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Abstract—Graphon, a highly graphitized carbon black, was first oxidized to cight levels of burn-off
between 0 and 35% to introduce varying amounts of active surface area. Following the cleaning of the
activated samples by heating at 950°C in a vacuum of 1070 torr, chemisorption of oxygen between 300-
625°C wus studied. Ata low O, pressure, i.e. 05 torr, the saturation amount of oxygen adsorbed sharply
increased ut temperatures sbove 400°C, suggesting the presence of at least rwo types of active sites. The
kinetics of the reactivity of O, with the Graphon samples was studied between 450-675°C. From the
kinetics, the number of the more active sites could be determined. For the Graphon sample of maximum
burn-off, the arca occupied by these sites is 3-5 m®*/g or about 3%, of the total surface. This value agrees
closely with that abtained from low pressure O, chemisorption results at 300°C. The rate of axvmen
interaction on the more active sites (I} is given by koy(£)ps, TAS(H[1 0 {NT?, where ko {l)=1-6 % 10-5

exp {—29,000/RT) cm sec™L,

1. INTRODUCTION
THE rREACTION of carbon with O, produces gaseous
carbon oxides and surface oxygen complexes. The
first step in the reaction is the chemisorption of
oxygen on the carbon surface to form these surface
oxides, The gascous products are formed by the
decomposition of the surface oxygen compounds.
It is generally assumed that the reaction takes
place on certain selected portions of the surface
known as active sites. The reactivity of a given
sample is determined by the extent and the
reactivity of these active sites. Three methods
have been reported in the literature for measuring
the total active sites on Graphon surfaces,
Graam*! and Grrrerras ef ol*) used the low
coverage end of N, adsorption isotherms, measured
at 78°K, to estimate total active sites. HEALY ef
al®®) measured water adsorption on Graphon
samples containing surface oxides, They reasoned,
first, that the oxides covered active sites and,
second, that water would only adsorb on the frac-
tion of surface covered by oxygen. LaINE and co-

*Based on & Ph.D), Thesis by R. O. Lussow, Pennsy}-
vania State University, December, 1966,

tPresent address: Internations! Business Machines
Corporation, East Fishkill Facility, Hopewell Junction,
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workers®~® measured the amount of oxygen
chemisorbed at 300°C when exposed to O, for 24
hr. For Graphon samples activated by prior oxida-
tion to burn-off levels between 0 and 359, the total
active area ranged from 1-1 to 189, of the BET
surface by the method of Grirrrtas ef al., while
the method of LAINE ef al. gave values of (-3~
3-29, of the BET surface. The latter values were
shown to be an index to the reactivity of the
activated Graphon surface toward O, at higher
tcmperatures.

The reactivity of carbons decreases as stable
oxides accumulate on their surfaces. These surface
oxides can be removed by thermal decomposition
at temperatures in cxcess of their formation
temperature. Removal of the oxides will restore
the original reactivity to the surface. At present,
little is known about the exact nature of these
surface oxides. WaLken et o/(" have shown that
the decrease in reactivity as these oxides accumu-
late on the active sites cannot be attributed to an
increase in activation energy for chemisorption
with surface coverage. Other authors*=6:8-" haye
attributed the decrease in reactivity to coverage of
active sites by the surface oxygen. In the latter
case, only those sites not covered with oxygen
remain available for reaction. Fer purposes of
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discussion and calculations, it is frequently
assumed that there is one oxygen atom per carbon
site in the surface oxide structure,(+-%9-11)

2. EXPERIMENTAIL

The carbon used in this work was Graphon, a
highly graphitized form of the carbon black,
Spheron 6. Adsorption and reactivity runs were
made on samples activated by carbon burn-off at
625°C and an initial O, pressure of 500 millitorr.
Residual surface oxides resulting from this activa-
tion were removed by heating for 3 hr at 950°C in
a vacuumn of 10™° torr. Oxygen chemisorption at
temperatures between 300 and 625°C  from
initial €, pressures of cither 0-5 or 700 torr was
used to estimate the total number of active sites on
the activated samples, The surface oxides formed
during chemisorption were decomposed by heating
at 950°C for 3 hr and the resulting gaseous carbon
oxides converted to an equivalent number of
oxygen atoms. It was assumed that each oxygen
atom occupied one site on the (1010} planc of the
Graphon surface.t*~"

The reaction rates were monitored by analyzing
the composition of the gas phase in a static reactor,
similar to that previously deseribed.®>*®) The
partial pressures of O, CO and CO, were
measured with a CEC Type 21-611 mass spectro-
meter. For fast reaction rates, these partial
pressures were measured continuously by con-
necting the reactor directly to the muss spectro-
meter, while for slower reactions the analysis was
performed on aliquot portions of the gases with-
drawn at periodic intervals. The amount of oxygen
remaining on the surface at any time during the
reaction was caleulated by an oxygen material
balance.

Assuming one oxygen atom per surface site, and
knowing the total number of active sites (TAS) on
the sample, it was possible to determine the
number of available active sites (AAS) for reaction.

The range of reaction conditions considered was
extended by using data obtained by Lamne™’ on
activated Graphon samples following an experi-
mental procedure similar to that described here.
It will be clearly indicated when Lamwg's data are
being used. The total range of coaditions en-
compassed eight sample burn-off levels between 0
and 359, reacting at temperatures ranging from
430 to 675°C with initial O, pressures of 6-2-72-8

millitorr. The O, used in all cases was Matheson
99% grade, that had been dried by immersion in
liquid N, prior to charging into the reactor.

3. RESULTS ANDP DISCUSSION
3.1 General reaction

Figure 1 illustrates a typical O,-Graphon
reaction at 550°C en an 1859, burn-off sample.
The curves depict the consumption of Oy, the pro-
duction of gaseous products, and the build-up of
oxides on the Graphon surface. The surface
oxygen, C(O), is represented as an equivalent
pressure of oxygen atoms. In general, as the
reaction at any temperature progressed the rate of
oxygen consumption and the rates of gaseous
product and total surface oxide formations
decreased. The initial rates of all reactions increased
with increasing temperature, pressure, and prior
sample burn-off. The rate of O, consumption only
exhibited first order behavior after some significant
reaction period. This is illustrated in Fig. 2 for the
reaction shown in Fig, 1. The attainment of first
erder behavior in O, consumption coincides
closely with the point where the rate of totalsurface
oxide formation becomes very small.

3.2 Total active sites

Active surface areas of activated Graphon
samples lave been reported by LAINE ef oW
They used chemisorption results obtained from a
24 hr exposure at 300°C to -5 torr initial O,
pressure in a2 static reactor. The active areas
determined from their data were found to be an
index to the reactivity of the sample at higher
temperatures. It was concluded that total active
surface area had been measured by their tech-
nique.

A study of the amount of oxygen that could be
chemisorbed on similar Graphon samples was
undertaken to verify these conclusions, Results are
presented in Table 1. They show the amount of
oxygen chemisorbed at different temperatures and
initial O, pressures for four burn-off levels of
Graphon. The results in each series are presented
in the order that the data were taken; LamNg's
values are included for comparison.

The data in series A and B show the variation in
surface coverage as the temperature of chemi-
sorption was changed. In both series, initial O,
pressures of 0-5 torr and an exposure time of 24 hr
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TasLr 1. OxVGEN CHEMISORFTION CAPACITY OF ACFIVATED
GRAPHON

RatioP T(°C) Cupacity®

TC)  Capacity? Ratio®

(A) 29% Burn-off¢

{(B) 199%, Burn-off®

3004 166 — 300¢ 544 —
400 186 112 300 553 1-02
450 276 1-66 500 1201 220
500 442 2:66 300 60-5 i1
300 16-8 1-01 550 1806 332
500 491 293 3000 112:0 205
{C) 7'7% Burn-off® (12) 158-59%, Burn-ofi®
3004 369 — 300d 52-0 —
625 1001 324 625 167-8 3-22

