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Abstract—Models were developed to caleulate porasities and total arcas, and catalyzed to uncatalyzed
gasification rate ratios as a function of burn-off for graphite flakes initially contaminated with channetling
or pitting catalysts. The models indicate that small loadings of catalysts can increase the overall gasi-
fication rate by surface roughening without having a measurable cffect due to interfacial catalysis.
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1. INTRODUCTION

During a study of the kinetics of O, gasification of
high purity graphite[1], interest was raised regarding
the effects of trace levels of catalysts upon the active
area and its development with burn-off. Although
the effects of catalysts uncovered during gasification
on the overall gasification rate have been studied(2],
there have been no similar reports on the effects of
trace levels of catalysts initially deposited on the
surface upon the carbon morphology. This case
would arise from contamination of a sample of air-
borne dust particles. [t could also arise from attempts
to change the porosity and surface area of a carbon
by deliberate catalytic roughening. Studies of the
behavior of catalyst particles during carbon oxida-
tion are almost entirely based on the examination of
the outer, mostly basal, surfaces of graphite crys-
tals{3-10]. Catalyst particles do tunnel inside graph-
ite[7,11]; but, perhaps due to the difficulty of
performing these studies, the morphology change
caused by these particles has not been characterized
for oxidants. In the absence of this information, tun-
nelling morphology was assumed to be similar to
channelling morphology. The studies performed on
graphite basal surfaces reveal such complex mor-
phology changes that realistic modelling only ap-
pears feasible using probabilistic approach. The
current effort was focused instead upon much sim-
pler analytic models that could be used to estimate
the maximum effects caused by catalyst induced sur-
face roughening. The models developed here are
thus necessarily highly idealized and consider only
the two modes of behavior producing the greatest
roughness per amount of carbon gasified; namely,
channelling (incjuding tunnelling)”™ and pitting,.

+Present Address: GE Lighting, Cleveland, Ohio, 44112,
U.S. A,

*From here on, channelling will be used to refer to attack
paralie] to the basal piane of graphite and will include both
tunnelling and channelling proper.
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These models were used to estimate the maximum
increases in porosity, total surface, and active sur-
face, as well as how these quantities might evolve
during burn-off as a function of the catalyst loading,
activity, and dispersion. Although the models were
developed for graphite flakes, they can be extended
1o other bulk carbons by changing the carbon prop-
erties and by increasing the flake dimensions.

2, THEORY

2.1 Background

Catalysts can increase the overall gasification rate
by at least three different mechanisms: interfacial,
spilover, and roughness. The interfacial mechanism
is a local action at the carbon-catalyst interface with
the rate being related to the interfacial area. The
exact details at the interface are not know, but in
some sysiems involve a dissolution of the carbon by
the catalyst. For high loadings of very active cata-
lysts, this mechanism may dominate the overall rate.
Spillover refers to the catalyst being active in dis-
sociating O, and donating O species to the carbon.
The O species migrate to labile carbon sites and
react. Spiflover is similar to a reactant pressure in-
crease in that the surface O loading is increased.
This mechanism is important for several metals be-
cause these metals enhance the gasification rate in
O, but retard it in Of3]. The last mechanism for
catalytic action, roughness, is more subtle and would
not be considered catalytic if the gasification rate
were normalized to the active area. Since this nor-
malization is rare, it is important to be able to es-
timate the increase in active area due to roughening
and how the amount of roughening will change with
continued burning.

