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Abstract—The gasification of a very high purity natural graphite was studied at temperatures between 908 and
1007°C, at fotal gas pressures between 15 and 150 torr, and CQfCO; ratios between 0,098 and 2. Reactivity,
expressed as weigh! Joss per unit time, was constant over the burn-off range between about [0-50%. Rates of
gasification  were seen 10 obey the equation derived from Langmuis-Hinshelwood theory, that is
Rate = kipooy {1 + kxpeo + kapeo,). I it is assumed that the inhibition of gasification by CO is caused by its lowering
the steady-state conceniration of oxygen complex which breaks down to product CO, individual rate constants for
the oxygen transfer and gasification steps can be caleulated, Values of these rate constants and the equilibrium
constant for the oxypen transfer step are considered in the light of literature results and theory.

1. INTRODUCTION

As has been popular in the broad field of gas-selid
interactions, a number of attempts have been made to use
the Langmuir-Hinshelwood theory to treat the kinetics of
the C~CO, reaction[14], i.e. C+4 COx=2C0. Walker ef
al.[5] showed that the Langmuir-Hinshelwood theory
predicts an equation of the following form for the
gasification of carbon by CO:

kipeo,
Rate = s i 1
ale I+ kapeo + Kapeo, )
whether CO inhibits the reaction by chemisorbing on
active sites {mechanism A)

C; + COs(g) —= C(0) + COg)

C(0) —5 COlg)

iy
C,+COg) im C(CO)

or by reducing the cquilibrium concentration of oxygen
complex on the carbon surface (mechanism B)

€+ COAg) === C(0) + COg)
C(0) s COLg).

The sbove workers found that eqn (1) was successful in
correlating their kinetics; but from a scientific viewpoint it
is important to know whether their success is founded on
a theoretical or, simply, on an empirical basis. Unfor-
tunately, these workers used as carbons coconut shelf
charcoal, coal coke, anthracite and clectrode carbon.
These materials are complex solids poorly defined

crystaliographically and containing significant amounts of
metallic andfor hetero atom impurities. In some cases,
questions arise as to the role which gas mass transport
within the porous carbons played in affecting the
meastred rate constants[5). Thus, the previous kinetic
studies do not permit a decision to be made as to whether
the successful use of the Lamgmuir-Hinshelwood ap-
proach means that the mechanism of the reaction has
been uniguely deduced. In this study of the C-CO.
reaction, a highly crystalline natural graphite of very high
purity has been used. Further, mass transport resistance
has been shown conclusively to be negligible. It is felt that
a critical evaluation of the Langmuir-Hinshelwood
kinetics can now be made.

2, EXPERIMENTAL

2.1 Graphite

The carbon employed in this study was SP-1 spec-
troscopically pure naturat graphite from the Carbon
Products Division of Union Carbide Corporation. It is
supplied in the form of flakes about 0.3-0.5um in
thickness and 30 gm in diameter{6)]. it has a BET surface
area of 1.8mYg and a He deansity of 2.25g/em’. From
quantitative X-ray diffraction studies on the (0004}
diffraction peak, using an internal standard [7], the
interfayer spacing of the material was measured to be
3.3541A at 15°C. Based on the Franklin[8] and Bacon[9)
correlation, this indicates that the material has a minimum
of stacking fauits between the layer planes. Particles were
examined by direct transmission electron microscopy. As
shown by Dawson and Follett[1(, 11} when the long axis
of the particle runs parallel to the (000!} layer planes {as in
the present case), crystallites in the particle are revealed
by distinct and separate Moiré patterns produced by gross
stacking faults within individual crystallites. As expected
from X-ray diffraction studies, the appearance of Moiré
patterns in SP-1 graphite is rare. Further, in most cases,
there was no indication of the presence of micro-
crystallites composing the particles, Selected area elec-
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tron diffraction studies produced, in most cases, single
crystal patterns. On the basis of these resulls, it is
concluded that the particles are essentially non-porous.
By taking the top and bottom faces of the flake-like
particles as being composed of basal planes [{000])
surface! and the circumference of the particles as being
composed of prismatic planes {1010 and 1130 surfaces),
1010 and 1170 planes are estimated to account for
approximately 3.3% of the total surface area of the
particles.

Total impurity content of the graphite is guaranteed to
be <1 ppm. The only impurities identified were: Si, Mg
and Al

2.2 Sample preparation

Artifacts were prepared by compacting SP-1 graphite
powder at room temperaiure and a pressure of
100,000 psi, The samples produced had a BET surface
arca of 1.8 mfg, an apparent density of 2.18=0.03 glem’,
and a porosity of 4x2%. The compacted samples were
milled into plates 3/8x 1 in. by either /16 or }/32in. in
thickness. A 1/§in. hole was driffed into one end of each
plate so that it could be suspended on either a Pt or
mullite hook. In this way, a minimum area of the sample
came into contact with a foreign material. If loose SP-1
powder had been used, it would have been held in a boat,
resulting in a significant increase in contact area, This was
deemed undesirable because of our concern about
graphite contamination and resulting catalysis of the
gasification reaction[5].

Since purity of the sample was & prime consideration,
the finished graphite plates were heat treated to 2500°C to
remove impurities added during the compaction and
milling process. From emission spectroscopy results, it
was concluded that the fimal piates were as pure as the
as-received graphite powder.

When the graphite plates were gasified in COx, their rate
of gasification per unit starting weight increased con-
tinuously with reaction time until a weight loss of about
105 was produced. Between about 10 and 509% weight
loss, the gasification rate was constant, Presumably the
available number of active sites did not change in this
weight loss range[12]. Therefore, prior to our kinetic
studies the plates were gasified to 10% weight loss at
1150°C in a flowing 109 CO-50% CO: gas stream at a total
pressure of [atm. Carbon menoxide was added to make
possible uniform gasification through the plates[13].

2.3 Gases

Gases were obtained from the Matheson Company. The
CO- was “Coleman grade™, having a minimum purity of
99.99 vol %. The CO was “C.P. grade™, having a minimum
purity of 99.5 vol 9. The gases were passed through 13X
moleeular sieves to remove water and 1hen over hot Cu
wurnings at 350°C to remove oxygen. By mass spec-
trometric analyses no O», H. or H:0 was found in either
- CO or CO, {meaning the presence of <0.019%).

2.4 Apparatus
The apparatus consisied of the following sections: gas
purification, gas storage, gas dosing and reactor. It hag

been described in detail elsewhere [143. Briefly, the weight
decrease of the graphite during gasification by CO, was
followed using a quartz beam microbalance of the type
described by Rhodinf15], The balance housing, which was
fashioned of 65mm diameter Pyrex tubing, was con-
nected to twin clear fused quartz tubes 34 mm id. Into
one tube was hung a counter weight; into the other tube,
was hung the graphite plate by a 0.007 in Pt-Ir wire. A
Gaertner slide micrometer microscope was used to follow
movement of the bulance beam; weight losses down to
107" g could be accurately measured,

To minimize permeation of external pases at high
temperatures in the reaction space, the hang-down tubes
were constructed with a double wall, with the annular
space between the walls being continuousty outgassed.
Using « two-stage Hg diffusion pump, a vacuum of
107 torr could be attained in the reaction space at 1000°C.

The reactor temperature was controfied within +2°C
between reaction temperatures of 902-1007°C by a Series
60 Leeds and Northrup unit. The furnace had 2 constant
temperature zone of about 3in, in length, in which the
sample was located.

The remainder of the system was a standard Pyrex
glass high vacuum apparatus, using ground glass siop-
cocks. Five separate pressure indicators (Pirani gage,
thermocouple gage, Zimmerk gage, Hg manometer and
McLeod gage) permitted adequate pressure measure-
ments to be made between 107 and 200 torr,

2.5 Reactivity runs

Procedures employed in obtaining reactivity data are
described in detail elsewhere[14]. With the graphite
sample in place in the reactor, the apparatus was
outgassed and the walls “flamed out™ until & vacuum of
107* 1orr was attained. The reactor was then brought to the
desired temperature; the sample was soaked for 3 hr after
a vacuum of 107 torr was attained and before reactivity
runs were started. Following admission of the desired
CO-CO- mixture into the reactor, aboul 3min were
required for the balance to settle down sufficiently so that
accurale readings of deflection could be taken. This was
selected as zero reaction time. The maximum weight loss
necessury to obtain an accurate reactivity measurement
was about 0.03% or [0 pg. Since reactivity was constant
between about 10-50% weight loss, all kinelic data could
be obtained on ane sample if desired. This is a distinct
advantage.

Runs were made at total gas presstires between 10 and
150torr. At higher pressures, pas convective currents
disturbed the balance unduly, Qver the reaction tem-
perature range used, 902-1007°C, the duration of typical
runs varied from 2 hr to 23 min.

