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rate at which samples renct is largely controlled by chemical renc-
tivity at the reaction site and steps 3 and/or 4 are controiling.
The bulk density profiles of graphite rods reacted at 1100° C.

_indicate that gosifieation occcurs to a greater extent in the outer

Jportions of the sample. The increase in temperature above
900° C. haa increased the reactivity of the graphite more than the
transport properties, so that the reastant can no longer be sup-
plied with a negligibly small concentration gradient. Therefore,
the concentration decreases with increasing depth of penetration
and the reaction rate diminishes in the sample interior.

At 1300° C. diffusionsl effects become even more pronounced,
and the reaction oceurs predominantly in the outer portion of the
enmple, After the resctant has penetrated approximately 0.20
cm,, the material at the external surface has been reduced fo a
bulk density of about .33 gram per cc. and st this point particles
begin fo fall from the sample, It is apparent that upon subse-
quent gasification, the rate at which the reactnnt penetrates
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radially must become equal to the rate of decrense of outer sample
radius; therefore, a reaction zone of constant thickness must re-
sult. The rate at which the integral resction rate at 1300° C. de-
creases in Figure 11 is approximately proportional to the mean
radins of the resction zone. This supgests that the rate-de-
ereasing period is due to a smaller volume of graphite undergoing
reaction.

Utilizing the family of differentisl reaction rates obtained from
data on bulk density profile, it is possible to caleulnte integral
reaction rates of cylindrieal snmples at 1100° C. which agree
elosely with those actunHy measured ab various reaction times.
TFrom these results, it would appear that there is little signifiennce
to the extended constant reaction rate zone nt 1100° C. for the rod
samples, A limited amount of data from plate samples at the
spme temperature indicates that the extended constant rate zone
is not & general condition.

(Reaction of Artificial Graphite with Carbon Dioxide)

SURFACE AREA DEVELOPMENT WITHIN ARTIFICIAL GRAPHITE RODS
REACTED WITH CARBON DIOXIDE FROM 900° TO 1300° C.

E. E. PETERSEN, P. L. WALKER, JRr., ANp C. C. WRIGHT

The Pennsylvania State University, University Park, Pa.

Gt EVERAL investigators have noted that partinl gasifiention

of carbon results in an inereese in the total surface area as de-
termined by heat of wetting (4) and by low temperature gas sorp-
tion (g, 23). The rate at which a semple reacts at a given instant
should be proportional to the total surface srea, provided each
unit ares in that sample is reactive to the same extent and the
rezction ia not controlled by mass transport—i.e., diffusion and/or
mass flow—of the reactant from the bulk grs phase to the reac-
tion site and ‘mass transport of the praoduct from the renction
site to the bulk gas phase. Under these conditions, s reaction is
chemically controfled—that is, the steps of activated ndsorption,
chemical reaction, and/or netivated desorption are slow com-
pared to the rates of mass transport of the reactant to and product
from the reaction site, and therefore, only small eoncentration
gradients are necessary to maintain the necessary transport rntes
go that the concenfrations of reactant and product are essentially
the snme ns in the bulk gns phase. On the other hand, if the
renction is diffusion controlled, there would probably not be a di-
rect proportionality between total surface area and the rate at
which s sample gusifies ot o given reaction temperature,

Walker, Foresti, and Wright (25) have presented quantitative
information on the total surface ares developed within graphite
rod samples when portially gasified at various femperatures.
Trom their data, it is possible to compare Arrhenius plots on the
basis of weight loss per unit time per unif srea and eof weight
loss per unit time. This has been done in Figure 11.  The magni-
tude of the activation energy decrenses from ahout 48 to approxi-
mately 33 keal. per mole (the plot based upon total surface area is
not linear). It has been customary te express reaction rates of
heterogeneous reactions in the form of Arrhenius plots without
taking into account the total surface area, presumably hecause the
ymagnitude of the total surface of the sample was not lknown,

- However, expressing the renction rates on a per unit area basis de-

cresses the magnitude of the activation energy and raises the
question as to which basis is fundamentally more eorrect. The

partial answer to this question may be obtained, considering that
the apparent activation energy of a frat-order chemieal reaction
occurring in a uniform eylindrical pore in which diffusion snd
chemical reaction rates are simultanecusly important is exactly
vne half the true activation energy of the chemical reaction, as
iz shown by Wheeler (25). The decrease in activation energy
noted for the graphite rods appears to be evidence that in the
temperature region between 900° and 1200° C. diffusion and
chemienl reaction are simultaneously important and a unit of
surface deep within the sample does not renct as rapidly as one
near the periphery of the rod. It would be predicted from
this anglysis that, st a given reaction temperature, the over-
ali rate of gasifiention of graphite rods would not be propor-
tional to the total surfoce ares of the sample.

