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Abstract—Upon the reaction of carbon with Oy, three products form: CO, CO,, and a earbon-
oxygen surface complex. The CO and CGO, are produced through two paths: (1) via a fleeting oxygen
surface intermediate and (2) via the breakdown of an oxygen surfuce complex. Q1710 and Q,18-18
were used in this study to ascertain the extent to which the breakdown of the surface complex contri-
butes to the formation of CO and CO, during the combustion of Graphen at temperatures between
505 and 555°C. The rate of complex breakdewn to CO and CQ, is a function of the total rate of
carbon gasification, the fraction of active surface area covered with complex, and the reaction
temperature through o participation factor. The fraction of the total CO and COy produced which
is contributed by complex breakdown decresses with incressing combustion temperature. In a comple-
mentary study, again using O, and O, it was shown that the ease of oxygen complex
desarption from the surface of Graphon is independent of its time of information.

1. INTRODUCTION

Mawny workers have been concerned with the
nature of carbon-oxygen surface complexes and
the kinetics of their formation from 0,.09 The
presence of these surface complexes drastically
affect the chemieal behavior of carbon surfaces to
gases and liquids.*~7

Recently it has been shown that carbon-oxygen
surface complexes play a significant role in the
combustion of carbon, when this combustion
occurs at relatively low temperatures.®» ? That is,
upon combustion three products are formed:
gascous CO, gascous CO, and a carbon-oxygen
complex. The complex builds up on the active
sites of the carbon undergoing combustion,
resulting in a decrease in reaction rate.t®+ * Most
recent studiest® have shown that meaningful rate
constants (&) for the combustion of Graphon in the
temperature range 575-675°C can be obtained if
the rate is given by A(Po.,) (ASA) (1-0}, where

ASA is the active site area and & is the fraction of

#*This work was supported by the National Science
Foundation Grant, G6023, the Atomic Energy Com-
mission on Contract No. AT(30-1)-1710, and the
Petroleum  Research Fund Grant, PRF-1361-A2 at
various times.

the ASA covered with complex. In this kinetic
expression, two significant conditions are taken as
operative: (1) The rate is proportional to the ASA
unoccupied by oxygen surface complex. (2} The
contribution of the oxygen surface complex to the
praduction of gaseous CO and CO, (by desorption)
is insignificant. That is, the majority of the gaseous
preducts comes from a flecting carbon-oxygen
surface intermediate. The amount of this interme-
diate on the carbon surfuce at any time is im-
measurably small.

This paper is concerned with the further
examination of the above conditions by the direct
measurement of the contribution which the stable
carbon~oxygen surface complex makes to the total
amount of gascous CO and CO, produced by the
combustion ef carbon, This study is made possible
by the use of both 0,61 and Q,18-18,

2. EXPERIMENTAL
2.1 Materials used
The carbon used in this investigation was
Graphon, which was produced by the heat treat-
ment of the channel black, Spheron 6, to 2800°C in
the absence of oxidizing gases. The original
Graphon has a very low ASA.? Since a relatively
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large arca was desirable in this study, the original
material was preoxidized at 650°C at an oxygen
pressure of (150 torr to 14.4 per cent burn-off.
Oxidation of the original Graphon to this burn-off
increased the BET surfuce area (calculated from
N, adsorption at 77°K) from 76 to 98 m*/g and
the ASA {caleulated from O, chemisorption at
300°C) from 0.22 to 2.2 m* g Following this
substantial burn-off, there was a negligible increase
in the ASA with the smalf, additional amounts of
oxidation resulting from the present study. Prior
to each combustion run, the preoxidized Graphon
samples were outgassed at Y30°C in vacuo {ca. 107°
torr) for 3 hr to cffectively remove all of the stable
carbon-oxygen complex  formed  during  prior
oxidation at 650°C.

