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THE ROLE OF THE SURFACE COMPLEX IN THE
CARBON-OXYGEN REACTION®Y

N. R, Laam, FOJ. Vasrona, and P L Wanksr, Ju.

Department of Fuel Technology, The Pennasyleanio State Undversity
University Park, Pennsylvania

{(Monuseript received Decomber 28, 1961)

Oxygen reacts with earbon to form €O, COa, and & esrbon-oxygen surface complex. The use of
s spectrometrie technigues permits o stidy of this renction at low pressures by continuously
monitoring the Og, CO, and COp concentrations. Complex coverages as low as 0.02% of the BET
surfnee area of a carbon ean be measured. For this investigation Graphon, previously oxidized to
F44 97 burnolf, was reseted in o stoatie system bobween 800° and 675°C with Qg ab ifinl pressures
ranging from 3 to 5 p g The Graphon was outgassed at 930°C, in recno, prior to each run, Fhe
surface complex inercases during the ecourse of o reaction until o “setunation” coverage is renched:
the sndurslion covernge deercases with inereasing fempernfure. The complex constituting the saturea-
Hor coverage is stable at the reaction temperature even under high vacuum, To deeompose the
complex, the earbon must be heated above the reaction fempersiure. The complex decomposes
into CO and COsg, with co. 939 heing recovered following outgassing at 830°C. The amount of complex
formed in a low temperaiure oxidation was used s a measure of the active site areo of the Graphon.

I, INTRODUCTION

It is well known that a stable surface
complex, in addition o gas-phase CO and
(0o, is formed during the earbon-oxygen
sackiord—8. This stable complex ean be
removed as the oxides of earbon by heating
the carbon to temperatures higher than the
temperature of complex formation. It was
found that this complex is formed upon only
a small fraction of the total surface, that is
upon the aetive site aren at which the reac-
tion oceurs. Beeause the complex is formed
upon this active site area and removes it
from the reaction, the complex inflnences the
production of gas-phase CO and COa. Until
recently, technigues were not available to
mensure the active site areq and to determine
the snount of coverage by complex during a

* Based on portions of a Ph.D) thesis suhmitted
by N. R. Lanine to the Graduate School of the
Pennsylvinia State University, June, 1962,

1 Researeh supported by the National Science
Foundation on Grant NS G-6023,

£F, Rhend and R. Wheeler, J. Chem. Soc. 103,
461 (1913},

21, Lamgmuir, J. deners Chem. Soe. 37, 1139
TR,

M. Shaly, J. Chenr. Saoc. 1920, 2661 (1920),
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reaction. Therefore, no gquantitative mensure-
ments of the effeet of the surface complex
upon the carbon-oxygen reaction have been
made,

In this investigation of the carbon-oxygen
reaction, particular attention was paid to the
vole of the surface eomplex. The surface
eomplex was used fto determine the total
active surface area and the active surface
aren. unoccupied by complex at any time
during a reaction. The effect of the complex
build-up upon the reaction order, rates of Qs
depletion and product formation, and the
CO-COy product ratio was determined.

H. BXPERIMENTAL

The earbon material used in this investi-
gation was Graphon, whieh was produced by
the heat trestment of the channel black,
Spheron.6, to 2800°C. Graphon was chosen
beenuse it has a high degree of surfnce
homogeneity, as indicated by numerous

adsorption studies'™7. Work done by Gra-

4B, Graham, J. Phys, Chem. 57, 665 (1953).

S R. A, Beche amd D0 M. Young, J. Phys, Chem.
58, 04 (1954).

51, Graham, J. Phys. Chom. 66y 1032 (1956).

P E. L. Pace, J. Chewr, Plys. 27, 1341 (1857).
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ham® indicates that the Chraphon surface
has 1.25%, high energy sites (active surface
area). However, in the present investigation
it was found that the active surface avea of
Graphon varied depending upon the amount
of oxidation which the sample had undergone,
The active surface area of the original
Graphon was found fo increase appreciably
for small amounts of burnoffs (ce. 0.19%).
By contrast, the active surface area of a
sample which had previously been oxidized
to 14.4%, bwnoff remained relotively con-
stant for small amounts of additional burn-
off, Thus, a smaple previously oxidized to
1449, burnoff was used in this investigation.
This sample had a BET surface area of
98 m%Yy.  Sample weights of 0.0500 g and
0.1000 ¢ were used. The samples were
heated at 950°C, in vaeno, for 3 hr before
ench run in order to remove essenbially all of
surface complex which may have been
present,

The reaction was carried out in the tem-
pernitre range 575-675°C and at initial Oq
pressures of 30—40 p Mg, Some adsorption
studies were made at 300°C and at an Oa
pressure of 500 p Hg, A CBEC Type 21-611
mass spectrometer was used to determine
the concentrations of reactant and produet
gases. The reactor system (15.51) was con-
nected direetly to the inlet leak of the mass
spectrometer analyzer tube. The cexperi-
mental setup was the same as that previously
deseribed?. The O, used in this investigation
and purchased from the Matheson Corp.,
was an extra dry grade. Mass spectrometer
analysis showed that the Os had a purity of
09.9%, with the major impurity being No.