Only the interfacial mechanism can account for a
significant development in roughness since its effects
are localized to the catalyst particle. In the following,
changes in the exterior carbon surface caused by
catalytic gasification are used to infer changes in the
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carbon interior. Two general types of behavior were
reported earlier[4—6}: channelling and pitting. Chan-
nelling catalysts travel within the basal plane of
graphite, accelerate pasification of edge atoms, and
generatly produce a channel in the basal plane.
Sometimes a channelling particle will travel along
an edge leaving it serrated[7]. Elements that exhibit
channelling behavior during oxidation are: Co{3,4},
Ni[4,7}, Zn[8], and Pt[4,7]. Pitting catalysts travel
normal to the basal plane, accelerate gasification of
basal plane atoms, and produce a pit in the basal
plane. Elements that exhibit pitting behavior during
oxidation are: Fe[3.4], Ag[3.4], Mn[4], and Ti[3].
Furthermore, Pt, Au, Fe, and Ni particles, which
produce channelling, will also produce pitting when
positioned at a basal plane defect[7]. In this case the
number of pits formed is very much dependent upon
the concentration of defects in the basal plane, as
welil as the number and mobility of catalyst particles.
Many other elements, including Pb, Mo, Ir, Rh, Ry,
Pd, Ni, and Mn, have exhibited both channelling
and pitting behavior during oxidation[3,4]. For
either mode of behavior, the particle must be in
contact with carbon edge atoms, either at the edge
of the basal plane or at a defect within the basal
plane!5,7,8]. Thus not every particle is a catalyst.
Only Ag has been reported to catalyze gasification
by pitting at perfect sites within the basal plane[10].
The elements given in the preceding examples do
not reflect the active form of the catalyst, which can
be the carbide, the oxide, or the metal itself. In
addition to these types of behavior, the catalyst par-
ticle can wet the edge carbon atoms and catalyze
edge recession over a broader region. Cu particles
act in this fashion, simultaneously channelling,
spreading along the channel sides, and becoming
smaller[9]. Catalysts that wet the carbon are those
that can form oxides of the required stability under
the prevailing reaction conditionsf12].

The width of the channel at the growing tip is equal
to the catalyst particle diameter. Typically, the chan-
nel diameter increases with distance from the cata-
lyst particlefd,7]. For non-wetting catalysts, the
channel sides are widened by uncatalyzed gasifica-
tion. These catalysts can be characterized by B, the
channel length divided by the exterior channel half-
width, which is a ratio of the catalyzed recession rate
to the uncatalyzed recession rate. Measurements of
B indicate that it depends upon not only the partic-
ular catalyst and temperature but also the catalyst
particle size and channel depth{5.7]. For one cata-
lyst, B ranged from 15 to 80 depending upon channel
depth and particle size[7]. In reality, there exists a
distribution of s even for one type of catalyst at
one temperature. [n this paper, pitting catalysts will
be characterized by v, the pit depth divided by the
pit radius. If the concentration of basal plane defects
is high enough so as not to Himit penetration of the
next basal plane and the catalyst does not wet the
surface, y represents the ratio of the catalyzed reces-
sion rate to the uncatalyzed recession rate. Experi-

ments indicate, however, that pitting (and v} is a
very strong function of the basal plane defect con-
centration with a typical value of v being about
five]7]. For either of the two basic morphologies,
channelling or pitting, the maximum roughness per
amount of carbon gasified is developed for the case
where the particle remains intact and does not spread
along the edge carbon atoms.

For either type of catalyst, the collection of chan-
nels or pits is approximated by an “average” channel
or pit. Each model starts with the definition of the
“average” pore morphology. From this defini-
tion, a relationship between pore size and uncata-
lyzed recession length is obtained. This permits the
definition of burn-off, porosity, total active area
{TASA), and total area as functions of the exterior
pore size. In some cases, the exterior pore perime-
ters converge and a steady state value is achieved
with respect to surface roughness. The averape ex-
terior pore size then assumes its maximum value.
No further increases per flake are possible for pore
volume, TASA, or total area beyond those calcu-
lated for the steady state value. Porosity will con-
tinue to increase due to the decrease in total flake
volunte from edge recession. In other cases, the cat-
alyst particles reach the flake center or a flake
boundary before the pore perimeters converge. Ob-
viously, as the catalyst particles approach the flake
center, pore coalescence and catalyst sintering be-
come important. The increase in areas and pore vol-
ume with additional burn-off must diminish. The
maximum development of these properties is not
calculable with the present simple model. Calcuia-
tions are stopped at the point of catalyst particle
convergence. The values at this point represent ap-
proximate lower limits to the maximum attainable
values.