The Q, enriched in O was obtained from the
Weizman Institute ol Science, Rehovoth, Israel.
This oxygen contained 98.4 atomic per cent OFF
(96.8 mole per cent O,'8718), 0.6 atomic per cent
0'7 and 1.0 atomic per cent O'°. The normal O,
used contained 99.76 atomic per cent O'°,

2.2 Apparatus

The reactivity apparatus was simple in design.
The Graphon sample was held in a 10 mm dia. by
60 mm long Vycor test tube which rested on the
bottom of a 2 em dia. by 35 cm long Vycor reactor
tube. The volume of the reactor system was 0.93 1.
The reactor was in turn connected to a reservoir
having a volume of 5.0 During a run, the reactor
was heated by a resistance furnace, with a tempera-
ture held to +1°C by an sutomatic temperature
controller. The entire apparatus was directly con-
nected through a molecular-flow leak 1o the
analyser tube of a modified General Electric mass
speetrometer. Since the gaseous products to be
analysed were CO, O and CO, with both O'® and
09 present, the masses of concern were: 28-CO'S,
30_(:018, 32_0216_16’ 34_0216—48’ 36—0218—15,
44-CO, 10716 46-C0O, '8 and 48-CO, 578,

3. RESULTS AND DISCUSSION
3.1 Desorption of the stable carbon-oxygen surface
complex
Prior to investigating the role which the carbon-
oxygen surface complex plays in the combustion of
Graphon, it was necessary to study the desorption
of the complex in the absence of combustion. As
has been reported previously,® ' the kinetics of
complex release obeys the Elovich equation, This

indicates an increasing activation cnergy for com-
plex removal, as the amount of coverage of the
surface with complex decreases. This change of
desorption activation encrgy with surface coverage
can be caused by surface heterogeneity'!- 1%
andfor by induced heterogeneity.!!?+ ' Indeed,
surface heterogencity does not necessarily produce
a changing desorption activation energy. It depends
vpon whether the prior adsorption is mobile or
immobile.t* 3! Be that as it may, we were concerned
as to whether the changing desorption activation
energy alse meant that the oxygen complex which
went on the Graphon surface first was the most
strongly held and consequently the last to be
desorbed as CO or CO,. I in fact, this wus the
case it would not be possible to use O'® in con-
junction with O'® to measure the role of the
carbon-oxygen surface complex in combustion, as
will be obvious shortly,

To label the complex with respect to its time of
formation, a 0.10 ¢ Graphon sample was heated to
280°C and exposed to O,'%7'% at a pressure of
(.49 torr for a period of 2.5 hr. At the end of this
exposure, the system was evacuated for 45 min at
280°C. Prior studies have shown that subsequent
evacuation at the temperature of complex forma-
tion results in the removal of a negligible amount
of complex.'”! The Graphon was now exposed to
O, 1818 4t 5 pressure of 0.44 torr for a period of
6 hr. Following each exposure period, the residual
gas contained <1 mole per cent CO and CO,,
indicating a very low combustion rate of O, with
Graphon at 280°C, as expected from previous
studies.’”? The total exposure time at 280°C
{8.5 hr) was sufficient, however, to essentially
saturate the active surface of the Graphon with an
oxygen complex.

The complex formed in this two-step exposure
was removed in increments by heating the Graphon
at a scries of temperatures between 280 and 880°C,
About 90 per cent of the complex was recovered as
CO; and, therefore, Table 1 gives only the cumu-
lative amount of each isotopic species of CO
removed, following outgassing up to and including
selected temperatures. The isotopic distribution in
the CO, was the same as that found for the CO.
It is scen that the concentration of CO' in the
carbon monoxide of the decomposition products
is ca. 23 mole per cent throughout the entire out-
gassing range, indicating that the time of formation
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PFRODUCT

FOLLOWING INITIAL TWO=STEP REACTION OF GRAPHON witit Opl5-M
AND Q181

Temperature (°C)

Pressure (tory < [0%)

Mole %, COM

con cos
400 0.72 0,23 242
300 2.60 0,77 22.9
600 6.02 1.66 21.6
700 13.7 435 24§
00 211 6.25 22.8
900 24.0 6.95 22.3

of the surface complex at 280°C had little effect
upon the temperature (its activation energy) of
removal.