1. RESULTS
A, Mypical Reaction
Tigure 1 illustrates the course of a typical

reaction abt 625°C. These eurves depict the

89, CGrehom, J. Phys, Chen, 61, 1310 (1857).
8 1*, J. Vastoln and P, L. Walker, Jr,, J. Chim,
Phys. 58, 20 (1961},
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Fra, 1. Typieal renction bebween Graphon gnd
oxygen ab 625%¢,

depletion of Oz wiud the formation of CO,
04, and a stable complex. The parti-’
pressures of the gases were measured directs,
by the mass spectrometer, while the amonnt
of stable surfuce complex formed was calen.
lated by an oxygen material balance. Thr
total mmount of complex formed was alsc
determined by heating, fn vaeno, nt 950°C at
the end of each renction run and measuring
the amount of guses evolvedl?,

B. Primary Products

Both €O and COs were found te be primary
products of the reaction. This was deter-
mined in the following manner. Carbon
monoxide can be produced by (1) the direet
oxidation of earbon, or {2) the reduetion of
CO» by carbon,

¢+ 10s — CO 1)
¢+ 0Oy — 200 (2)

1 From outgassing resudls ot temperatures above
950°C, it was found that ce. 959% of the total
complex formed at reaction temperature up to
675°C was removed at $50°C,  Higher outgessing
temperatures were nob used in this study because
of the coneern thud surfuee annenling woukd change
the active surface areall.

1 i, Boulangier, X, Duval, sud M. Letort, Prer.
Third Carbon Conf., Perpumon Press (1954, p. 2
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The CO produced by (1) is defined as a
primary product, while that produced by
(2) is defined as s secondary product.
Accordingly, to determine whether CO was
a primary or secondary product, the reac-
tivity of CO» with Graphon was studied at
775°C. At this temperature, in a period of
time in which an equal amount of 02 would
have been essentially reacted, less than 29
of the COsz reacted $o form CO. This indieates
that CO is o primary product,

Carbon dioxide ean be produced by (3)
the dircet oxidation of carbon, (4) the dis-
preportionation of CO, or (5} the oxidation
of CO. The COs produced by

C+ Qs = COs {3}
200 - C 4 COqg (4)
CO 4 10 — CO» {3)
reaction (3) is defined as a primary produet,
while that produced by reactions (4) and (5)
is defined as a secondary product. Reaction
{(4) was disregarded, heeause it is eonsideralsly
slower than reaction (2), at the temperatures
and pressures used in this investigation!®,
That reaction (5) did not cecur at a significant
rate wag shown hy exposing Graphon to equal
pressures of CO and Qs at 625° and 775°C.
At 625°C there was no inerease in the amount
of COs produced, while at 775°C there was
only & 10% inercase. This indicates that
COy is also a primary product of the earbon-
oxygen reaction.

C. Reaction Kinetics

Figure 2 presents semi-log plots of Oa
pressure vs, bime for reaction temperatures
of 575, 625 and 675°C. A 0.1000 g sample
was used. Where linear, a fivst order reaction
in Og depletion is operative. At all renction
temperatures investigated, it is seen that
the plots are not linear over the entire
reaction period.

First order rate constants, ko

r

]

were

1230 J. Vastola, Ph.D. Fhesis, The Pennsylvania
Ante University, Jonuary, 1950,
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Fra. 20 Fivst-order plot of log Fg, vs. time for

3 reaction temperatures.

calenlated from Bq. (1), where —dPg fill is

the rate of Oy pressure decrease and A is the
tota]l BET surface area

—dP Oy

= kq, (Po, M)A
i 0, (10, ){1)

(1)

of the Graphon in square meters. Table I
TABLE 1
Varintion of the Rate Constunt for aygen

Depletion ever the Conrse of the Graphon-Ouygen
Rocetion at Three Temperatures

HYERS $25°0 [ir G
Time,{ Lo, x 108,

nin m¥see Time | ko, | Time Loy’
a 3.8 3 43.5 3 3.0
i 14,1 4 25,7 G HES
15 8.1 i 2.2 i 36.0
20 Gt 12 14,2 12 334
35 a8 15 13.8 15 302
3¢ a.l 18 12.8 18 312
3 3.8 21 11.6 21 31.2

40 3.6 24 103

45 3.3 27 4.1

30 Gt
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lists the values of ko, for different reaction
times and t;empemt{ires. At 575°C, ko,
appears to be just reaching a constant -alue
at the end of the run; at 625 and 675°C, a
constant kg, s essentially attained before
the compiet}mt of the reaction. The same
behavior was found for the fivst order rate
eonstants for the {formation of gas-phase €O
and C0s. Similar results were found when
the 0.0500 g smuple of Graphon was reacted.