2.2 Assumptions

As stated above, both models are developed for
the case of maximum roughness per unit of carbon
burn-off. To this end, both models assume that there
are no mass transfer limitations, that all of the par-
ticles are active catalysts, and that the catalyst
particles are unchanged during burn-off; no de-
volatilization, sintering, wetting and spreading, or
deactivation are considered. Catalyst particles are
assumed to burrow into the graphite normal to its
surface. This restriction is more severe for chan-
nelling catalysts, which often travel in definite crys-
tallographic directions|3,7]. It could be removed by
the use of an equivalent B. Although both models
ignore the effects of O, spillover, this effect is em-
pirically accounted for in the measurements of B and
v when the surface oxide migration rate is high.
These assumptions may be realized only in specific
instances. The models are expected to be more ac-
curate in predicting maximum effects and trends
than in producing absolute numerical values. Be-
cause every catalyst particle is assumed to be pro-
ducing maximum roughness, the model predictions
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will underestimate the amount of burn-off required
1o achieve any given increase in surface area.

For convenience, both models employ the notion
of an “average” pore, which represents the distri-
bution of pores. The use of an “average” pore will
cause the predicted evolution of areas and porosity
with burn-off to be more abrupt than if 2 distribution
of pores were used. Both models employ an idealized
cylindrical disc of carbon, no reaction anisotropy
within the basal plane, no uncatalyzed reaction nor-
mal to the basal plane, and no pore coalescence. The
latter assumption is appropriate for low catajyst
loadings. Both madels assume that the catalyst par-
ticle size is negligible compared to the pore volume.
This assumption becomes valid only after a very
small amount of burn-off. The two models differ by
mode of catalyst attack and the consequent pore
geometry.

2.3 Channelling catalysis

Channetling catalysts are assumed to be uniformly
distributed over the circumferential {edge) area of
the graphite flake. As shown in Fig. 1, the flake has
initial diameter, d,, initial radius, ry, and initial thick-
ness, &, N particles of diameter, d.,, radius, ry,, tun-
nel into the flake parallel to the basal plane at 8
times the uncatalyzed recession rate of the flake
edges. To prevent catalyst sintering, the particles
must be separated from each other (i.e., the total
area of the particles projected onto the edge surface
must be a small fraction of the edge surface}. The
pore produced is depicted in Fig. 2 where an untyp-
ically fow @ was used for clarity. The pore volume
equals that of the two triangular areas created by
uncatalyzed recession plus the rectapgular vohune
swept out by the catalyst particle minuos half the vol-
ume of the catalyst particte. The volume of half the
catalyst particle will be ignored in this treatment.
This approximation becomes more accurate as the
volume of the catalyst particle becomes a smalier
fraction of the pore volume, which will be tncreas-
ingly satisifed as gasification proceeds.

From Fig. 2, the pore half-width, r,, is related to
the uncatalyzed recession length, u. by

=B~ DuB + rae (1)

Ga
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At this time the flake radius, r, is reduced from the
initial value, r, by the uncatalyzed recession, «. Us-
ing eqn 1 to substitate for u, yields

= ra)/(B - 1) (Z)

r=r,— B,
At each channel, new edge area is created along the
two sides of the wedge from carbon exposed as the
catalyst particle passes. At the same time, initial
edge area at the flake circumference is lost as the
mouth of the channel opens due to uncatalyzed gas-
ification. The net increase in total active surface
area, TASA, per channel is given by

TASA/channel= 2V1 + BYr, ~ ra)2r.
- 4r(:|lrp= 4rc:!t[ V1 o+ Bz(rp - rcal} - rp]‘ (3)

The TASA per flake is the sum of the edge TASA,
2wtyr, plus N times the TASA increase per channel
given by eqn 3. Using eqn 2 to express r, this yields

TASA/ﬂake = ?.‘n't(. {rn - _B_'E_I (rp - rcal}J

+ 4Nr., [Vl + BAr = Fen) — rp] Y

in each channel, new basal area is created, none is
lost. The increase in basal area per channel is

basal area/channel = 2(r, — r..)'B

-i' 2B{rpm rcaz)dcm = 2?’("5 - "Em)- (5)
The total basal area per flake is then the sum of the
exterior basal area, 2mr%, plus that created within the
channels as given by eqn 5. Using eqn 2 to express

r, this yields

?.Tl' [rﬂ - B_B:.i (r_u - rc:t()]—
+ 2NB (12 ~ (6)

basal area/flake =
rg:n)'