A series of five artificial graphite samples was pretreated by
geaifying in carbon dioxide at 1225° C. to develop a large surface
aren. Dach sample wns then made {o renct at a tempernture
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Figure 13. Surface areas developed as

measured by low temperature sorption of
carbon dioxide on reacted graphite samples

wwm Arens developed within snmples reacted to 1-gram
weight loss at constant temperature
—~—Burfece areas within samples reacted to I-gram
weight [ogs at 1225 ° C. to develop aren of 52.5
agunre meters then 2-gram loss ot constant
tempernture

differing from the pretreatment temperature to determine the
effect of the large ares on the reaction curves. The attendant sur-
face srea adjustment. resulting from reaction af the second tem-
perature was subsequently measured.

DISCUSSION

Five graphite samples, initially weighing 9.5 grams, were pre-
treated by reacting with carbon dioxide at 1225° C. to 2 weight
loss of 1 gram to increase the area of the sample from an initinl
value of 5.2 to 52.5 square meters in each sample.  Subsequently,
the samples were made to react to an additional weight loss of 2
grams, ab different temperature. Figure 12 shows the reaction
curves for the pretreated samples gasified at 1000°, 1100°, 1200°,
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amd 1300° C. At ench resction lemperature excepb the latter,
{he curves exhibit an inerensing reaction rate which approsches o
constnut value with time. The finul rates recorded on Figure 12
are in good agreement with the rates observed for semples rencted
entirely at the same lemperature (23). The 1300° C. run bega
with a grester rate, which decrensed with time to a value approxi-
mately that of Figure 12 at 13006° C.

Figure 13 is o plot of the surface arens of the samples as deter-
mined by low temperature sorption of carhon dioxide.  Although
each sample started with an srea of 52.5 square meters, the magni-
tude of the areas ehanged upon subsequent reaction to values
charscteristic of the latter renction temperntures—that is, the
aren of a pretreated swnple chenged from 32.5 to 28.6 square
meters when reacted for & 2-gram weight loss at 1300° C.  This
is approximately the same arex obtained when an unreacted
sample is reacted to o I-gram weight loss at 1300° C.

It is apparent that the observed rates of renction are not
simple, direct functions of the total availuble surface ns defer-
mined by the low temperature gas sorption technique, as might
be predicted if the reaction was chemical resction controiled.
The complex relationship belween total surface aren and the ob-
served reaction rate suggests that diffusion within the praphite
pore system is rate controlling ot reaction temperatures between
900° and 1300° C. Therefore, the concentrption decreases with
inereasing depth of penetrution within the graphite rods.

Area developed s a result. of partisl gasification is perhaps due
to development of small shalloew pores within the solid, which can
be increased or decremsed depending upon the temperature ot
which further reaction is carried out. Such an effect might be
aeccounted for if the initinl graphite samples are considered to be a
particulate system with the initial 309, porosity largely due to a
capillary system between particles, The high surface area de-
veloped upon partial gasification then results from a large rumber
of pores developed within these particles. Thus, when samples
are partially gnsified at one temperature, a shallow pore syster -
develops within the particles, which is removed upon furthe
gasification at another tempernture and replaced by a pore system
characteristic of the latter temperature. Presumably, the depth
and diemeter of such a pore system are determined by the intrin-
sic renctivity of the graphife and the rate at which renctant and
produets can diffuse in and out, respactively, at various reaction
temperafures,

(Reaction of Artificial Graphite with Carbon Dioxide)

UNIFORM GASIFICATION OF ARTIFICIAL GRAPHITE
WITH CARBON DIOXIDE AT 1100° C.

E. E. PETERSEN

The Pennsylvania State University, University Park, Pa.

HI reactivities of two forms of carbon in their reaction with

carbon dioxide should be compared on the basis of how rap-
idly & unit surface reacts when the concentration of reactant ad-
jecent to that surface is unity, or the so-called intrinsic resctivity.
Hf the transport of reactent to and the products from the reaction
site tnles place with a negligible concentration gradient in the
pore system, the integral or measured reactivity will be pro-
portional to the intrinsic resctivity and the proportionality factor
will be the total nceessible aren of the semple. However, if ap-
preciable concentration grodients exist within the pore system,
the integral renctivity will no longer be propertional to the reac-
tivities (15).

UNREACTED SAMPLES

The size anslysis of the petroleum coke flour was determined
by a combination of & sereen and a microscopic analysis of the
~2300-mesh fraction, The technique (20) essentinlly consiats of
counting the number of particles within designated size intervals
sod transloting the data into a cumulative frequency plot in
which the number of particles, ¥, greater than size r, is known as
a function of the radius of the particle, r. To cover the larpe scr’
range, it is convenient to work with a plot of log N vs, log», The
weight of the particle system can be expressed in differential
form in terms of M and r ag:



