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Reactivity of Coke. 1.
Absolute Reaction Rates of the Carbon Dioxide-Carbon Reaction

By Yoshio Kawana

(Received August 16, 1953)

The reactivity of coke is very important
in industry and so the reactions of carbon
dioxide with charcoal and pure graphite have
‘been extensively studied.'~*> The mechanism

1) W. E. J. Broom and M. W. Travers, Proc. Roy Soc.,
(London} 135A, 512 (1932), .

2) J. Gadsby, E. ]J. Long, P. Sleightholm and K. W, Sykes,
Proc. Roy Soc., (London) A193, 357 (1948).

of this reaction is at present considered as
follows :
C0O,+C—CO+(CO) surface oxide (1)
(Col] —CO (2)
The reaction (1) of the surface oxide for-

3) 1. Langmuir, J. Am. Chem. Soc., 37, 1154 (1915).
4) A. F. Semechkova and D, A. Frank- Kame.netzky, Atta
Physico. Chim. (U.R.S.S.), 12 829 (1940).
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mation is very rapid and only about 0.5 %
of sites on the total carbon surface seem to
take part in the reaction (1). Desorption of
rCO]J is the rate-determining step.

In a recent paper, Bonner and Turkevich®
discussed the carbon dioxide-carbon reaction
using C'* as a tracer and supported the above
mechanism.

More recently, Reif®? discussed the mech-
anism of this reaction theoretically and
Gulbransen and Andrew” questioned the sur-
face oxide formation from their results using
a sensitive microbalance. Gulbransen and
Andrew,  Wynne-Jones and his coworkers®
emphasized the effects of metal oxide im-
purities on the reaction rate of carbon dioxide
with pure graphite.

In the present paper, the surface areas of
eight carbons were determined by the adsorp-
tion of ammonia at 0°C by the B.E.T. method
and, using these values, the absolute reaction
rates of the carbon dioxide-carbon reactions
were obtained and discussed from the absolute
reaction rates theory.

Apparatus, Materials and Procedure

The apparatus is shown in Fig. 1. A is a re-
action tube of quartz, F, a mercury reservoir,
B, a gas burette and L;~Ly, vacuum cocks. A
was kept at 0°C with the surface area determina-

Fig. 1—Apparatus

5) F. Bonner and J. Turkevich, J. Am. Chem. Soc., 73,
561 (19511,

6) A. E. Reif, J. Phys. Chem., 56, 785 (1952).

7) E. A. Gulbransen and K. F. Andrew, Ind. Eng. Chem.,
44, 1048 (1952).

8) W. F. K. Wynne-Jones, H. E. Blayden and H. Marsh,
Brenn. Chem., 33, 238 (1952). C
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tion and regulated at a constant temperature in
the range from 850° to 978°C within +1°C with
the reaction rate measurement.

Eight carbons as shown in Table I were used
and their particle size is 10~20 mesh except for
fine acetylene black and carbon for spectroscopic
analysis. All carbons were previously treated
with 6N-hydrochloric acid for about 40 hrs. and
then washed by boiling distilled water during
about 200 hrs. Analytical results and the density
of all carbons using carbon tetrachloride at the
end of all the experiments are shown in TABLE 1.

TABLE I*
Moisture Ash Densit
Sample % % 2./cc. ¥
Coke I 0.87 12.95 1.92
Coke II 2.03 11.18 1.79
Coke III 0.17 12.90 1.89
Pitch coke 0.30 2.32 1.90
0Oil coke 0.17 0.39 2.00
Charcoal 4.82 0.70 1.27
Carbon for spec-  0.10 trace 2.25
troscopic
analysis
Acetylene black 0.30 0.10 2.27

Ammonia was prepared by the thermal decom-
position of 28% aqueous ammonia, dehydration
by calcium oxide, potassium hydroxide and met-
allic sodium and lastly vacuum distillation at
dry-ice temperature.

Carbon dioxide was prepared by the thermatl
decomposition of sodium bicarbonate and dehydra-
tion by both calcium chloride and phosphorus
pentoxide.

Method for Determination of Surface Area.—
The surface areas of carbon samples were deter-
mined using the adsorption of ammonia at 0°C
following the simple B.E.T. method.%1®

The carbons were previously evacuated at
1100°C for 12~15 hrs. until 10~* mmHg to elimi-
nate some surface oxide and residual volatile
matters. The adsorption of ammonia vapor was
determined volumetrically at a series of P/Po
values between 0.05 and 0.3. The B.E.T. plots
of P/v(Po-P) vs. P/Po were made and V,, and C
in the B.E.T. equation were calculated.