The volume within each channel is half the total basal
area of the channel, which is given by eqn 5, times

cylindrical
graphite Hake

A
T

/- N particles on
. circumierential area

Fig. 1. Channclling catalyst geometry, (Not to scale.)
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Fig, 2. Channelling catalyst pore geometry. {View normal
to basal plane. Not to scale.)

the channel height, 2r.,, or

volume in channel = 2r,, B{r} — rl). (7

Without channels, the flake volume would be =rit,
or using eqgn 2 to substitute for r

B("'p— runl)
HB — D4,

total flake volume= = [r, —

(8)

The flake porosity is the volume in the N channels
divided by the total flake volume or

NZrmB(rf, — F:‘-:u)
fra — B (r, — ra}/(B — DIt ‘

)

Orosity =
p v ™

cylindrical graphite flake

T A no burn-off
ts
burn-off {o
~ steady state
roughness
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The burn-off for a flake initially 100% dense is the
volume lost divided by the initial volume or

melrd — [ — Blry — rad!
w T b 2 2
burn-off = (B - LI} + f?’“r“‘“ﬁ("'n Fa)
Ty
(10)

The factor containing the “{ }" brackets in the nu-
merator of eqn 10 represents the volume of carbon
lost by recession of the flake periphery; the other
factor represents the volume of carbon lost in cre-
ating the channels.

As the pore mouths on the flake circumference
converge, the increase in roughness with additional
burn-off will diminish. No further increase in rough-
ness with burn-off will occur when the pore mouths
completely cover the circumferential area of the
flake. Because the pore mouths are orieated on the
edge of the graphite flake and only grow circumfer-
entially {(in the direction normal to the catalyst reces-
sion direction), the steady state roughness criterion
depends on the arrangement of the catalyst particles
on the surface. Referring to Fig. 3, if m is the number
of catalyst particles within a band d,, at the same
height around the flake circumference, the pore
mouths will approximately cover the circumferential
area when the edges of the » pore mouths equal the
flake circumference or

m2r, = 2wr, where m = N. (1)
Hm = N, the total number of catalyst particles on
a flake, then the burn-off to steady state roughness
will be a minimum. As m decreases, more burn-off
will be required to reach steady state. For randomly

distributed particles, a good statistical approach is

plece of circumterantial strip
{enfire strip holds m particles}

view normal
1o circunderence

view normai
o basal place

Fig. 3. Steady state roughness for channelling catalyst. (Not to scale,)
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required to determine the criterion for steady state
roughness. An approximate solution, however, is to
use eqn 11 with m equal to the average number of
particles in a circumferential strip d,,, wide, or

N 2NT.,
m = (271'"()!5) (dc:llz’r”l.‘») = I .

With this value of m, eqn 11 indicates that steady
state roughness will be reached approximately when

(12)

ANre 1ty = 2mr. {13}
The same expression results when the total area of
the channel mouths equals the current circumfer-
ential {edge) area. Combining eqn 13 with eqn 2
yields the expression for r, at steady state,

ry + B_%""l' Towt
rp.n T o . {14)
2Nrcu! + B
i -t
Because r, > % Fea» €q0 14 can be reduced to
L S
ri”‘ B ?'Nrc;n + B (15)
ke -1

In order for steady state roughness to be achieved
before the flake burns out, 1 < ry. A more restrictive
condition is that the depth to which the particles
recede must not extend beyond the radius at which
all particles would be touching. Alternatively, one
could ignore sintering if the distance from the flake
center to the particle is at least k, times the radius
at which the particles would be touching or

i, INP
re = Bu =k, e =, —
2w

7ot (16)

The value of &, is chosen to limit the error caused
by catalyst sintering. Using eqn 1 to replace « in
Inequality 16 yields the constraint on the exterior
channel half-width

-1 2kNr,
= ( X )("u - f’m‘.; + 1w (17)

As r, approaches the right-hand side of Inequality
17, the effects of catalyst particle sintering and pore
coalescence become more severe and the mode] pre-
dictions become more inaccurate.

