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Abstract—The effect of diluent gases on gasification rates of the C-0; and C-CO; reactions bas been studied. At
equal starting pressures of reactant and diluent, rates for both reactions are: No > Ar> He. For the C-CO; reaction,
the presence of a diluent results in higher gasification rates than when no diluent is present in the order:
Xe > Na > Ar., Possible reasons for the diluent effects are discussed.

1. INFRODUCTION

Recently it has been noted that the rates of some
heterogencous catalytic reactions are affected by the
presence of different “inert” difuent gases[1-3]. The most
prominent example is the catalytic oxidation of SO: overa
vanadia catalyst. Also the rates of solid state reactions
and phase transformations are reported to be affected[1].
Explanations for the effects include: (i) enhanced rafes of
desorption of product species as a result of collision of
diluent molecules with them, (i) differences in the
efficiency of removal or input of heat upon collision of
dijuent molecules with active sites, {(ili) changes in the
mobility of reactant amdfor product species on the
surfaces and (iv) van der Waals adsorption of diluent at an
activated complex in the reaction and thereby affecting
the bonding between the activated complex and the
surface.

In the case of carbon gasification, no “inert” diluent gas
effects on rates have been reported, to the authors'
knowledge, that could not be ascribed 1o rate retardation
because of increased resistance 1o diffusion of reactant to
the carbon surface. In this study, possible effects of
diluent on the rates of the C-0; and C-CO, reactions have
been examined under conditions where diffusional
limitations in the gas phase were not a significant factor,

2, EXPERIMENTAL

2.1 Apparatus

2.1.1 C-Q- reaction. The apparatus used 1o measure
rates of the C-O» reaction consisted of the following
sections: gas purification, gas storage, gas dosing and
reactor. Weight decrease of the carbon during gasification
was followed using a quartz beam microbalance of the
type designed by Gulbransen{4]. H had a sensitivily of
167 g. The apparatus is described in detad] elsewhere{5].
Briefly, the microbalance housing was made of Pyrex,
with the balance itself resting on a quartz block accessible
through a 53/30 ground glass joint. The horizontal balance
housing was connected to the vertical reactor tube and a
counterweight tube throngh two water cooled joints.
Removal of these joints permitted the addition of the
sampte and counterweight. The reactor proper was a
mullite tube.

The carbon sample was held in a quartz boat suspended
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from the balance by a platinum wire. The system was
evacuated through a mechanical pump and an oil diffusion
pump. Prior to reaction, the sample was outgassed at
956°C to 2 vacuum of 107 torr for 90 min.

2.1.2 C-CO- reaction. To follow the rate of the C-COy
reaction at low pressures the rates of disappearance of
CO, and appearance of CO were followed using s CEC
Type 26611 mass spectrometer as  described
previousty[6]. Molded graphite plates were suspended
from a mullite rod in the vertical quartz reactor tube. The
reactor system (11.61) was connected directly to the inlet
leak of the mass spectrometer analyzer tube. Because of
the large reactor volume, the amount of gas removed at
intervals for analysis had an insignificant effect on the
total pressure in the reactor,

The reactor tube was surrounded with a quartz jacket.
The space between the reactor and jacket was kept
evacuated 1o a pressure of < 0,25 mtorr. rior to reaction,
samples were outgassed at 1130°C for 12 hr, using an oil
diffusion pump, to a vacuum better than 107 torr.

2.2 Materials used

2.2} Carbons. For the C-0. studies, a P-33 gas
thermal black ebtained from Cabot Company was used. It
was heal treated at 2700°C for 2hr. It had the following
properties: BET surface area, {2 m'fg; particie diameter,
2000 A; ¢-spacing, 6.80 A; L, 140 Aand L, 125 A.

For the C-COh studies, SP-1 spectroscopically pure
natural graphite from the Carbon Products Division of
Union Carbide was used. It was supplied in the form of
flakes aboul 0.3-0.5um in thicksess and 3pum in
diameter[7]. It had a BET surface area of 1.8 m/g, a He
density of 2.25gfem’, and a c-spacing of 6.7082 A. This
graphite was highly crystalline, with excellent crystallite
alignment within the particle. Total impurity content of
the graphite was <[ ppm. Artifacts were prepased by
compacting the graphite at room temperature and
100,000 psi into plates 1/16 and 1/§in. in thickness. The
graphite plates were heat treated to 2500°C to remove
impurities possibly added during compaction.