3.2 Combustion of Graphau

T'o find the contribution of the surface complex
to the production of gascous CO and CO, during
the combustion of Graphen, reactions were con-
ducted between 505 and 535°C. First, samples
were exposed to initial O,''8 pressures of ca.
0.05 torr in order to cover a fraction of the ASA
with oxvgen complex. From the decrease in
0,81 pressure and the increase in CO'
and CO,'"™*¥ pressures, the amount of O'
complex formed could be ealculated by difference.
Following evacuation at reaction temperatures to
remove O,'%7'8 ynd the gasecus products, the
samples were exposed to O,'%71% at an initial
pressure of ca, (1,05 torr. The decrease in 0,1¢71°
pressure and the huld-up in CO and CO,
pressures  were followed continuously during
reaction. Following reaction with O,'7'8 the
reaction system was evacuated and the samples

Tasre 2.

were outgassed up to 880°C, in temperature
increments, to remove the oxygen complex.

Table 2 summarizes the results of the runs. It
should be noted that run # 5 was conducted with a
Graphon sample previously oxidized to 20.8 per
cent burn-off (ASA of 2.6 m* /g)."? It was desirable
to explore the effect of the extent of surface hetero-
geneity on the contribution of the oxygen complex
to the gaseous products formed during combustion.

As discussed previously,t?) the oxygen complex
builds up on the carbon surface during reaction,
appreaching a saturation ameunt. The saturation
amount progressively decreases (and covers a
smaller percentage of the ASA) with increasing
reaction temperature. For the runs in Table 2,
saturation coverage with O'® complex had not been
reached in any case, prior to reaction with O,16-1%,
In fact, in run 4k4 surface coverage with O was
less than 50 per cent of saturation coverage, as will
be scen shortly.

Results in Table 2 show that portions of Q'
complex were removed in each run during reaction
of the Graphon with O,'7'%, The results arc

RESULTS OX REACTION DETWEEN O:lﬁ'm AND GRAPHON SURFACES \WIHICH

ORIGINALLY CONTAINED sompe O compLex

Duration of Durarion of

n t iy b [
'y of initial O complex . .
0 * P Mote %, O in

" Temp. et s e . : . o inr ex '
Run 4k (”CJ! (..‘\S?:L(ill‘:)tﬁ L.\g(g:tg;(;)to 1I removed dlg:t:s;:“v::\posur(_ to T complex
H 303 2 1 0.483 3.9 76.0
2 330 2 1 0.42% 10.5 76.8
3 536 3 i 0.433 0.9 82.8
4 555 i 14 .371 51.2 20.6
5% 355 2 1k 0.368 16.0 634

*Craphon samiple used had 20.8%, burn-ofi.
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Fra. 1. 'Pypical reaction between 0,31 and Graphon, which had a fraction of its ASA
covered with O'8 complex (run dF 4 at 555°C).

expanded upon in Figs. 1 and 2, for run 24,
From Fig. 1, it is seen that the O'® complex
which left the Graphon surface ended up as both
CO'® and CO,'18 CO,'8-'% was observed
only when the complex was essentially all O'8,
and then it was only a very minor part of the
product gas. The results for CO, production are
thought to be of particular significance. That s,
there has been considerable controversy as to
whether CO, is a primary product of the com-
bustion of carbon. Workers in this laboratory
have recently concluded that CO, is a primary
product.®® 2} One of the main possibilities given
for the secondary production of CO, is the
reaction of CO with oxypgen complex.® Results in
Tig. 1 show that, even though some CO, may be
coming from this reaction, it is not the primary
source of CO,. That is, in the carly stages of the

®*At 555°C the equilibrium constant [CO)[C(GY}/
[COLCY], has a value of 43108 where C(O) is the
occupied ASA and Cr is the free ASAY. Since C(O)/Cr
is ca. 1, or greater, during the 0.1 reaction, COJCO,
is not greater than 4: 109, Therefore, equilibrium
favars the reaction CO-4-C{O)=CO--Cr under the
present conditions,