In the preceding treatment, half the catalyst par-
ticte occupied some of the channel volume, In order
to neglect the catalyst particle size. it must be small
compared to the channel volume, If negligible error
is introduced when the channel volume is &, times
larger than half the particle volume, the condition

of negligible catalyst volume now can be stated more
explicitly. The channel volume, given by eqn 7, must
then be at least &, times larger than half the catalyst
particle volume, which is 2wrl, /3,

2raBlri — rand = k2wri /3. (18)
Rearranging Inequality 18, the catalyst particle is
considered negligible when enough burn-off has oc-
curred so that

[lee mi3
o = mmqrméw"tmg e

For large values of B, Inequality 19 is satisfied at
very low amounts of uncatalyzed recession.

When Inequality 17 is satisfied, then r, ~ ry, <
ry and, for B > 1, eqns 4, 6, 9, [, and 15 can be
simplified by neglecting B(r,~r...}/(P~1) with respect
to r.. The resulting equations are given below as eqns
20 to 24,

(19)

TASA/flake = 2wtyry + dNrBlr, — red — 13
(20)
basal area/flake = 2mri + INB(r; — riy (D)
9 NP
porgsi{y - ..Nﬁlm‘f.::[,{ ’c:n} (22}
LT i
ZNB!-can(rzn - ’.1'1) .
burp-off = —dre— = noTOSIL 23
ey p y {23}
{
s = - 24)
bl Lat

The maximum relative increases in TASA, basal
area, and pore volume (expressed as porosity), and
the burn-off required to reach steady state can now -
be calculated for the valid region of the model for
large 8. Combining eqns 20 and 24 and normalizing
to the initial TASA, TASA,, vields

(25)

NPl
TASA/TASA, = [3(1 - fﬁ”—) .

Traly

Equation 25 shows that the maximum relative in-
crease in TASA is B and this maximum is achieved
when the catalyst size is negligible or the number of
catalyst particles is small. Similarly. the maximum
increase in basal area relative to the initial basal area
may be obtained from eqns 21 and 24 as,

T”E:!B — NB"E;I

basal/basal, = 1 +
asal/basal, NI e

{26)

Substituting eqn 24 into eqn 23 yields corresponding
steady state values for the porosity and burn-off
given by eqn 27.

T _ INBr,

y (27)
2NF. Wity

porosity, = burn-off,, =
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2.4 Pitting catalysts

Model development for pitting catalysts follows
the same approach as for channelling catalysts, ex-
cept that the pore geometry is different. Here, N
catalyst particles are uniformly distributed on the
basal area of the graphite flake (N/2 on each basal
face) and tunnel normally inward at a rate y times
the edge recession rate. This leads to a pore shaped
like the frustum of a cone as shown in Fig. 4. Ac-
cording to this view, the pit sides are composed of
steps of aiternating edge area and basal area. The
fraction of the lateral area that is edge area is equal
toy/ VI 4+ v

Because the catalyst free portion of the original
basal surface does not recede, Fig. 4 indicates that

= b T {28)

The TASA increase per pit, given by eqn 29, is the
pit lateral area times the fraction of it that is edge
area.

TASA/pit = w(r, + ru)

X VY o+ (r, -

3 Y
o (29
Vi

This leads to a TASA per flake of
TASA flake = 2ma{ry — r, + re) + Nor{r, + 1)
T3 3 B
X ot (e ———= . (30
‘Y ¥ (.ﬂ ) \/1_+—'YZ { )

Pitting causes no change in the basal area. The basal
area created inside the pit equals the basal area lost
at the exterior mouth of the pit. The basal area per
flake is reduced only by the recession of the flake
circumference and is given by