D. Product Relios
The produet ratios are given in Table II

TABLE 11

Ratio of Curbor Alowceide to Carbon Diovide
in Produet Qases Upon Owxidation of Graphon
af Different Temperatures

t
Sample wt, g Temp, °C g COMCO.

0.0500 575 | 3.3
0.0500 425 4.8
0.0500 $75 i B4
0.1000 595 3.4
0.1000 625 % 5.4
0.1000 675 ! 6.3

f

for different reaction conditions. At cach
selected reaction condition, the product ratio
was found to remain constant during the
course of o reaction.

CONFERENCE

B, dective Surface drea

The amount of surface complex formed at
saturation coverage increased with decreasing
temperature of its formation. Also the lower
the reaction temperature, the less the carbon
burnoff  whieh oceurred during complex
formation. However, as the temperature was
decreased the time required to reaeh satura-
tion coverage inereased. Therefore, in order
to estimate the maximum amnount of complex
which could be formed, Graphon was exposed
to Qe at the lowest temperature where the
rate ol complex formation was sulliciently
rapid to be sabisfactority measured. In this
investigntion, the amount of complex formed
at 300°C in a 24 hr period with an initial O
pressure of 500 p Hg was taken as the
maximum amount of complex which could
be formed on the Graphon surfuce. Only o
negligible amount of complex was formed
after 24 hr and this was mostly due to
aetivation of the Graphon surface. The
amount of complex present on the surface
was determined by outgassing the (Graphon
sumple at 950°C. Figure 3 shows the cumu-
Intive evolution of gasecous products. Upon
heating to 950°C both CO and €Oy are
evolved. Upon outgassing the eomplexes
formed at various reaction temperatures, it
was found that the pereentage of COs in
the gaseous products decreases with increas-
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Fie. 3. Cuseous produets rocoverod from

CGrophon upon heating to $50°C.  CGraphon

previously saturated with oxygen complex at 300°C.
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ing formation temperature., However, even
for & complex formed at 300°C, the total
amount of COsz in the outgassing products is
relatively small. The cvolution of COs
virtually ceases above 700°C, whereas CO is
evolved up to the final outgassing tem-
perabure.

The total active surface arvea was obtained
in the following manner. The outgassing
produets were converted to egquivalent oxygen
atom  concentration. The assumption was
nmade that the complex consists of one oxygen
atom per edge carbon atom. Further, it was
agsumed that the edge carbon atoms lie in
the (100) plane; that is, cach earbon atom
occupies an area of 8,3 A2

A reaction  temperatures of 575, 625,
and 675°C, the amount of active surfnce arver
covered ab any instant was calculated from
the amount of complex on the surface at that
instant, At the end of a reaction run, the
amount of active surface area covered was
{urther confirmed by decomposing the com-
plex at §50°C.

For the particular Graphon sample used,
the total active surface area was found to be
2,39 of the BET surface area. From 73 to
789, of the active surface nren was covered
by complex at the reaction temperatures
used, the higher reaction temperature giving
the lower coverage.

IV, DISCUSSION

A, Reanction Kinetics

The reaction rate constants given in Table 1
were calenlated on the basis of the total BET
surface area of the Graphon sample. How-
ever, the rate constants should be caleulated
on the basis of unoccupied active surface
aren. Boguation (1), used to ealenlnte ko',
may be written as )

~dPo,

= kg {1l —HP 2
T 0.l o, (2)

~vhere 1 is the total active surface area and @
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is the fraction of active surface area oceupied
by complex at any time in a reaction.
Therefore, (1 — 8) is the fraction of the
total active surfnce area which is unocecupied
by complex and available for reaction. It
should be noted that ¢ will equal 1 only at
saturation at 300°C, which was the tem-
perature at which the fotal active surfaee
area was estimated., At the renction tem-
peratures used in this  investigation, @
leveled off at some fraction less than 1 af
saturation. Beecause the unoceupied active
site aren can be measured at any time during
a reaction, kg, ean be determined.

Tt is elear now why the first-order plots in
Fig. 2 only beeame linear at longer reaction
times. While the surface complex was build-
ing up, (L — 0 wuas deercasing; therefore
changing the slope of the plots. Following
saburation and the attainment of a constant
{1 — 0), the plots would become linear for
a first-order reaction.