Fo—16G
2

reaction of Graphon with O most of the

complex on the surface is O'®. Despite this fact,

the rate of production of CO,'®'® considerably
1618

exceeds the rate of production of CO, in the

early stages of reaction.
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Fic. 2, Change in amount and composition of surface-

oxvgen complex during reaction between Qg% and

Graphon which originally had a fraction of its ASA
covered with O {run =4 at 355°C).
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The possibility of the exchange reaction,
CO'0 4 C{O)!B=COE 4 C(0)'®, affecting the pro-
duct gas composition was examined. An O'®
complex was formed at 355°C from OQ,®'8 and
the reaction volume was then evacuated. CO'®, at
a pressure of .05 torr, was introduced; and the
CO% and CO'® concentrations were monitored
for 2 hr. No exchange could be detected. Exchange
in the reaction, CO,'*~16 L C(O)182CO, 1618
C(0)'9, is also a possibility. However, since the
amount of CO, obtained was only 4. 15 per cent
of the total gas produced, this reaction was not
examined at this time. In any case, in the early
stages of reaction between Graphon and 0,618
exchange would proceed to the right, increasing
the amount of CO,'%~!8. Thercfore, our previous
argument on the relative unimportance of the
reaction, CO+4+C{O)—CO,+C5, in producing
CO, is still valid.

Figure 2 shows the build-up in oxygen complex
on the Graphon surface in run 4:4 and the change
in its composition during reaction with Q,'67'8,
The amount of O'® complex falls continuously
with reaction; however, the total amount of
complex builds up toward saturation coverage
since the net rate of 0% complex build-up exceeds
the rate of O'® complex removal.

Qualitatively, it can be seen from Tig. 2 that the
rate of removal of O'® complex is not solely pro-
portional to the amount of O'® complex on the
surface. Further, if the activation energy for the
removal of complex were to decrease with increas-
ing coverage because of induced heterogenceity, the
rate of 0% complex removal would go through a
maximum with increasing reaction timein 0,618,
This is seen to not be the case, Rather the rate of
O'® complex removal is given by

d(OI'L[ﬂ)
T dr

d(Cg)

= T{0"") —F €y

where '8 is the fraction of ASA covered with O'8,
d{Cpdidt is the rate of total carbon gasified (inclu-
ding that from complex decomposition) and 7 is
a participation factor (that is, a factor reflecting the
participation of the complex in producing gascous
CO and CO,). If we choose small increments of
carbon gasified, (ACe), we can calculate the
carresponding increment of O'® complex removed,
{AOE.)i, and the average 0'%, (8%, for the incre-

ment. Equation (1) can now be written in the form
{time independent)

(AO m)x H(G1 8)i{Acg)i' (2)

From equation(2)it is scen that a plot of Zi(AO&M)if
(0'%); versus Z(AC.)i should be a straight

line of slope TI. Figure 3 shows a typical plot
obtained from the experimental data for run 44
A straight line Is obtained of slope 0,371, The other
runs listed in Table 2 also gave straight line plots
for the reaction of Graphon with 0,571 The
values of the slopes are reported in Table 2

Before examining further the implications and
significance of the participation factor 11, it is
desirable to consider the results of outgassing the
complex following reaction in O,'%~'8. Figures for
the mole per cent O'® in the final complex are
given in Table 2. As found previously upon out-
gassing the complex formed at 280°C, the ratio of
0'¥ to 0% in the CO and CO, recovered was
independent of degassing temperatore up to 886°C,
This result takes on added importance in this case,
however, since there was some gasification of
carbon between the time the O'® complex was
placed on the surface and the residual complex
conhining 0" and O was removed by out-
gdsbmg It might have been thought that progres-
sive alteration of the surface through gasification
would have produced a dependency between the
time of complex formation and its ease of removal.