{a) Capacity in micromoles 0 per gram of Graphon.
(b) Mensured valuefLaine's vilue, 19

{c) Inirtal O, pressure, &5 torr,

(d) After Lamvetd

(e} Initial O, pressure, 700 torr.

were used at cach temperature. For the 2:9% burn-
off samples, the amount chemisorbed increased
only slightly between 300-400°C and then
increased sharply above 400°C. Gasification
becomes significant at 500°C, so the trend was not
pursued to higher temperatures. The 300°C value
for this series, measured after the first chemisorp-
tion at 500°C, showed that the larger chemisorp-
tion at 500°C was not caused by significant addi-
tional activation of the Graphon. Series B also
confirms that the larger chemisorption at 500°C
was not caused by sample activation. For the last
run in Serics B, chemisorption was measured at
300°C, with an initial O, pressure of 700 torr, for
24 hr, Twice as much coverage was attained upon
inereasing the iniual pressure by about three
orders of magnitude,

Coverages C and D were attained during the
oxidation of Graphon at 625°C up to burn-oils of
7-7 and 18-5%,, respectively, Initial O, pressures
of 0:5 torr in a 12+4 1. system were used ; a sufficient
number of charges of O, were consumed to pro-
duce the desired level of burn-ofl.

The results show that the amount of surface
oxide formed in a 24 hr period increased both with
increasing temperature and pressure over the
ranges studied. It can be concluded that chemi-
sorption performed under the conditions propesed
by Lame™ did not measure the total active surface
areas of activated Graphon samples., The agree-

ment between the values obtained from this study
with those reported by Lamg, both for 24 h
chemisorption from 0-5 torr O, pressure ar 300°C,
indicates that our activated samples were very
similar.

3.3 Surface oxides

The surface oxides have been considered by
authors in the past to be thermally stable at their
formation temperatures. However, in the more
recent literature cvidence has been presented to
show that at least ¢ portion of the surface oxides
can be thermally removed at their formation
temperatures.(89 1812 The giability of the surface
oxides at their formation temperature was investi-
gated. The method used was to male a reactivity
run in the usual manner. After the reaction had
procecded for a sufficient length of time to
accumulate a reasonable quantity of oxide on the
surface, the reaction gases were removed; and the
build-up of gaseous products at the reaction
temperature in the absence of O, was followed,
Results are presented in Fig. 3. The curves depict
the observed pressures of CO, CO,, and the
amount of oxygen removed from the surface as an
equivalent pressure of oxygen atoms. The data
shown were obtained from an 18:5%, burn-off
Graphon sample, before significant coverage of
active sites by oxygen occurred. Before each
determination, the sample was outgassed for 3 hr
at 950°C and then cooled to reaction temperature
under 1075 torr pressure. Measurements were
made at temperatures of 450 and 550°C at initial
pressures ranging between 20 and 73 millitorr.
The rate of O, consumption per unit of average O,
pressure during the initial time periods was
constant--that is, first order in O, pressure, This
in turn means that the rates of both oxygen chemi-
sorption and carbon gasification were first order in
O, pressure.

As surface oxides form, the amount of active
surface available for reaction decreases. If one
assumes that the reaction continues to be first
order in O, pressure and that the deviation from
apparent first order behavior is caused by a
deerease in the available active sites, then the rate
of O, depletion can be written as:

— Ry, =ko{po,)f(AAS) . {1

The term f{AAS) represents some function of the
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Fig. 3. Decomposition of susface axide as CO and CQ, at 550°C following reactivity run in O,
at the same temperatare.

available active site area, AAS. 'T'o describe the
rate of reaction, one must know the manner in
which f(AAS) changes as oxides accumulate on
active sites,

To evaluate the form of the function f{AAS),
one can consider some possible methods of inter-
action hetween O, and the active sites on the
Graphon surface. The probable distribution of the
oxygen on the surface for each of the cases con-
sidered here has been discussed by TrapngLL.#)
The three cases to be considered are:

1. Molecular adsorption where O, reacts with
only one surface site

fIAAS)=TAS(1 -0

TAS is the total number of active sites available
at zero surface coverage, and TAS(1—0) is the
number of uncovered sites,

2. Dissociative adsorption of O, on two adja-
cent surface sites where the two atomns each form
an immobile surface oxide

f(AAS}:TASGWO)imz_—E(l—G)m

Z .,

Z is the nearest neighbor number and (1—-0)Z/
{Z—{) is the probability that if one site is vacant,
its neighbor is also vacant. f{AAS) is the number of
adjacent site pairs that are available for reaction.

3. Dissociative adsorption of O, on two adja-
cent sites where the two atoms each form a mobile
surface oxide

JIAAS)=TAS(I —0)(1 —~O)=TAS(1~0)* .

{10 is the probability that if one site is vacant,
its neighbor is also vacant. As in case (2), f{AAS) is
the number of adjacent site pairs that are available
for reaction.

The rate constant, kg,, could be evaluated from
the integrated form of equation (I}, The expression
cannot be integrated directly, but the integration
can  hbe approximated by considering, indi-
vidually, small reaction increments, The reaction
increments are chosen small enough so that during
any increment the change in surface coverage is
small. That is, f/{AAS) for any reaction increment
can be considered constant. From the integration
of equation (1) over the #™ reaction increment, one
can evaluate the apparent rate constant %5, for that
increment:

_ In(po,); ~ 1a{po,)a
rz - tl

@

'rcAn



396

{po2)s and (py_}, are the O, pressures at times £
and #,, respectively. The reaction increment
begins at time ¢, and ends at time £,.

The apparent rate constants for each increment
are related to cach other and to the rate constant
per unit of available active sites by

feay  kaa _ kan

Ko = FAAS), JAAS),

jaas), ©
where the subsecripts refer to the number of the
particular reaction increment and f{AAS), is the
average valoe of f{AAS) for that increment. f one
compares any reaction increment to the first
reaction increment, the following relationship is
obtained:

kan_ fAAS),
feay —f(AAS)I ’

The ratio of apparent rate constants is experi-
mentally observable; and, thus, this expression
can be used to evaluate the ratio of surface terms.
To do this, the surface terms for the various modes
of interaction of O, with surface sites are substi-
tuted for f{AAS). Making the further substitution
that & may be written as CAS/TAS, where CAS is
the number of surface sites covered by the oxides,
one can rearrange equation (4} into a form that
permits the caleulation of the total number of
active sites, TAS, as a function of the average
number of sites covered and the observed ratio of
kan t0 ka1 The expression for each mode of inter-
action is given below; the symbols are as previously
defined.
Case : Molecular adsorption

TAS=(CAS), (1 ~knnfkar)™"

Case 2: Dissociative, immobile adsorption

4

YL,

k
TAS =(CAS), Al
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value of TAS that is constant over the entire
range of surface coverage observed for each level
of burn-off, A summary of the incremental TAS
values calculated from selected reactivity runs for
each of the cases considered is presented else-
where.('3) For Case 2, values were calculated for
Z equal to 2 and 3. As Z increases, the value of the
probability term for Case 2 approaches that for
Case 3 as the limiting value for any fraction of
surface covered. Because of this limiting relation,
calculations were not performed for values of Z
greater than 3 in Case 2.

For all cases considered, the calculated values of
TAS were not constant over the entire range of
surface coverage. The values of TAS at low surface
coverage appeared to vacillate about some constant
value in each case, but at higher coverages the
value increased with increasing coverage. For any
increment, the calculated TAS values increased
in the order: Case 1; Case 2, Z==2; Case 2, 7=13;
and Case 3. The values obtained from the low
surface coverage region of Case 3 were in fair
agreement with the chemisorption coverages
attained in 24 hr at 3006°C from an inital O,
pressure of 0-5 torr (see Table 2}, This point is
significant since LamNe™ and LaNg et o056
have found this chemisorption coverage to be an
index of the reactivity of Graphon surfaces.
Because of the agreement between the 300°C
chemisorption value and the values calculated
from the reactivity data, it is concluded that the
surface term, f{AAS), in equation (1} is that
derived from dissociative, mobile adsorption (or
Case 3} for this portion of the data.