1 Cc—1

Vil + VC P/Po (3)

Where, V,, is the volume of monomolecular ad-
sorption, C is a constant and approximately equal
to exp(E\—E)/RT where E, is the heat of ad-
sorption of the first adsorption layer and E'r is the
heat of liquefaction. P is the equilibrium pres-
sure, Po, the saturation pressure, and v, the vol-
ume of gas adsorbed. From the value of V,,, the
total surface area of the sample, S, can be calcu-
lated by the following equation, using the average

Pjv(Po—P)=

# Samples were heated at 1100°C in vacua before surface
area and reaction rates measur ts and so subjected to
vacuum treatment at 1100°C for about 20—60 hrs. in all.

9) S. Brunauer, P. H. Emmett and E, Teller, J. Am Chem.
Soc., 60, 309 (1938). ’

10) S. Br , L. 8. D
ler, ibid., 62, 1723 (1940).

W.E. D

ing and E, Tel



December, 1953]

surface area per molecule of ammonia of 12.9x

10-16 sq. cm. and then the specific surface area,

A, of the sample can also be obtained,
S=(12.9x10"18 x V,, % 6.02 > 1023)/22400 x 104, m? (4)

Method for Determination of Reaction Rates.
After the surface area measurement, the sample
was heated and the adsorbed ammonia was thor-
oughly desorbed. Carbon dioxide was introduced
into the reaction tube A in Fig. 1 after regulating
the temperature of the sample at a constant tem-
perature in the range from 850° to 978°C and the
increase of total pressure against time at constant
volume was measured by cathetometer and the
reaction rates of the system of carbon dioxide
and carbons were determined.

After the reaction rate measurement was over
and before the next surface area determination
or the next reaction rate measurement, the sample
was again evacuated at 1100°C for 3~15 hrs. until
10-t to 10~ mmHg to evaporate the surface oxide
considered to be formed by the former reaction
with carbon dioxide. The absolute reaction rates
were obtained from the reaction rates measure-
ment and the surface area determination.

Results and Discussion

(I) Surface Areas of Carbons. The B.E.T.
plots of P/v(Po—P) vs. P/Po are shown in
Fig. 2 and monomolecular adsorption volume
Vam, total surface area S, specific surface area
A, B.E.T. constant C and the difference of the
heat of adsorption of the first layer and the
heat of liquefaction E,—E; are summarized
in Table II. The surface areas and the weights
of the coke I were determined before and
after the reaction rate measurement with
carbon dioxide as shown in No. 5-2, No. 5-3
and No. 5-4 in Table II and their differences
were found to be so small that after the ex-
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Fig. 2.—B.E.T. plots
Ordinate ; left-hand, No. 5, No. 6, No. 9
and No. 12
right-hand, No. 7, No. 10,
No. 11 and No. 13

periment with charcoal, No. 6 in Table II, the
surface area determination was made at once
and from these surface area values and kinetic
data, the absolute reaction rates for various
temperatures were obtained.

The largest specific surface area of the
samples investigated was 399 m?/g of charcoal
and the smallest, 0.41 m?/g of oil coke and
their ratio was about 10°. If charcoal and
acetylene black were excepted, the ratio of

£omin) ——s

1 1

o} & . {
9] 25 50

iH 100

Fig. 3.—Relation between increase of total pressure and time
@ acetylene black at 1230°K
A coke II at 1173°K
© charcoal at 1173°K
O coke I at 1173°K and 1223°K
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the largest specific surface area of cokes to
the smallest was about 8.

(II) Reaction Rates of Carbons with Carbon
Dioxide. Typical examples of the increase
of the total pressure P against time ¢ at
constant temperature and volume are illus-
trated in Fig. 3. Po is the initial pressure.
As time passes. the increase of the total
pressure becomes smaller. It has been in-
terpreted that this decrease was due to the
retardation effect of the adsorption of carbon
monoxide formed by the reaction of carbon
dioxide with catbon; but mere recently, Reif
concluded that it was due to the reversible
reaction of the reaction (1).

