evolution of the pore
structure and the conversion. To accomplish this we first
evaluate the shrinkage of the peliet due to complete gasifica-
tion of planes. Following the observations of Hurt et al.
(1988), and assumption (8), the shrinkage is homogeneously
transmitted at all scales. We may therefore evaluate the frac-
tional volume loss, or shrinkage, at any time as

H
(t)— Z ) 27
which leads to
(R(t))3 Q(1) : iii’() (28)
— | =1-0)=— t
R() H,'::IJ:
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The porosity of the grains at any time may be evaluated by
means of Eq. 12, which considers the crystallites as randomly
overlapping [see assumption (9)]. To relate v, to the proba-
bility distribution, we consider the radius of any plane having
edge location n as

r=hlm—-n+1) (29)
leading to

H m
bl =mhBN, Y. Y (m—n+17P (1)  (30)

i=1n=1

where N, represents the number of crystallites per unit vol-

ume. This quantity must vary with time according to

0

N(t)= N a1
A= o

which accounts for the homogeneous shrinkage. Further-
more, following Eq. 30, the initial value of 1, is given as

n
Vo = mh*sN, Z Y (m—-n+17°P0 (32)

i=1n=1

Equations 12 and 30-32 now provide

nt i

Z Y m— e PP - Q)Z Y m—ns2p

E(t)_el In=1 i=1ln=1 (33)

In the case of initially uniform crystallites, as considered here,
PP foliows Eq. 26 and

m

Z Z (- + 1PP/0 - Om*H

e()=¢;' " (34)

To estimate the conversion at any time we first consider
the fractional loss in volume of the solid phase, given by

(1-0)1-¢,) )
f—]*‘*“ﬁ‘:;;')— (35)

Conventionally, this ratio is considered equal to the conver-
sion based on the assumption that the solid phase density is
constant. This assumption can be strictly valid only for in-
finitely large crystallites. In the present case, since the crys-
tallites associated with the turbostratic structure generally
comprise only a few (3—7) planes, each of which has 5-10
layers (rings) of carbons, such an assumption is likely to be
erroneous. To correct for this we consider the number of car-
bon atoms in a crystallite, and obtain for the density

H m
Y Y NP,
p, Hizln:l (36)

m

Y Y (m—n+17P,

i=1ln=1
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in which the numerator represents the number of carbon
atoms in a crystallite, and the denominator is proportional to
its volume. Combining Eqs. 35 and 36, we obtain the expres-
sion for the conversion as

H m
oli= ) <1—Q><1—ep)[z 5 NP,

ever, the model can be used globally with fixed rate con-
stants. Since the extension to include heat and mass trans-
port effects is well established, we confine our attention to
the isothermal chemical control case, which is sufficient to

( “”+1)Pi?,

X=]-- = | - -
pto

Equations 28, 33 and 37 provide the necessary relations for
evaluating the conversion, for any instantaneous probability
distribution P, (r). In addition to the shrinkage factor and
the grain porosity, often one is also interested in the surface
area and the pore size distribution. Although the current
model can be used to evaluate these, they have not been in-
vestigated in this pilot study, and will be examined in our
future work in the area.

Results and Discussion

The model described above provides a versatile framework
for incorporating the effects of surface chemistry and gasifi-
cation-induced shrinkage on the reactivity, while represent-
ing key features of the turbostratic structure inherent to most
chars and carbons. The model as developed is locally applica-
ble at any point in a particle, with the rate constant k;—k,
depending on the local gaseous reactant concentration. In the
presence of diffusional and heat-transfer resistances suitable
transport models, as well as models for the temperature- and
concentration-dependence of the rate constants, can be com-
bined with the present local reactivity model to predict the
evolution of the system. In the isothermal case with reaction
control and negligible effect of chemisorption dynamics, how-
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Figure 5. Probability distribution for the edge location
of different crystallite planes at 50% conver-
sion.
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explore the features of the new model. The model has the six
parameters H, m, €,, k;, A and e, of which the first three
are structural and the next three are kinetics-related. Com-
putations were initially performed to investigate the effect of
these parameters on the process behavior in the isothermal,
chemically controlled regime. For solving the system of dif-
ferential equations (Egs. 14-26) an explicit fourth-order
Runge-Kutta technique was used. A FORTRAN program
implemented on a Pentium-233 microcomputer required only
about 30 s of CPU time for execution in the case of H =4,
m =8, For larger crystallites this time increased.