It has been shown, however, that low pressure
chemisorption of oxygen at 300°C in 24 hr does
not cover the entire surface area capable of forming
surface oxides. To account for the additional

; ! :
42( "‘“)(z - 1)+(ﬁ)
kay kay

Case 31 Dissociative, mobile adsorption
TAS=(CAS),(1— flnufla) " .

To test these relationships, TAS is calculated
for each reaction increment from the experi-
mental data. The proper expression will yield a

22(1-{"-"-“) '
kaq

chemisorption capacity, one would have to con-
sider that there are at least two types of surface
sites on the sample and that the two types of
surface sites exhibit different reactivities toward
0,. The rate of chemisorption on the second and
less active group sites did not become appreciable
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TasLe 2. SUMMARY OF TAS(E) EVALUATION FOR REACTION OF O, WITH GRAPHON SAMPLES
Burn-cff Sample wt. Reaction Ir}:::al Ch(czgi‘:zzfgémn TAS(I)

%) (e} temp. (°C) {millizorr) {t moles 0/g) (# moles Ofg)
0 0-150 625 62 50 50
*0 0-156 625 395 44 539
* 33 0-10 625 3946 17-8 40-4
* 64 0-10 625 376 276 276
77 0-10 625 45-8 KDRY 288
*14-4 005 575 166 4 45-2
*14-4 010 575 188 444 452
*14.4 010 625 187 444 +4-8
*144 005 675 379 444 50-3
i85 0-10 450 19-8 520 49-5
18-5 010 450 287 52-0 478
18-5 010 450 471 52:0 48:2
i85 0-10 450 72:8 520 50-4
18-5 010 550 23-5 52:0 460
185 010 550 236 520 502
18-5 010 550 357 520 470
18-5 010 550 46-0 52:0 50-7
18-5 010 550 64-5 52:0 52-7
18-5 010 550 65-5 52-0 514
199 010 575 $4-6 544 300
*25-8 G110 575 444 650 64-6
#25-8 010 625 434 650 65-0
#34-9 003 675 379 820 760

¥After Lamnp.(+

at low O, pressures and 24 hr exposure time until
the chemisorption temperature exceeded 400°C.
For purposes of discussion, the most active group
of surface sites will be designated as TAS(I);
these are the sites covered by chemisorption in 24
hir at 300°C from an initiat O, pressure of O+5 torr.
The less active sites wil be designated as TAS(1L);
these are the sites that require more stringent
chemisorption conditions before coverage occurs.
The rate of oxygen consumption by TAS(I) sites
would be deseribed by

—RoD=ko,(Dpo, TASH[1=0DT*. (5)

Simultancously, the reaction of oxygen with the
second group of sites, TAS(II)}, will occur at a rate
Rg; (II). The total observed rate of O; consump-
tion will be the sum of the rates on types I and II
sites. The form of the rate expression for oxygen
chemisorption on TAS (I} is unknown at present.

b

For the following analysis to be valid, the reaction
rate on TAS(I) would have to be much faster than
the reaction rate on 'TAS(1I), when the fraction of
the total surface covered by the oxides is small
When this condition is satisfied, the reactivity
data can be used to evaluate the magnitude of
TAS(T).