In the present paper, assuming that

a) the reaction (1) is rapid and always in
equilibrium and the concentration of surface
oxide is negligibly small compared with total
active centers on the carbon surface,

b) the reaction (2) is the rate-determining
step,
the following experimental equation is easily
obtained,

dP/dt=K Pcoz/Pce (5)
where P is the total pressure, #, the time, K,
a rate constant and Pco, and Pco denote the
partial pressure of carbon dioxide and carbon
monoxide respectively. From the assumption
(a), there are the following approximate re-
lations,

Pco,=2Po—P,  Pco=2(P-Po) (6)
Integrating Eq. (5) under the initial condition
that P is equal to Po at {=0 using the rela-
tion of Eq. (6), the following equation is ob-
tained,

Y=K/4.606 Po+X/2.303 Po (7
where Y is equal to 1/¢ log Po/(2Po— P) and
X equals (P—Po)/t. 'There must be a linear
relation between Y and X from Eq. (7). The
examples of these relations using experi-
mental data in Fig. 3 are indicated in Fig. 4.
Very good straight lines are obtained and
1/2:303Po must ‘give the slope of these straight
lines from Eq. (7). The comparison between
the slope obtained from the figures and cal-
culated values of 1/2.303P9 are indicated in

Reactivity of Coke. 1.
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Fig. 4.—Relation between Y and X
O coke I at 1173°K and 1223°K
@ acetylene black at 1230°K
A coke IT at 1173°K
© charcoal at 1173°K

Table II and their differences are only a small
percentage. Accordingly, Eq. (5) may satis-
factorily represent the experimental data. The
value of ¥ at X=0 is K/4.606Po and then
the rate constant, K, can be obtained. Kre-
presents the reaction rate when Pco,/Pco
equals unity. The number of molecules which
react per sq. cm. per second at Pco,/Pco=1,
K, can be calculated by the following equa-
tion from K and the total surface area S,

273 1 6.02x10% 1
Kui=a K7gy 60 20400 Sx100 &
where, @ #s a constant determined by the
volume of the reaction tube, the sample
weight, the density of carbon and etc., and
other figures are conversion factors.

K and Kaos. are summarized in Table II.
The plots of log Ka vs. 1/T are illustrated
in Fig. 5 and Ka may by expressed in the
form of

TABLE III
Aons. Acage.
Sample molecules c:'n"-’ sec™! molecules cm™2 sec™! E, Keal/mol
0Oil coke 3.39 1027 5.57 %1027 91
Coke III ” ” r
Coke II 5.12 x 1027 ” 95
Charcoal 8.9 x10% ” 97
Acetylene black 5.62 %1027 ” ”
Carbon for spectroscopic » ” ”
analysis
Pitch coke 5.75 %1027 r 99
Coke 1 ” 7 ¥
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. Ka=Aexp(—E/RT) 9)
whe A and E are respectively the frequency
factor and the observed activation energy.
A and E obtained by the least squares are
shown in Table IIIL

The values of A and E of oil coke, acetyl-
ene black and pitch coke coincide with those
of coke III, carbon for spectroscopic analysis
and coke I respectively.

The activation energy becomes smaller as
the straight lines in Fig. 5 go upwards. It
is very interesting that the line of charcoal
does not deviate so much from those of coke
II and carbon for spectroscopic analysis in
Fig. 5 and that acetylene black and carbon
for spectroscopic analysis fall exactly on the
same line. Generally speaking, the ratio of
the maximum value of Ka to minimum at
the same temperature is about 16—20 for
various carbons and is very small compared
with the ratio of the largest specific surface
area to the smallest, that is, 10°, but among
various cokes, except for charcoal and acetyl-
ene black, the difference of Ka is much
greater than that of the speific surface area.

I I I

1”0

1o

[0.0

0

2ol -
/I{-P‘-IO"“ —

. 1
5 80 . - 85 90

Fig. 5. Relation between log Ka and 1/T
0il coke

coke III

coke II

charcoal

acetylene black

Carbon for spectroscopic analysis

Pitch coke

coke I

CCoedlle

The systematic relations between the crys-
tallographic structure of carbons and the
values of Ka were not observed as shown in