Crystallite evolution

Initially the evolution of the crystallites was examined for
the case of H=7, m=10, ¢,=02, A=2 and e =3, with
time rendered dimensionless using the substitution 7=k,
Figure 5 depicts the probability distribution of the different
planes at 50% conversion (x = 0.5). For the top two (i =1, 2)
and bottom two (i = 6, 7) planes the highest probability is for
complete gasification (n =11), although for the nongasificd
planes with these indices the most probable size corresponds
to about n=>5. The inner planes of the crystallite, however,
are much less likely to be gasified away; the probability of
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Figure 6. Temporal variation of expected number of
carbon rings (or layers) in the different planes
for A=2.
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Figure 7. Temporal variation of expected number of

carbon rings (or layers) in the different planes
for A=3.

this is less than 0.1 for i =3, 5 and about 0.01 for { = 4 (the
middle plane). The outer planes may therefore be expected
to react at a higher rate than the inner ones, with the inner-
most reacting the slowest. These reaction rates are clearly
due to the larger exposed surface of the outer planes. Figure
6 depicts the temporal variation of expected number of car-
bon layers (rings) in the various planes, calculated using

N (D=3 (m—n+DP, (1) (38)

n=i

and confirming the higher reactivity of the outer layers. That
this larger reactivity of the outer planes is related to the larger
exposed surface is evident from the initial slopes of the curves
in Figure 6. The outermost planes (i =1 and 7) have larger
initial exposed surface areas and therefore initial slopes of
the higher magnitude. On the other hand, all other planes
have the same exposed (edge) surface and therefore identical
initial slopes. The higher initial reaction rate of the outer-
most planes, however, creates additional exposed planar sur-
faces on the next set of planes (i = 2, 6), which then develop
higher reactivity than their inner neighbors (i =3, 5). These
effects are mitigated with increase in A, due to lower initial
reactivity, as shown in Figure 7, which depicts the results with
A =3 instead. In comparison to Figure 6 (for which 4 =?2)
the initial slopes (and therefore reactivities) have lower mag-
nitudes in Figure 7. Consequently, at any dimensionless time
7 = k,t the expected number of remaining layers on any plane
is larger for the case of 4 =3.

Figures 8a-8c depict the expected evolution of the non-
overlapped crystallite for the parameter values used in Fig-
ure 6. Starting with the initial configuration in Figure 8a, with
each plane having ten layers, the expected crystallite configu-
ration at 20% conversion is shown in Figure 8b. The crystal-
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lite diameter is lowest at the outer planes and increases at
the inner layers, creating exposed planar surfaces on the in-
ner surfaces as well. These effects are even more pronounced
at 50% conversion, as shown in Figure 8c. However, it is em-
phasized that these are only expected or mean configurations
out of the large number (117) of possibilities. These possibili-
ties include those configurations in which some internal
planes have gasified more and have become smaller than the
outer planes, including complete gasification of one or more
internal planes. Examples of such configurations are pro-
vided in Figures 8d and 8e. These configurations create inter-
nal microporosity in the crystallites, such as that between the
fourth and sixth planes from the bottom in Figures 8d and
8e, and between the first and fourth planes in Figure 8e. In
Figure 8d the second plane from the bottom is completely
reacted, and in the present approach it is assumed that the
intracrystalline space so created is closed by the two planes
coming together due to van der Waals interaction. This effect
is assumed to lead to the homogeneous shrinkage observed
by several recent workers. As a matter of interest at 50%
conversion the probabilities of the configurations in Figures
8d and 8e were found to be 2.387x 107> and 1.727x 1074,
respectively. Although these probabilities are low in compari-
son to unity, it is clear that they are significant given the large
number of possibilities (117),