Because of the scatter in the data, it was neces-
sary to use an averaging method to determine the
calculated value of TAS(I) representative of low
coverage reactivity data. The method used was to
rearrange the expression for dissociative, mobile
adsorption into the following form:

(CAS),=TAS(1~/knalkas} - (6)

Since 'TAS is a constant, one can plot the experi-
mental values of surface coverage against the rela-
tive reactivity term and use the slope of the best
line through the initial points to evaluate TAS(I),
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reactivity run with 0-1 g of 18:5%, burn-off Graphon at
530°C from an initizl O, pressure of 46 millitorr,

Figure 4 shows an example of the graphical
method used to evaluate TAS. The example is
taken from the data for a 0-1 g sample of 18:5%,
burn-off Graphon reacting at $50°C from an
initial O, pressure of 46 millitorr. ‘This plot shows
the appearance of two essentially linear regions, In
the first region, the data points fall randomly
about a straight line whose slope is equal to
TAS(T). The second portion, although it appears
to be linear in the figure, is not a true straight line.
The graphical representations appear to be linear
in the second region because of lack of sensitivity
of the plot after the point of inflection. This
second region will be discussed in greater detail
later,

The graphical method of evaluating TAS(I)
was applied to reactivity data obtained using a
varicty of reaction conditions for samples covering
the entire burn-off range from 0 to 3499, The
applicability of this method is illustrated for some
sclected reactions in Fig. 5. A complete summary
of the results of this analysis is presented in Table
2. The first four columns describe the sample and
the conditions under which the reactivity determin-
ations were made, The fifth column lists the

R. 0. LUSS0W, F. J. VASTOLA and P, L. WALKER, Jr.

surface coverage determined by chemisorption for
24 hr at 300°C from an initial O, pressure of 0-5
terr, for comparison with the calculated values of
TAS5(1) presented in column 6. The results show
good agrecment between these chemisorption
coverages and the caleulated TAS(I) values for
burn-off levels exceeding 6%,. The chemisorption
values of the lower burn-off samples are much less
than predicted by TAS(I} calculated from
LAINE's reactivity data for these samples. The rate
of oxide build-up on the surface of the two low
burn-off samples with LAINE’S reaction conditions
was rapid cnough to completely cover TAS(I) in
1-2 min of reaction time. The rapid attainment of
this coverage value suggests that the observed
reactivity was significantly influenced by the
reaction on the sccond group of active sites,
TAS(II). To verify this explanation, a slower
reaction was performed on a zero per cent burn-
off sample. The same sample weight (0-15 g} and
temperature (625°C} were used as before, but the

Mumber Indicotes per cent Burnwaff

& & &
T

[
o

Surfoce Coverage in Micromoles O Atams/g.

0

0.1 0.2

6,3

. . /kx‘m)
Relotive Resctivily Term, (1- m

G4 a9.5 0.6

Fig. 5. Graphical evaluation of total active sites (1) for
reactivity runs between Op asnd Graphon samples
previously activated to different burn-off levels.
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rate was decreased by taking advantage of the
pressure dependency of the reaction. The initial
pressure was about seven times less than that
used by Latve. Referring to Table 2, one can sce
that the value calculated for TAS(I) from these
data agree well with the 300°C chemiscrption
vatue. These results point out the necessity of
obtaining the reactivity data under the proper
conditions to insure that the observed reactivity is
not being unduly influenced by the reaction on
TAS(II.

It is concluded that the number of active sites
that comprise TAS(I) on samples of Graphon that
have been subjected to prior burn-off in the range
of 6-34.9%, can be caleulated from reactivity data
taken at low surface coverage on the respective
samples. ‘This means that the contribution of
TAS(1I) to the rate of O, consumption is small
when ((7) is small. At some point, however, as 0({)
increases the contribution of the less active sites
becomes significant; and breaks in the plots such
as Fig. 4, are observed. It is noted in Fig. 4 that the
break occurs at a surface coverage of about 36
micromoles oxygen atoms/g, which is equal to a
O(I) of about 07 for this sample. Thus, following
the break in the plot the results represent contri-
butions from coverage on Types [ and 1T sites.