(31

basai area/flake = 2n{r, — r, + ro

The porosity per flake is N times the pit volume

originat basa? surace

catalyst particle

T

divided by the current flake volume or

N‘?'rp(rf: + rpr:al + "3;;:)
3tfry — 1, + r)

porosity = (32}

This porosity plus the volume loss associated with
the edge recession yield a burn-off given by

tfrd — (o — 1o+ ra))
+ Newyr{r: + roro, + ri)f3
burn-off = b e L
jH

A steady state roughness will result when the exte-
rior pore radii converge, which will happen approx-
imately when the area of the N pore mouths equals
the basal area, or
Narl,, = 2wlry = Py % Fad (34)
For this r, to be a reasonable value, the catalyst
particle must be within the flake or, in terms of 7,
ry < tuly. (35}
Additionally, in order to avoid the complication
caused by catalysts being undercut by the receding
fiake circumference, the uncatalyzed recession depth
should be set so that the reduction in basal plane
area is less than 10%, or
r < (1 = VO, (36)
The more restrictive of these two constraints is usu-
ally keeping the catalysts within the flake, because
to/ is less than (1 — \/@)r‘.. Once a steady state
roughness condition is established, the assumption
that the basal plane does not recede is no longer
valid; and the model equations must be modified.
The pitting model is valid only when Inequalities
33 and 36 are obeyed, and under these conditions
r, <€ ry. Because r, < r,. r.. <€ ry. Therefore, simpler
expressions for the areas, porosity, burn-off, and r,,,
can be obtained by ignoring r, and r,, relative to r,
in egns 30 to 34, After rearranging eqn 34, this re-
sults in egns 37 to 41 below.

TASA/flake = 2wty + Nwlr, + ry)

13 3 Y
x R A R T
Y i (.’ f ) m { )
basal area/flake = 27r} {(38)
H — N'er(rfi + rprc:u + rg;u}
porosity = gy (39)
burn-off = N'Yru(r.!-l + r{lf‘cau + ria (40)
3tyri
Fpa ™ FyV 2IN. (41}

Fig. 4. Pitting catalyst pore geometry. Cross section
through basal planc. View normal to circumference. {Not
o scale.)

Under conditions valid for this model, negligible
burn-off occurs by recession of the flake edges; es-
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sentially all the burn-off occurs within the pores.
Hence, the burn-off and porosity are identical.

The maximum TASA developed relative to the
initial TASA, TASA,, is calculated by substituting
r,. from eqn 41 into eqn 37 and normalizing by
TASA,.

rﬂ ?'I‘N + r:::!!
TASA/TASA, = 1 + N ™
draly
X \/-ylzrs,/N + (r.,\/?./N - rm')- % .
¥
(42)

The basal area at steady state roughness is identical
to the initial basal area. The porosity and burn-off
at steady state, obtained by substituting eqn 41 in
eqn 39 or eqn 40 are found to be equal and given
by

porosity,, = burn-off,,
B NyroV2INQrIN + rar V2IN + riy)

3t,r;

(43)

3, DISCUSSION

Table 1 summarizes and compares the steady state
‘oughness values of TASA, basal area, porosity,
burn-off, and uncatalyzed recession for both catalyst
types under the conditions, B > 1, y® 1, and r, &
roy. Table 1 can be used to estimate the maximum
effects of catalytic roughening. For channelling cat-
alysts, the quantity w,/{2r.,, N) appears frequently;
so many of the quantities could be expressed equally
well in terms of steady state porosity. For pitting

Table 1. Values at steady state roughness

Parameter Channelling Pitting
TASA/TASA, a Fordta
basal/basaly L+ mw i g/ (4rk, N) 1.0
porosity T3 (2ran N) 248 raq/ (3VN 1)
burn-off TtaB/ (2ra N} 2v2r01/ (3V/N to)
u wlora/ (2 tem V) ml‘o
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catalysts, r, v/f; appears freguently; so many quan-
tities could be expressed in terms of TASA/TASA,.
Uncatalyzed recession, which is linearly related to
time, is included in order to make time and global
rate comparisons.