On the basis of the above result, it appears
reasonable to extend the interpretation of T to
include removal of both the O'® and 0'% complex
from the surface during combustion, That is, from
Fig. 3 I1 has the units of O'® removed from the
complex per carbon atom gasified per fraction of
ASA covered with O'® complex. If the ease of
removal of complex is taken to be independent of
the time of its formation, the units of IT can then
be taken as O'8 4+ 06 removed from the comples
per ecarbon atom gasified per fraction of ASA
covered with O'® 4 0O'® (or total) complex.

The amount of complex removed per carben
atom gasified is scen to be a function of tempera-
ture as well as coverape. At tlis time, it is not
understood  why the participation  factor for
complex removal is a function of combustion
temperature. The relationship is plotted in Fig. 4
for the three reaction temperatures studied for
coverages between zero and one {of course, maxi-
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Fra. 4. Atoms of oxygen complex removed per atom of
carbon gasified as a function of reaction temperature and
ASA covered with complex.

mum coverage at these femperatures is less than
one). With increasing reaction temperature and at
saturation coverage, the amount of complex
removed per carbon atom gasified decreases both

because of a decrease in TTand because of a decrease
in saturation complex coverage,

it is now obvious that the rate of carbon gasifi-
cation is given by the sum of two terms. That is

—d(C,) P (o
.mma";w—l‘c(l ) (CASAY (1 - 0)—TI(D) T (3

+

where the first term is the carbon gasified through
a Hecting carbon-oxygen surface intermediate, as
previously discussed,t? and the second term is the
carbon pasified by breakdown of the carbon-
oxygen complex. In the second term the atoms of
carbon gasified are equated to the atoms of oxygen
complex removed since most of the product gas is
CO. Equation {3) can be rearranged to give

—d(Cp) _ kel(Po,) (ASA) (1 -0)

d¢ [1-TKH]
Let us consider the reaction between O, and
Graphon at 625°C, since it was previously shownt®

that the kinetics of this reaction are reasonably
well approximated by taking into account only the

4
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first term on the right-hand side of equation (3).
One typical result shown was the variation in kc
with reaction time for the 14.4 per cent burn-off
sample. Between a reaction time of 6 and 30 min,
ke increased more or less monotonically from 4.9
to 6.9, From a linear extrapolation of the IT versus
temperature results in this paper, IT=0.207 at
625°C. At 6 and 30 min, the § values are ca. (.25
and (.70, respectively, Some of the increase in &c
with increasing reaction time then can be attributed
to previousty ignoring the fact that [1—(T10)]
decreases with increasing reaction time (or that the
complex is contributing to the reaction products).

Values of k¢ were also caleulated for Graphon
samples with burn-offs from 3.3 to 34.9 per cent
from rate data in the region where the surfaces had
closely reached saturation coverage. They were
found to be essentially independent of burn-off.
Considering that F has been found in this paper
to be independent of burn-off for the 14.4 and 20.8
per cent reacted samples and that ¢ at saturation
coverage only varies from Q.08 to 0.81 at 625°C
over the burn-off range studied,!®’ the essential
constancy of fc appears reasonable. The Z¢ values
are high, however, by about 20 per cent.

As discussed previously, the kineties of desorp-
tion of oxygen complexes on carbon obey the
Elovich equation, indicating an increasing activa-
tion energy with decreasing surface eoverage. It is
of interest that the case of breakdown of the
complex to gascous products during the com-
bustion of Graphon is not dependent upon the
extent of complex coverage of the surface. That is,
ITis independent of 8, which is shown very well in
Tig. 3 for run 4k4. At the beginning of the reaction
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of the Graphon sample with Q,15-1% iy this run,
complex coverage was less than 50 per cent of
saturation coverage. Despite the fact that the
coverage continued to increase during the reaction
with 0,118 (as seen in Fig. 2), the line drawn
through the data in Fig. 3 is of constant slope
throughout the run. The authors plan to examine
this phenomenon more completely.
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