The rate constant for the interaction of oxygen
with TAS(I) can be evaluated from the integrated
form of equation (5). The integration was per-
formed by the same approximation method as
before, The equation was integrated over suffi-
ciently small reaction increments so that the sur-
face coverage could be considered a constant over
each increment. The surface coverage used for
each increment was the average coverage during
that increment. For the particular reactor design
used in the present study, only a small portion
{about 100 ce in a total volume of 124 1.) of the
reactor volume was heated to the reaction tempera-
ture. The data were corrected for the difference in
temperature between the measured gas and the gas
in the heated zone,!*®? The final form of the expres-
sion used to cvaluate the corrected rate constant
for O, consumption by TAS(I) was

kg (D)=
In{po, ) — In(pg,)s
{t;— 1) TAS(DLL—0(D]

(VX Trx/Trad) (1)

599

where {p02), and {pO2), are the O, pressures at
times ¢, and £, respectively; TAS(DII —8(/)? is
the average number of site pairs available for
reaction during the reaction interval extending
from times £, to £5; Vs the static reactor volume;
and Tpx and Tpm are, respectively, the reaction
temperature and room temperature {25°C). The
units are: pressure in millitorr, time in seconds,
Fg in cm?, temperature in °K, and available site
pairs as effective surface area in cm?. The area per
site was chosen to be the area per carbon atom in
the (1010) plane, 8:3A2%, as discussed by Lamng!®
and WALKER et of (7

The detailed variation of kp,(I) with time, and
thus surface coverage, for some selected reactions
is given elsewhere.t!S) The values of ko,{I) calcu-
lated from equation (7) showed little variation as
the number of adjacent site pairs available for
reaction decreases. The rate of oxygen depletion
was determined for a number of reaction condi-
tions, The average rate constants calculated from
equation (7} for each run are presented in Table 3,
The first four columns list the reaction conditions
for each determination; the fifth column tabulates
the average rate constant for each run, The values
reported for each temperature show no significant
trend with reaction conditions. The activation
energy for ko,(!) was calculated from the Arrhen-
fus expression by the method of least squares
using the data of Table 3. Within 959, confidence
limits, the rate constant for O, consumption, in

units of em sec™ is

ko (T)= 16 % 1075 exp (—29+2 x 10%/RT)

in the temperature range 450-675°C for pressures
between 6-2 and 72:3 millitorr, when the reaction
is oceurring on the active site area designated as
TAS(I). The activation energy has units of keal/
mole. '

To determine the nature of the transition state
complex leading to chemisorption of oxygen by the
Graphon surface, one can compare the experi-
mental value of the entropy change for the reaction
with the entropy change from theoretical models.
The thermodynamic rate constant, K, is related to
the experimental rate constant by

K=lko (DN,C, (8)

where IV, is the gram moles of active sites in
TAS(I) at unit activity and C, is the standard state
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TasLe 3. Sumatanry oF kol(1) ror TAS() ror REacTION OF Oy WITH GRAPHON
Temperature Burn-off Sample wt. Initial O, kool
{7 (%) () prosoure (cm sec™t % 10%)
a millitorr
450 185 0-10 19-8 2-03
450 i85 010 287 2-50
450 185 310 47-1 1-96
+50 185 0-10 72-8 2-10
550 185 010 235 187
550 185 010 236 237
550 185 0-10 357 176
550 183 10 46-0 118
550 18-5 0-10 645 260
550 185 010 65-5 26-2
*575 144 005 366 374
*575 144 0-10 388 36-1
575 199 010 0 297
*#573 25-8 0-10 44 266
625 00 15 62 1130
#6215 64 0-10 381 96-0
625 79 a10 45-8 2380
#6235 144 610 387 1310
#625 258 G-10 434 120-0
#5625 349 610 38-9 147-0
*675 14-4 005 379 178-0

#After LaiNe.™

gas phase concentration of O, in moles/nl. The
standard state for unit surface activity is taken to
be (#=0-5 and the standard state for the gas phase
O, is the concentration at one atmosphere pressure.