The major differences between the catalyst types
arise from pit morphology and flake morphology.
All the area created in the pit is TASA, whereas
only part of the area created in the channel is TASA.
For the same catalyst activity, the ratio of TASA
created by pitting catalyst partictes to TASA created
by channelling catalyst particles is ry/f,. For graphite
flakes where r, > 1,, pitting catalysis are more ef-
fective in increasing TASA than channelling cata-
lysts. If increases in basal area are desired, however,
the only choice is to use a channelling catalyst. For
either catalyst type, the relative increase in TASA
at steady state roughness does not depend upon
the catalyst loading for active catalysts. For active
catalysts, the TASA development is dominated by
TASA developed within the pores. For either pore
geometry, the ratio of TASA inside the pore to the
area of the pore mouth is a constant. At steady state
roughness, the area of all the pore mouths approx-
imately equals the area bounding either the basal
planes for pitting catalyst particles or the circumfer-
ential area for channelling catalyst particles. The
TASA at steady state thus becomes a constant times
the appropriate bounding area, which is independent
of the number of pores or catalyst loading. However,
the catalyst loading or N is important in determining
the amount of burn-off required to reach steady state
roughness, because less burn-off is required for pore
mouth convergence when there are more pores. It
is possible to have a catalyst loading that is insuffi-
cient to affect the global rate via interfacial attack,
yet have a dramatic effect on the global rate via
roughening. Furthermore, because the TASA and
basal area have different functional dependencies.
the fraction of the total area that is TASA, in gen-
eral, does not remain constant during the burn-off
to steady state roughness. The ratio of total area to
TASA is 1 + (basal area)/ TASA. This ratio is ini-
tially 1 + ry/t, for & smooth (unpitted) graphite flake
but changes to 1 + L/vy for a flake at a steady state
roughness induced by basal plane pitting or 1 + ry/
LI1/B + wE/(4 i, N)] for a flake at a steady state
roughness induced by edge channelling. In either
case, the initial ratio of areas is not preserved. These
results dramatize the need for making TASA mea-
surements frequently during burn-off if reactivities
are to be normalized to TASA.

3.1 Application to SP-I graphite

For illustrative purposes the models were applied
to a representative flake of SP-1 graphite having the
characteristics exhibited in Table 2. In order to fa-
cilitate relative comparisons between the two types
of catalysts, the catalyst particle surface concentra-
tion and the catalyzed to uncatalyzed recession rate
ratio for the edge plane will be set equal to those of
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Table 2. Characteristics of SP-1 graphite typical {lake

flake dinmeter 2.92x10"° m

flake thickness  5.00x10°" m

density 2.285x 10° Kg/m?

initial volume 3.348x107 % m?
initinl weight 7.584x 107" Kg
initial TASA 4.587x107" m?®, 3.31 % of total area

initial total aree  1.385x 107" m’, 1.826 w’/g

the basal plane. The graphite flake is assumed to be
uniformly contaminated with 20 ppm of a catalyst
having a density of 2.0 x 10° Kg/m®, diameter of
2.0 nm, and B and v of 20. The basal arca wili be
contaminated with 96.69% of the total number of
catalyst particles, the edge area will be contaminated
with the remaining 3.31%.

Catalyst properties are interrelated by eqns 44 to
46. CATTASA is the projected total catalyst area
onto the carbon of one flake. Equation 46 shows
how the ratio of the catalyzed pasification rate to the
uncatalyzed gasification rate is calculated.

N e 15 graphite deﬂs'lty
catatyst density

(weight of cataiyst) ("r’;ﬁ:) (44)

weight of graphite/ \2rl,
CATTASA = NarZ, (45)
RJ/R, = CATTASA 8 {or v)/TASA (46)