When the graphite plates were gasified with CQ:, their
rate of gasification per unit starting weight increased
continuously with reaction time until a. weight loss of
about 10% was produced. Between 10 and 50% weight
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loss, the gasification rate was constant. Therefore, prior to
kinetic studies the plates were gasified lo 10% weight loss
at 1150°C in a flowing 10%C0-90%C0; atmosphere at a
total pressure of 1atm. Carbon monoxide was added to
make possible uniform gasification through the plates[8].
Unlike the C-0; reactivity studies where a new sample of
carbon was used for each run, for the C-CO: reaction one
carbon sample was used for all runs, with burn-off for
each run being <0.1%.

2.22 Guses. All gases were obtained from the
Matheson Company. They had the following minimum
purity: O, 99.6%; N, 99.7%; He, 99.99%:; Ar, 99.998%;
CO:s, 99.99% and Xe, 99.995%.

3. RESULTS

3.5 €-0: reaction

All reaction rate determinations were carried out at
O.1atm total gas pressure and reaction temperatures
between 350 and 616°C up to burn-offs of about 4%. Using
a fixed outgassing procedure, duplicability of gasification
rates, expressed as weight gasified per unit time per unit
starting weight, was within 2% in all cases. Burn-off
plots were independent of sample weight, between 0.0250
and 0.0500 g, indicating that diffusional resistance of
reactants and products through the porous carbon bed had
a negligible effect on reactivity. The activation energy for
reaction calculated from Arrhenius plots was 55z
2 kealimole over the burn-off range 1-4%.

While maintaining the total pressure at 0.1 atm, the
partial pressure of O. was varied from 0.075 to 0.025 alm
by the addition of Na, Ar or He. Fipure | presents
gasification runs at 616°C. In every case the rates, in
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Fig. 1. Reaction rate curves at 616°C and 0.1 utm total pressure for
different partial pressures of O: and different diluents.

decreasing order, are: 0Nz, O-Ar and O--He. Similar
results were found at 598°C.

3.2 C-CO: Reaction

The reaction was conducted at 1100°C with starting
partial pressures of €O and diluent of 50 mtorr each.
Thus the total starting pressure was 100 mtorr in all cases,
except when no diluent was added. At this low pressure
the rate of the C-CO: reaction, which is normally given by
the expressionig):

klpC();

Rate = w2
ate 14 kapeo + kapea,

(1)

is found to simplify to
Rate = kypeo, @

That is kapea + Eapeo, are small compared to one. Thus
plots of logpeo, vs time gave straight lines for con-
sumplion of peo, up to at least 80%, with the slope of the
line equal to ~2.3k,. As described recently[10}, dupli-
cability of &, from run to run is only Fair because of the
strong inhibiting effects of traces of H,, which may be in
the reacting gas and/or on the reactor walls, Gasification
rates were independent of whether plates 1/8 or 1/16in. in
thickness were used, indicating that diffusional resistance
had a negligible effect on reactivity,

Table | summarizes reactivity results for all runs made.
Without doubt, the presence of the diluents N: and Xe
significantly increases the rate of the C-CO, reaction.
Probably Ar also increases the reaction rate, with the
effect of He being questionable, Particularly striking is Xe
which approximately doubles the gasification rate.

4, DISCUSSION

In the course of these studies on the C-O» reaction in
1959, concerned with reaction orders, the diluent effect on
gasification rates was first discovered. The effect was
unexpected and in the absence of an explanation was not
reported in the open literature. This was followed by
additional studies of the diluent effect in 1965. In this
second study we altered & pumber of conditions to see
if the same diluent effects were found. In the 1959 and
1965 experiments the following were different: {i) the
C-0: vs the C-CO. reaction, (i) measurement of
gasification rate by weighing vs gas analysis, (i) a
graphitized carbon black of relatively small crystallite size
vs a large crystallite size natural graphite, (iv) a total
pressure of 76torr vs 100mtorr and {v) 8 maximum
temperature of 616°C vs HO0C. For both experiments,
there was an effect of diluent on gasification rates: and in
both experiments the effect was qualitatively the same.
That is, reactant~-N: showed the greatest rate, reactant-Ar
was intermediate in rate and reactant—He showed the
lowest rate.