Conversion-time behavior

With time rendered dimensionless by scaling it with the
reciprocal of the rate constant k, (7 = k,¢), the model has
the five parameters A4, H, m, ¢ and €,. The effect of each on
the system behavior was therefore investigated. For the com-
putations the parameters had the base values H =4, m =8,
€0 = 0.2, A=2, and ¢ = 3, with one of these being varied at
a time. Figures 9a—9¢ depict the effect of these parameters
on the conversion-time behavior. In most of these cases sig-
moidal curves are obtained, as is often found for reaction of
carbons, suggesting a rate maximum during conversion. Ac-
cording to the model this is due to the initial increase in reac-
tive area as the planar surfaces are exposed. Subsequently,
however, as the crystallites become smaller, the total exposed
area is reduced, leading to a decrease in rate with conver-
sion. From the effect of varying the parameter 4 (see Figure
9a), it is evident that the model is sensitive to this surface
chemistry parameter, leading to slowing down of the conver-
sion with decrease in reactivity of the surface carbons, as re-
flected by the effect of increasing the value of A. The lower
reactivity of the initial surface carbons is suggested to be due
to the presence of attached functional groups, and can be
controlled by surface treatment. Such treatment may be par-
ticularly useful for improving the stability of structural car-
bons as well as activated carbons to prolong their useful life.
For chars produced in gasifiers and boilers, the surface
chemistry is related to the parent coal properties and proc-
essing conditions and, to the author’s knowledge, no other
model captures the effect of this important variable.

From Figures 9b and 9c¢ it is evident that larger crystallites
(larger H or m) lower the rate, as is to be expected because
of lowering of the specific surface area. Furthermore, for the
case of H =1 (that is, only one plane) sigmoidal behavior is
not present, indicating a monotonic decrease in reaction rate.
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The effect of the parameter e is depicted in Figure 9d, show-
ing it to have a strong influence on the reactivity. While the
molecular orbital calculations of Kyotani et al. (1996) suggest
that e = 3, as a reasonable average, it is to be expected that
this value will vary with the type of surface site (D-type, arm-
chair, or zig-zag) and location of the internal sites on the
planes. Such complexity is not introduced here, but may be
considered in future models involving more detailed repre-
sentation of the aromatic structures on the planes. Certainly
current analytical procedures need much further develop-
ment to provide the necessary supporting data. Nevertheless,
when this does become feasible, simulative techniques should
be a desirable alternative to the prospect of introducing fur-
ther complexity in the present model.

Figure 9¢ depicts the effect of the initial grain microporos-
ity on the conversion-time behavior. At low values of the ini-
tial microporosity the reaction is slower due to the lower
available nonoverlapped surface. Although the initial surface
area is a maximum for €., = e~ ! following Eq. 13, the effect
of this parameter on the reactivity is more complex, as evi-
dent from Egs. 34 and 37, leading to the behavior in Figure
9e.

Variation of reaction rate with conversion

Figures 10a—10e depict the effect of the different parame-
ters on the variation of the calculated reaction rate with con-
version, with base-case parameter values the same as for Fig-
ure 9. The results are consistent with those in Figure 9, con-

firming the rate maximum and sigmoidal behavior. For the
case of H =1 no rate maximum is observed, with the rate
decreasing monotonically with conversion. In this case the
surfacc area of the nonoverlapped crystallites must decrease
with conversion, leading to the calculated reactivity behavior.
Nevertheless, from the results in Figure 10 it may be antici-
pated that monotonically decreasing rate-conversion curves
can also be obtained for other values of H for suitable values
of the other parameters. In particular the strong effect of 4
on the location of the rate maximum may be noted in Figure
10a. With decrease in reactivity of the surface carbons (that
is, increase in the value of A4) not only was the rate lowered,
but the position of the rate maximum shifted to higher con-
version. This is due to the delayed opening up of the more
reactive new sites on the planar edges. With increase in H as
well as A, the rate maximum is shifted to higher conversions,
because of increase in the number of internal planar surfaces
that are gradually exposed and activated. The other parame-
ters m, e, and ¢, affect the position of the rate maximum
minimally, as seen in Figures 10c—10e, although both m and
e have a strong effect on the magnitude of the rate. In all of
these cases the rate maximum occurs in the vicinity of 40-50%
conversion, and not significantly higher than the value of
39.33% predicted as the limiting position using the random
pore model (Bhatia and Perlmutter, 1980). In that model this
position was seen to be sensitive to an inherent structural
parameter, a feature present also in the current model as
evident from the sensitivity of the position to H. Neverthe-
less, the present model shows this position to be sensitive
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also to the kinetic parameter A, which is inversely related to
the relative initial surface reactivity, a feature overlooked in
prior models.