Equation (2) was used to reealeulate the
values of ko, given in Table L. The corrected
values are given in Table TI1, for the 0.1600 g

TABLE 1

Rate Constants for Quygen Depletion Caleadated
on the Basis of Unoceupied tetive Surface Adrea

§75°C 625°0 #75°C
Time, | kLo, x 109

min m3see Time | ko, | Time kog
o 0.57 3 R 3 3.0
10 .50 G 1.6 [ 3.3
15 044 ] 1.6 2] ERY]
20 0.l 12 1.0 1 4.5
25 0.43 15 1.5 15 4.8
30 0.45 18 1.6 18 5.3
35 0.52 31 1.6 21 5.1

£0 (X 31] 24 1.6

£ 0.51 2% 1.3

] 30 1.6

sample. The corrected values caleulated for
the 375 and 625°C reactions are relatively
constant. The variations in these values are
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TABLE IV

Rate Constants and Activation Energies for the Reaction of Oxygen with Graphon

]
; @108, m~? see—t lkeat/niole
Sample wit, g | Temp, “C ko, I keoy } kco ke Eo, Fg¢

0,0500 574 pa6 | eos 1 036 D45
L0600 6245 £.5 ! .30 4 1.7 2.0 36 45
W00 | 675 4.9 ! 0.70 i 6.7 T 10 44
(1000 ‘ 571 0.5k ‘ [SREH .34 048
41000 5 620 1.6 : 0.27 I 17 2.4 35 43
1000 675 5.k l 0.70 i 7.0 T 30 46

| |

thought to be eaused by the difficulty of
determining the amount of complex formed
during a reaction. However, the wiformity
of the values of kg, for reaction temperatures
of 575 and 625°C suggests that the appronch
used is valid, At 075°C, however, the
corrected value inereased initially until it
reached a relatively constant value. Thus, it
appears that nt 675°C, the unoeeupied netive
surfaee area is no longer the only factor
alfecting the reaction rates. The probable
reason for this is that the complex is no
longer truly stable, but acts as an inter-
medinte in the produetion of CO and CO» as
well as being o reaction product itself. It
ean bhe seen in Fig. 3 that at 675°C the
complex is decomposing rapidly. At the
suturation point, an cquilibrium is reached
between the chemiserption of 0g and the
desorption of complex so that the correeted
value for the rate constant of oxygen deple-
tion will attain a steady value. Vastoln, Hart,
and Walker!® have studied the complex with
the use of the 08 isotope and found that
even at 5758°C some “stable complex™ is
evolved and fresh oxygen chemisorbs to take
its place. From the results given in Table I1I,
it appears that the rate, at which this fakes
place, beeomes appreciable at 675°C.

1, J. Vastola, P. Hart, and P. L. Walker, Jr,.
The Study of Carbon-Oxygen Surfnce Complexes
Haing 08 as a Tracer, Preprints of the Tael Chens-
isbry Division of the Amerienn Chemnical Society,
Murel: 11H2,

Rate constants for CO and COs formation
and earbon hurnoff have also heen caleulated
on the basis of unoceupied active surfnce
areas, Table IV lists values of the four rate
constants for the different sample sizes and
temperatures. These values were all taken
al the end of the runs where the unoeccupied
site nrea is known most accurately from out-
gassing duta. The activation energles of O
depletion and earbon burnofl found in the
temperature ranges H75-625°C and 625-
675°C are also given. The fact that the
speeific reaction rates were independent of
sample size indicates that the reaction was
in the ehemieal control zone,

B. Product Ratios

The product ratios (Fable II) were con.
stant throughout the course of the reactions.
The decrease in unoccupied active surface
arew affected both CO and COs production
equally. However, it was found that the
produet ratio inereased on going from samples
with low, total active surface area {original
Graphon) to samples with high total active
surface areal, This change in product ratio
with change in significant amounts of surface
activation possibly is responsible for the

P, L, Walker, Jr,, I*, Rusinko, Jr., und L. G.
Austin, cldvances in Catalysis, Academic Press
New York, pp. 133-221 (1850).

15 N. R. Laine, . L. Walker, Jr,, and T J.
Vustoln, unpublished worlk,
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divergence in product ratios reported in the

literaturelé—19,

167, R. Arvthur, Trans, Faradey Soc. 47, 164
(E051).

17 M. Rossberg, 4, Eleltrochem. 60, 952 (1056).

18 R_J. Doy, . L. Waller, Jr., and €, €, Wright,
Industricl Carbor and Graphite Soc, of Chem. Industry
London, p. 348 (158},

R, Wicke, Fifth Symposium en Combustion,
Reinhold, New York, p. 255 (1955}
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V. SUMMARY

These results serve to show the importance
of the surface complex in the earbon—oxygen
renction, The surface complex, can be used
to caleulate the unoccupied active surface
area throughout the eowrse of a reaction. The
unoecupied active surface area must be
lenown in order to ealenlade appropriate rafe
constants and other kinetie data  which
deseribe the carbon-oxygen reaction.