Some of the possible reasons for this diluent effect can
be considered and some possibilities can clearly be
eliminated. One possibility is the presence of critical
impurities of varying amounts in the diluent gases, The
two critica] impurities which come {o mind are O and H..
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Table 1. Summary of &, values for C~C(; reaction at 1100°C

Rung

kl’ g ccfg sec mole

Gag Made

CGZ 3 567 + 143
CDE—HC H 667

€0, ~At 1 787
COZ—N2 2 932 & 115
€O, ~Xe 2 1300 & 103

Since the C-0. reaction is much more rapid than the
C-CO: reaction]9], trace amounts of O. in the diluent
gases for the C-CO, reaction could affect this reaction
rate. However, this could not explain the diluent eflect for
the C-0- reaction, Hydrogen has been shown to markedly
inhibit the C~CO» reaction]10], and trace amounts in the
diluent gases could have variable effects. But addition of
diluents did not decrease gasification rates; rather #
increased rates. Therefore, explanations other than
impurity effects are needed.

Mass lransport effects in the gas phase can be
¢liminated. That is, the addition of an inert in the C-CO-
studies doubled the pressure; thus it would have increased
diffusional resistance. However, diluent addition in-
creased the gasification rate. It would seem that mass
transport effects on the carbon surface can also be
climinated. That is, gasification in part can be occurring by
the dissociation of the reactant at impurity sites followed
by the diffusion of an oxygen atom across the surface to
an active carbon site where gasification occurs. At
particular conditions of temperature and pressure, more
diluent Xe {critical temperature, 16.6°C) than He (critical
temperature, —268°C) will be adsorbed on the carbon
surface. Thus Xe would be expected to decrease the rate
of surface diffusion of oxygen stoms to a greater extent
than would He. However, the gasification rate in CO:-Xe
is clearly greater than in CO--He.

Collisions between the intermediate oxygen surface
complex and diluent may lead to an enhanced rate of
removal of the complex as CO or CO; (that is
pasification). Desorption of the complex is assumed to
oceur if the translational energy transfer from the diluent
molecule to the surface complex during the collision
exceeds the activation energy for desorption. This was the
explanation originalty put forth by Baron et al{}1] to
explain their findings that the oxidation of SO. over a
V.0, surface to produce SO, was enhanced by the
presence of a diluent. Goodman, however, carefully
considered this possibility on a theoretical basis and
concluded that the enhancement of thermal desorption by
collision desorption would be negligible in all cases he
could conceive of [ZL

One might invoke a microscopic heat transfer ar-
pument. That is, for example, the C-O: reaction is
exothermic; and, therefore, following gasification the new
carbon surface site can be considered a “thermal spike”.
Its effcctive temperature is greater than that of the mean
temperature of the solid (carbon). Heat removal fron this
site would occur via both conduction in the solid and

coltisions with molecules {rom the gas phase. Assuming
an infinite heat sink in the gas phase and a particular
temperature and pressure, the rate at which heat would be
transferred away from a “thermal spike” would be
essentially proportional to the product of the number of
collisions with the site per unit time and the ac-
commodation coefficient of the gas molecule. The more
rapidly the “thermal spike” cools down to the mean
temperature, the lower the probability that collision with
0, will lead to & new gasification event. At a particular
temperature and pressure, the number of collisions with a
site per unit time is proportional fo the mean molecular
velocity of the gas The velocity for He is roughly three
times that of N: or Ar. Unfortunately, accommedation
coefficient data for these gases on carbon surfaces at
gasification temperatures appear to be lacking. In any
event, the “thermal spike™ argument cannot explain the
diluent effects, if one considers that the effect was the
same for the C-0. and C-CO: reaction. That is, the
C-CO- teaction is endothermic and a gasification event
would leave the new surface carbon site at a temperature
lower than the mean lemperature. In this case, the more
rapidly the site apain attained the mean temperature the
greater the probability that collision with CO» would lead
to a new gasification event. Thus the effect of He, Ar and
N: on C-CO, gasification rates would be expected to be
the inverse of that for C-0; gasification rates. Such was
not found to be the case experimentally.