Particle shrinkage

Following the assumption of homogeneous shrinkage, as
observed by Hurt et al. (1988), Eq. 28 permits the estimation
of the relative particle volume at any time ¢. Figures 11la-11le
depict the effect of the various parameters on the variation
of relative particle volume with conversion, with base-case
parameters the same as for Figure 9. The parameters 4, m,
and €,, appear to have a very small effect on the relative
particle volume, which decreases with conversion based on
the proposed concept of shrinkage due to elimination of the
intracrystalline space created when a plane is completely
gasified. With increase in A (that is, decrease in relative sur-
face reactivity) the shrinkage increases slightly since the
probability of complete gasification of a plane, while others
are partially reacted, increases. As seen in Figures 11b and
11c crystallites with a larger number of planes (larger H)
shrink less, a feature in agreement with the observation of
Walker (1995) that carbons having larger crystallites may be
expected to shrink less. However, this is not entirely con-
sistent with the predictions in Figure 1lc, in which an in-
crease in m initially leads to higher shrinkage. As seen in
Figure 11d the relative edge reactivity is also very influential
in determining the shrinkage, which reduces with increase in
e (increase in the ratio of edge to normal reactivity of a plane).
In most chars and carbons it may be anticipated that the crys-

tallites have 3-7 planes (H lies between 3 and 7), and e =3
based on the molecular orbital calculations of Kyotani et al.
(1996). Since the other parameters have only a small influ-
ence, as seen in Figure 11, it may be expected that most chars
and carbons will have similar variation of relative particle
volume with conversion. This is indeed borne out by the liter-
ature data compiled by Hurt et al. (1993) in which similar
curves are evident for an activated carbon, soot as well as a
coal char. All these results also support the observation of
Walker (1996) that interpretation of gasification data in the
diffusion-affected regime must account for such shrinkage ef-
fects, as observed reductions in particle size cannot be en-
tirely attributed to reaction at the external surface. In this
connection it may be noted that if chemically controlled ex-
ternal reaction dominates then

39

which yields a straight line on the coordinates of Figure 11.
The change in particle size due to shrinkage associated with
internal conversion (Figure 11) is comparable to that pre-
dicted by Eq. 39, demonstrating the pitfalls and the need for
careful data interpretation.

Although we have predicted the shrinkage based on the
mechanism for eliminating the micropores created by com-
plete gasification of planes, it may be noted that evidence
exists (Wong et al., 1995) that some chars, notably those ob-
tained at high temperatures (1,600°C), show little or no
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shrinkage. Based on the current results, such observations are
consistent with the significantly lower surface areas and
higher degrees of graphitization (higher values of H) ex-
pected of such chars. Furthermore, for the higher-tempera-
ture chars it may be anticipated that considerable annealing
has occurred, leading to densification and decrease in flexi-
bility of the solid, and therefore the observed absence of
shrinkage. For such chars the current model needs modifica-
tion, and this aspect will be investigated in our future work in
the area. In the current context, where flexibility of the car-
bon skeleton is assumed, it may be noted that this feature has
indeed been reported by Koresh (1993) who deduced this
based on his unusual observation of adsorption hysteresis in
the low pressure region.

Application to experimental data

To verify its applicability, the new model proposed here
was applied to the data of Hurt et al. (1988) and d’Amore et
al. (1991), who have reported the variation of reaction rate
with conversion at various temperatures, for the low-temper-
ature air-oxidation of Spherocarb (a commercially available
activated carbon). While Hurt et al. have reported thermo-
gravimetrically measured rates, d’Amore et al. have also re-
ported rates measured in an electrodynamic balance. The
absence of any significant particle size effects (based on ex-
periments with particles of diameter 214 pum, and <38 pm)
as reported by Hurt et al. demonstrated reaction to be in the
chemically controlled regime, with transport-related resis-
tances being negligible. In addition, they have also provided
data on variation of particle size with conversion of the Sphe-
rocarb, during reaction at temperatures of 495 and 600°C. In
analyzing the rate data of Hurt et al. provided for these two
temperatures, only the 600°C data was chosen, since the lower
temperature data differed slightly from the more extensive
data of d’Amore et al.