[Vol. 26, No. 9

Fig..5." This might be masked by the cata-
Iytic effects of impurities. From the above
experimental results, it may be concluded
that the difference of the specific reaction
rates of pure amorphous carbon and pure
graphite will be small and for carbons con-
taining some impurities, the catalytic effects
of the ash in carbons on the reaction rates
may be much greater than that of the crys-
tallographic structure of carbons that is, the
degree of graphitization of carbons, and the
difference of the observed activation energies
may be due to the difference of the catalytic
action of some impurities in carbons. These
conclusions may be properly understood from
various experimental facts that even small
quantities of metallic oxide impurities usually
play a very important part on the catalytic
reactions. For example, Wynne-Jones and
his co-workers® indicated that the addition
of 0.1—0.02. per cent of sodium carbonates
or elemental iron greatly affects the reactivity
of pure graphite. In a recent paper, Par-
ravano!' indicated the change of the activa-
tion energies with the addition of some met-
allic oxide to nickel oxide in the reduction
of nickel oxide by hydrogen. The activation
energy of pure nickel oxide was 26.4 Kcal/
mol, and with the addition of 1 mole per
cent of alumina and 0.5 mole per cent of
tungsten oxide, they became 35.2 Kcal/mol
and 9.2 Kcal/mol respectively.

(III) A Theoretical Consideration of the
Reaction Rates. The reaction mechanism of
this system may be assumed as already men-
tioned and the absolute reaction rate theory!®
may be applied to this mechanism as follows,

C0,+C=CO+(CO] surface oxide (1)

Py, Cs P Ca o
(CO)=(CO)*—CO 29
Ca Ca*

~ The absolute reaction rates can be obtained
from the following equation,

v=kT/h - Ca + fa*/faexp(-E\/RT) (10)
where k, R,and % are universal constants, Ca,
the concentration of the surface oxide, fo™*/fa,
the ratio of the partition functions of the
activated state and the surface oxide, E,,

- surface activation energy and 7, the tem-

perature. _
From the assumption (a) already stated,

‘there is the following relation,

Ca_ Peor | foo_  fa -E./R
o= P fur | f. SXRUES T)(n)

11).. G. Parravano, J.Am. Chem. Soc., 74, 1194 (1952).
12) S. Glasstone, K. J. Laidler and H. Eyring: *“ The
THeory of Rate Process,” p. 369 (1941).
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where, Cs is the concentration of the bare
sites, Pe; and Pe,the partial pressure of car-
bon dioxide and carbon monoxide, f denotes
the partition functions of each species and
E,, the heat of reaction of the reaction (1”).
From the assumption (a) Cs is also nearly
equal to L, the concentration of the total
active centers. When Eq. (11) is substituted
for Ca in Eq. (10) using the relation of Cs=L,
some equations can be obtained as follows,

i'}:kT/k - L - ng/Pca fco/ooz 'fa.*/f:

exp{-(E\+E,)/RT}=Ka Pew:/P:n (12)
where Ka=kT/h - L - fin/feo - faX/fe  (13)

exp{-(E\+ E;)/RT }=Aexp(-E/RT)
here A=kT/k - L 'fco/fcoz 'fa#/fs (14)
Eq. (12) is identical with the experimental
reaction rate equation (5). A can be calcu-
lated from Eq. (14) and the calculated value
using L=10%, f,*/fs=1 and T=1173°K as the
mean of the experimental temperatures is
557x10% molecules cm~2 sec™!. The calcul-
ated value of A is in satisfactory agreement
with the observed values in Table 3. Ka can
also be calculated from Eq. (13) using the
activation energies obtained experimentally.
Kaeare. for each temperature are tabulated in
Table 2. The agreement of the calculated
values with the observed is also very ex-
cellent. Accordingly, the mechanism, pre-
sented in this paper may be interpreted by
the absolute reaction rate theory.

Summary

The absolute reaction rates of carbon di-
oxide with eight carbons have been obtained

513

from the surface area measurement by the
B.E.T. method using ammonia adsorption at
0°C and the reaction rate measurement.

The activation energies ranged from 91
Kcal/mol of oil coke and coke III to 99
Kcal/mol of coke I and pitch coke.

The reaction mechanism that the reaction
of the formation of surface oxide is rapid
and always in equilibrium and the concent-
ration of the surface oxide is negligibly small
compared with total active centers and the
rate-determining step is the desorption of
surface oxide can be interpreted by the theory
of absolute reaction rates.

It may be concluded that the difference of
the activation energies will be due to catalytic
effects of some impurities in carbons, and
that the difference of the absolute reaction
rates due only to the difference of the crys-
tallographic structure of pure carbons with-
out the catalytic effects of impurities will be
small.
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