To be able to eliminate completely the microscopic heat
transfer argument, one should not only comsider the
over-all gasification reactions but also the first step in both
the (=0 and C~CO: reactions, that is the oxygen transfer
step. Indeed, Long and Sykes suggest that the major
reason the C-Oh reaction is much more rapid than the
C-CO: reaction is because of differences in the oxygen
transfer step[12], They say that since dissociative oxygen
chemisorption is exothermic {this is the oxygen transfer
step in the C-0; reaction), each oxygen atom so adsorbed
must possess at first an exceptionally high vibrational
eneray. After a small number of escillations and collisions
with pas phase molecules, this energy will have beea
distributed such that the oxygen atom attains the same
energy as the mean energy of the solid. However, before
the excess energy is dissipated, Long and Svkes suggest
that it might be vsed o overcome the large activation
energy required to disrupt the carbon lattice (gasification).
For the C-CO: reaction the oxygen transfer step is
reported by Ergun to be 23 keal/mole endothermic[i31,
Hence, again the microscopic heat transfer argument
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cannot explain the similar effects of He, Ar and N; on the
C-0, and C-CO, reactions.

Hudgins and Silveston{1] raise another possible ex-
planution for the diluent gas effect, as an extension of
Forestier's explanationf14]. They suppose that there is
physical adsorption of difuent at an activated complex
which loosens the bonds with the solids, permitting more
rapid desorption than in the absence of the diluent. Put
another way, the interaction of the diluent with the
activated complex modifies the potential energy vs
distance from the surface path for desorption (gasification
in our case} in such a way that the activation enerpy for
desorption is reduced. Hudgins and Silveston[1] rule out
this explanation for the difuent effect in the oxidation of
S0 to 50; over V0. Based on dispersion and repulsion
interaction terms, it is estimated that the interaction
energies with the sctivated complex would increase as
one goes from He o Arto Xe[15). Further, the interaction
energy with N should be greater than that of Ar because
of quadrupole interaction due to the quadrupole moment
on N, If greater interaction means a greater weakening of
the bonds between the activated complex and the solid,
the predicied pasification rates would be in the order
Xe > N.> Ar> He. Therefore, it seems that this ex-
planation cannot be ruled out in our case, but the
explanation lacks firm theoretical justification at this time.

At least one additional, seemingly possible, justification
for the diluent effect is proposed by us. It is based on two
well-known experimental facts. First, nascent or highly
reactive carbon sites are produced continually during
carbon gasification. Examples of this phenomenon re-
ported in this laboratory include: {i) an enhanced rate of
the C-CO, resction in the presence of desorption of
oxygen complex producing CO, where the complex was
formed at a lower temperature from O,{16}, {ii) greatly
enhanced formation of stable oxygen complex from O,
while gasification in O, occurs as contrasted to where
negligible gasification is occurring[£7] and (i} enhanced
dissociative chemisorption of chlorine on carbon in the
presence of a desorbing oxygen complex compared to
chemisorption on a clean carbon surface[18). Second, is
the observation originally by the Mrozowski school[19]
that positive holes are formed in carbon by electrons
jumping from the + band to the o state, forming a spin
pair at the edge of the crystallite. Or put another way,
sp’~s’p” rehybridization is expected 1o occur at some
carbon stoms located at crystallite edpes{20]. Indeed
Coulson concludes that such rehybridization is ener-
getically favored [20], The net effect is to convert a carbon
atom having an unpaired electron on it to one with no
unpaired electrons. 1t is suggested that the nascent sites
produced by gasification are those with unpaired electrons
on them (sp’ sites) and at some rate these sites
rehybridize to 5°p° sites, which are less reactive towards

0. and CO:.. Possibly the rate of rehybridization i
affected {stowed) by interaction with diluent gases, the
greater the interaction the slower the rehybridization rate.
If this were the case, rehybridization would be slowest in
Xe and most rapid in He. On average, the fewer the
nascent carbon sites which have undergone re-
hybridization before a collision with 0. or CO., the
greater should be the collision efficiency for the oxygen
transfer step and, hence, subsequent gasification, Thus
the gasification rates in the presence of a difuent should
be: Xe > N:> Ar> He. This is found experimentaly for
both the C-0, and C-CO; reactions,

In1 conclusion, the authors are convinced that there is 4
dituent gas effect on carbon gasification. An understand-
ing of this effect awaits further theoretical treatment,
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