For the fitting of the rate data the parameter e was taken
to have the value 3.0 following assumption (6). The values of
the structural parameters H and m were estimated from
published characterization data (Hurt et al., 1988; Waters et
al., 1989) for Spherocarb. The data indicate that it has a total
(BET) surface area of 864 m>/g (Waters et al., 1988) or 665
m?/cm® (Dudek, 1988), an external surface area of 5 m?/g,
and a mean micropore radius of 6.7 A (Floess et al., 1988).
These figures readily permit the estimation of S, and e,
which are found to have the values of 859 m?/g and 0.39,
respectively. Substituting these values into Eq. 13 enables se-
lection of the set of integer values of m and H that provide a
value of S, as close as possible to 859 m?/g. This method has
been chosen here because more direct determinations of m
and H by x-ray diffraction, as demonstrated by Babu and
Seehra (1996), were not available for Spherocarb. Although
many such sets of values for m and H may be obtained, typi-
cal x-ray characterization results (Babu and Seehra, 1996)
suggest that in general H lies between 3 and 7, and m be-
tween 4 and 10, for most chars and nongraphitic carbons.
With these restrictions, values of H =4 and m = 8 could be
readily identified as the most appropriate, providing S, = 857
m?/g. Thus, the model was applied to the Spherocarb reac-
tion rate data of Hurt et al. (1988) at 600°C and of d’Amore
et al. (1991) using the parameters H =4, m =8, €,0="039,
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Figure 12. Variation of reaction rate with conversion for
Spherocarb at 600°C.

Symbols represent data of Hurt et al. (1988), and the line
represents current model calculations.

and e =3, leaving only the parameters 4 and k, as un-
knowns.

Figure 12 shows the agreement of the model to the data of
Hurt et al., which provided A =1.93 and k, =0.475 min~".
In estimating these values only the magnitude and location of
the rate maximum was utilized, and not the rest of the exper-
imental curve. For this estimation, A was first adjusted to
obtain a match of the position of the rate maximum with the
experimental value of x = 0.4, which yielded A =1.93. This
A value is unique since the position of the maximum is inde-
pendent of the parameter k,. k, was next adjusted so that
the magnitude of the predicted maximum rate matched the
experimental value, giving &, = 0.475 min~'. Figure 12 shows
that the agreement of the entire rate-conversion curve with
the data is excellent despite the fact that only the coordinates
of a single point (the rate maximum) have been fitted.

In addition to the above rate data Hurt et al. (1988) also
provided their results for the variation of the particle size
with conversion of the Spherocarb at various temperatures
between 400°C and 600°C, given as the open circles and tri-
angles in Figure 13. This particle size variation was reported
by them to be entirely due to gasification-related shrinkage,
since they concluded that negligible external surface reaction
occurred, based on their observations that external surface
features were retained. As discussed earlier, based on our
model calculations, this shrinkage-related particle size varia-
tion is only minimally sensitive to the process parameters and
may be considered nearly unique. The solid line in the figure
provides the results of the present model, as predicted by Eq.
28, for the parameter values used for the Spherocarb, yield-
ing excellent agreement with the data. This agreement is re-
markable in view of the fact that the theoretical curve is com-
pletely predictive, based on the fit of the rate maximum in
Figure 12, requiring no further fitting or parameter estima-
tion. Also superimposed on the figure are the results of Ishi-
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Symbols represent data from various sources as described
in the text, and the line represents current model predic-
tions.

guro et al. (1991), represented by filled circles in Figure 12,
and of Kandas (1997), given by open squares, for the shrink-
age of soot. The soot data are also generally consistent with
the Spherocarb data and our theoretical curve, further sup-
porting the new model and our assertion that the gasifica-
tion-induced particle-size variation with conversion is only
weakly process parameter and char/carbon dependent for
most nongraphitic carbons with H of around 3-7.

In addition to the data analyzed above d’Amoreet al. (1991)
reported rate-conversion results for air-oxidation of sphero-
carb at various temperatures in a thermogravimetric analyzer
as well as an electrodynamic balance. To analyze the data it
was assumed that the parameter A is temperature-inde-
pendent, so that the rate expression

dx
—t-=k2g(x,A,e) 40)

can be rewritten in dimensionless form as

dx
=f(05,4,e)g(x, A4,¢e) 4n

dr*
where 7% = t/t,. =1/7 ,, and

0.5

T,/2=kztm=f(0.5,A,e)=f (42)

o glx,A,e)

For temperature-independent values of 4 (= 1.93, based on
the above fit of the 600°C data of Hurt et al.) and e = 3, Eq.
41 provides a convenient scaling for the effect of temperature
on rate. Based on the 600°C fit discussed above the value of
f(0.5, 4, ¢) was estimated from our model as 2.416. Figure 14
depicts the comparison of the theoretical predictions and ex-
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perimental data of d’Amore et al. (1991), when plotted in
accordance with Eq. 41. The larger scatter of the data from
the electrodynamic balance is clearly evident. Nevertheless,
the results do not demonstrate any consistent trend with tem-
perature, supporting the assumption of temperature inde-
pendence of 4 and e. The good agreement between model
predictions and the data, without the use of any fitting pa-
rameters, also further supports the new approach.