Applying these equations along with the exact
equations to the case at hand yields values given in
Table 3. As expected, these values agree well with
those in Table 1. The steady state values for burn-
off are slightly higher than the corresponding values
for porosity due to the contribution from edge reces-
ston. Table 3 clearly shows that for ppm levels of
catalysts initially deposited on SP-1, the global re-
action rate increases mainly by virtue of a TASA in-
crease and not by virtue of the direct interfacial
catalyst attack. (Additionally, the TASA may recede
faster than the TASA in an uncatalyzed case due to
O, spillover.) Considering only the edge area to be
contaminated, Table 3 indicates that the interfacial
gasification rate is initially 8.18% of the uncatalyzed
rate and decreases by a factor of 20 to about 0.42%
entirely as a result of the increase in TASA. Al-
though the interfacial rate becomes less significant
with burn-off, the global rate increases with burn-
off by the same factor of 20 as a result of catalytically
induced roughening. Considering only the basal area
to be contaminated at the same catalyst surface den-
sity as the edge area, the results in Table 3 are even
more dramatic. The initial interfacial gasification

}. M. RanisH and P. L. WALKER, IR,

rate is 2.4 times the uncatalyzed rate, but decreases
by a factor of ~~620 to about 0.4% of the uncatalyzed
raie, again entirely because of the increase in TASA,
The global rate increases by a factor of ~620 during
the burn-off to steady state roughness. The pitting
catalyst interfacial rate becomes completely domi-
nated by the catalytically induced roughening of the
TASA. The total area increase for the pitting catalyst
is less than that for the channelling catalyst, because
only TASA. is created by the pitting catalyst. In both
of these cases, essentially all the burn-off occurs
within the catalyst created pores. Using the unca-
talyzed recessions to reflect time, the pitting catalyst
achieves 44% burn-off in about one tenth the time
in which the channelling catalyst achieves 28% burn-
off.

The numerical results in Table 3 for SP-1 graphite
show that the total area does not increase by the
same proportion as the TASA. For the channelling
catalyst, the total area increased about three times
more than did the TASA. For the pitting catalyst,
the TASA increased about thirty times more than
did the total area.

The approach to steady state roughness is illus-
trated in Fig. 3 for the channelling catalyst and pit-
ting catalyst cases as described in Table 3. In order
to neglect the volume of the catalyst particle relative
to the pore volume, burn-offs greater than 0.03%
are required for the channelling catalyst, and burn-
offs greater than 0.3% are required for the pitting
catalyst. For burn-offs less than these, the calculated
TASA and calculated total area will be too high. In
either case, all the values will increasingly approach
the calculated ones as the burn-off progresses. The
uncatalyzed case is shown for comparison. As ex-

Table 3. SP-1 graphite contaminated with 20 ppm catalyst

Edge Basal
Number of Catalyat Particles 5.97 » 10*  1.74 x 10°
Particle Surface Density, m™? 1.30 x 10" 1.30 x 1%
CATTASAJTASA, 4.00 x 1077 1.20 x 19!
{Re/ Rudinitiat 8.18 x 1877 2.40

Conditions &4 Sieady State Roughness

Unentalyzed Recession, m 1.88 x 1077 1,46 x 19~°
Burs-off, % 28.3 45.1
Porosity, % 26.3 44.6
TASA/Initial TASA 19.6 622.3
Total Areaf/Tnitial Total Area 634 216
(R.JR) 416 x 1077 3.85 x 107
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Fig. 5. Area and porosity development with burn-off:

of Table 3 maximum; -

pected from the equations, the total area and TASA
developed by catalytic roughening are roughly linear
functions of the burn-off up to steady state rough-
ening. This is in contrast to the roughly linear de-
crease in TASA and total area with burn-off for the
uncatalyzed case, Over the range of burn-off in Fig.
3, the porosity and burn-off are almost identical.

4. SUMMARY

Simple models were developed to calculate the
porosity, total area, totat active area, and catalyzed

total area/initial total arca as pereent

- - - TASAfinitial TASA as percent of Table 3 maximum; -- - - porosity.

to uncatalyzed gasification rate ratio as a function
of burn-off for graphite contaminated with chan-
nelling or pitting catalysts. The models were applied
to SP-1 graphite and showed that small loadings of
catalysts could increase the overall gasification rate
by surface roughening, which increases the uncata-
lyzed rate in proportion to the active surface in-
crease, without having a measurable affect on the
rate due to interfacial catalysis. These results dram-
atize the need for making TASA measurements fre-
quently during burn-off if reactivities are to be
accurately expressed in terms of TASA.
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