The experimental pre-exponential factor is
related to the thermodynamic rate constant
through the Arrhenius equation

ko= AN,C, exp { —E[RT) )]

where / is the pre-exponential factor calculated
from the Arrhenius plot of the experimental rate
constant. The Arrhenius pre-cxponential term
may be expressed through the absolute reaction
rate theory!” as

kT
ANDm;; exp (AD[R) (10)
1
where A® is defined by

AD=AS,—(AH,.—AH )T . (11

Using expressions (10) and (11), one can calculate

the experimental entropy change for the reaction
from the experimental Arrhenius pre-exponential
factor. The experimental entropy calcalated from
the data of Table 3 for the reaction at 825°K is
—21 e,

The entropy of a gaseous molecule of oxygen
contains centributions from three degrees of
translational freedom and two degrees of rotational
freedom; the contributions from the vibrational
freedom are small and have been neglected.
Translational entropy changes were calculated as
described by TrapNiLL, ' using the relationships

355 = Rin(M*2T5/%)~2.30 (12)
,85 =RIn(MTA)+6580 . (13)

357 is the entropy of three degrees of translational
freedom for a free gas molecule weight I at the
standard state of one atmosphere pressure. 257 is
the entropy of two degrees of translational freedom
for a gas molecule constrained to move in two
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dimensions within an area A on a surface. The
area A in this case is the area occupied by two
adjacent adsorption sites in the (1010} pianc of the
carbon surface. The rotational entropy of the free
gascous oxygen molecule is given by Grassrong® "

a5
o

S,=Inl+InT 4-88-59 (14)
where [ is the moment of inertia of the molecule,
The entropy change, if all three degrees of trans-
lational freedom were lost in forming the activated
complex, would be —41 eu.; but if only one
degree of translational freedom were lost the
entropy change would be ~23 eaw If all of the
votational freedom were lost, the change in
entropy would be —16 c.u.

If chemisorption cccurred through an immobile
transition state complex, the oxygen would lose
three degrees of translationat freedom and prob-
ably some, if not all, of its rotational freedom, The
minimum entropy change that could be expected
for the formation of an immobile transition state
complex, assuming that no rotational freedom was
lost, would be —#1 e.n. This value is significantly
greater than caleulated from the experimental data
and indicates that the formation of an immobile
transition state complex leading to chemisorption
is not likely.

In the formation of a mobile tramsition state
complex, the molecules lose one degree of transla-
tional freedom and probably some of their rota-
tional freedom. On the other harid, the activated
complex will gain some vibrational freedom terms,
The gain in vibratienal freedom could cancel out
the loss in rotational freedom. The minimum
entropy change in this case would be 23 eu,
Considering that the uncertainty of +2 keal/mole
in the activation energy leads to an uncertainty in
the entropy change of =3 eu., the calculated
entropy change for the formation of a mobile
transition state complex and the experimental
entropy change calculated from the reactivity data
are in reasonable agreement.

These results sugpgest the following mechanism
for the interaction of O, with Graphon surfaces
between 450 and 675°C. Oxygen molecules react
with the Graphon surface to form a mobile transi-
tion state complex with two adjacent surface sites.

2C;+04(g)» Cx(02)*

The surface oxygen molecule dissociates to form
two surface oxygen atom complexes:

Cx(02)*—2C(0)

each of which are mobile on the surface. The
results discussed here and the proposed mechan-
ism are valid only on the most active group of
surface sites, 'TAS{I).

Recently, Harr ef al.*®) reported that the activ-
ated complex formed preceding dissociative
chemisorption of O, on Graphon between 100-
300°C was immobile, Further, the activation
energy for chemisorption was only 7-4 kead/mole,
It was suggested*® that chemisorption of oxygen
in the lower temperature regions was taking place
on different carbon sites than was chemisorption
between 450-0675°C as reported in the present
study. It is obvious now that both the entropy and
enthalpy of activation of oxygen chemisorption
are dependent upon where such chemisorption is
occurring on the carbon surface.
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