Summary and Conclusions

A new probabilistic model for the reaction of chars and
carbons has been developed here that considers the chem-
istry and turbostratic structure of the graphitic planes, which
represent a significant component of the true structure. The
model considers the well-known anisotropic reactivity of the
carbon crystallites by incorporating different rate constants
for the propagation of reaction perpendicular to the edges of
the faces of the graphene planes, with a ratio of ¢ =3 being
suggested by molecular orbital calculations.

Furthermore, the influence of the functional groups on the
initial crystallite surfaces is considered by incorporating a dif-
ferent rate constant for the initial surface sites. With this
mechanism the possibility of random complete gasification of
a crystallite plane before its neighbors is enhanced if the ini-
tial edge carbons have lower reactivity, as is to be expected
by the presence of the functional groups. This mechanism
may be responsible for the shrinkage in the chemically con-
trolled regime. The model has been found to correctly pre-
dict this phenomenon and match experimental data on parti-
cle size variation with conversion, with fitting parameters de-
termined entirely from rate data.
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Figure 14. Variation of reaction rate with conversion for
Spherocarb at various temperatures.

From D’Amore et al. (1991). Filled symbols represent data
measured in a thermogravimetric analyzer: @ =673 K, &
=693 K, a4 =768 K. Open symbols represent data ob-
tained in an electrodynamic chamber: O = 764 K, o = 820
K, & =948 K, a =1,033 K. The line represents current
model predictions.
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Based on the model-computations results, it is evident that
the surface chemistry is important in determining reaction
rates and particle shrinkage. This feature was overlooked in
prior models, which also did not incorporate any mechanism
for particle shrinkage. With decrease in initial surface reac-
tivity, not only is the reaction slower but the shrinkage is
larger. The shrinkage will be of much concern in the diffu-
sional regime where particle size plays an important role.
Consequently, further detailed investigations of the shrinkage
and more direct confirmation of the proposed mechanism are
recommended.

The model proposed here lumps the effect of surface
chemistry into the single rate constant k. Clearly this is a
first approximation that may be improved on in the future
with more detailed representation of the surface groups and
associated rate constants. This complexity will obviously re-
quire detailed characterization and observation of reaction of
these groups progressively with conversion. Alternatively this
can be considered as a surface heterogeneity, as is common
in analysis of adsorption data, manifested through a distribu-
tion of the rate constant k. This can be conveniently investi-
gated with the proposed model and will be reported later.

The number of planes in a crystallite is another important
variable that strongly affects the rate and shrinkage. For
larger crystailites (farger number of planes as well as larger
diameter) the rate is reduced, as would be expected. How-
ever, the shrinkage is most sensitive to the number of crystal-
lite planes. An increase in the number of crystallite planes
reduces shrinkage. Graphitization is expected to reduce
shrinkage because the number of planes increases. Thus,
higher temperature chars may shrink much less due to larger
values of H. Although this feature needs to be confirmed
through more extensive data, the importance of detailed
characterization at the crystallite level is clear.
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Notation

f=fractional loss in volume of solid phase
g(x, A, e)= functional dependence of rate on conversion, 4 and e
k{D= rate constant of internal planar sites for plane { when it
has edge location »n, and is attacked on its upper ex-
posed surface
k(2= rate constant of internal planar sites for plane i when it
has edge location #n, and is attacked on its lower ex-
posed surface
M, = atomic weight of carbon
N, = Avogadro number
Ny; = expected number of layers in ith plane
N, = total number of carbon atoms in a plane
N = initial value of N,
g;= probability that ith plane is completely reacted
Q = fractional shrinkage
R = particle radius
R{}) = jth contribution to R,,, defined in Eqgs. 21-24
S., = initial specific area of nonoverlapped crystallites

gL e
S, = initial specitic surface area
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1,, = time to reach 50% conversion
&:.: volume of a crystallite

Greek letters

€, = initial valuc of grain microporosity
p, = crystallite density
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