If eqn (1) is inverted, it can be written as

k;_ ks pcn+ 1 |

JDLE DVRLAL I oL AT B, By
ky Peos

i
. o)
Rate k, klPC{); @
In principle, the rale constants in eqn {(2) can be
determined from reactivity results obtained whenm: (i)
Peolpee. is held constant and the total pressure varied, (i)
peo, is held constant and pee varied and i} peo is held
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constant and pco, varied. Use of the first methed proved
the most suitable. A reactivity run was made in a gas
mixture of predetermined peo/peo, ratio at the lowest total
pressure. A series of subsequent runs were made up to the
highest total pressure by adding fresh aliquots of gas of
the same peolpeo, ratic. There was no outpassing between
runs. Each reactivity run was constant from zero reaction
time. After a set of reactivity runs at one peofpco, ratio
and one temperature was completed, the system was
outgassed to 10°* torr and held for 3 br prior 1o making
runs at a mew peofpco, ratie. Before going to a new
temperature, the system was outgassed at 107" torr for
12 br; the system was then outgassed an additional 3 hr at
the new gasificalion temperature,

in practice, the second method of oblaining rate
constants was possible but not the most convenicnt.
Using this methed, the first run was made with a 106
C0-90% CO; mixture (peofpeo, = 6.111). Subsequent runs
at the same temperature were made Tollowing the addition
of aliguots of pure CO. For those subsequent runs, the
time required for the sample reactivity to equilibrate to a
new value was long,

To use the third method to obtain kinetic data, peofrate
is plotted vs pco,; and rate constants are calculated from
the stope and intercept. In this investigation, this method
wus not practical, however, since the slopes of the plots
were very close {o zero; and the experimental precision
did not permit accurate evaluations of very small
differences in slope from zero. A slope close to zero
means that the graphite gasification rate was close to first
order in peg. a1 constant peo.

During gasification, peo progressively increased and
Pco, progressively decreased. However, since the system
volume in which the gas mixture was held was large
(2256 cm’) and the amounts of carbon gasified were very
small, the maximum change in the peofpeo, ratio produced
was <2%. Such changes had a negligible effect on
gasification rates for the range of peofpeo, ratios used in
this study.

Sinee & large number of runs were made on one sample,
we were concerned abott the previous history of the
sample affecting our results. Consequently, we selected as
a standard condition 30torr of 10% CO-%0% CO. at
977°C. Frequently during the course of this study, samples
were returned to this condition and their reactivity
mensured. Gasification rates in all cases agreed within
+ 3%, Qutgassing times ut reaction temperature between 3
and 72 hr had no detectable effect on rates. The sequence
of reaction temperatures used was deliberately ran-
domized to avoid any trend in the nature of active sites
developed{16]. Whether the graphite sample was
suspended on a Pt or mullite hook showed no effect.

3. RESULTS

3.1 Rates for constant COICO. ratios

Graphs obtained by plotting reciprocals of observed
rates vs reciprocals of €O, pressures, when the CO/COs
ralio is held constant, vielded good straight fines as
expecied from eqn (2). Figure | presents results for runs
at 932°C and at three different COJCO: ratios. The units of
rate are g carbon reacting per hour per g of starting carbon
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Fig. §. Test of eqn (2} for constant peofpen, ratios at 952°C and
Pea, Pressures ranging from 19 to 80 tosr,

weight. As would be expected from eqn (2), the lines are
parallel and differ only in iheir intercepts. This is a
consequence of ihe slope of the plots being equal to k™.
From plots such as these, rate constants ki, k: and k, were
calculated.

Table 1 presents a compilation of all the data that were
obtained at constant CO/CO, ratios. The pressure limits
within which alf data were obtained extended from 19 to
126 torr, and the temperature limits extended from 902 to
1007°C. Over 100 individual rate determinations were
made in order to evaluate the constants. Where only one
COJCO: ratio is reported, the constants k. and k: were

Table 1. Results obtained by varying peo, at constant peofpen,
ratios

Experimental data  Least squares values

Temp.  peo LT Y LY
OV peos Ry} 106100 kit T W
1007 04975 205 119 /6 AT 120 254

9B 0J60 HRD 135 225 0 132 230
982 028D IO 130 235 0.0 1337 230
977 04975 740 129 236 818 133 224
951 DA9TS 360 151 200 364 [51 204
952 0975 3T2 1S4 204 36 [5) 204
952 00975 369  l46 210 168 ISl 204
932 00975 361 152 204 364 351 204
951 0160 372 148 220 364 (51 204
951 080 369 150 200 Les 181 204
950 00975 320 156 206 347 153 202
937 06975 227 170 190 233 16 192
932 0.105 183 169 186 L2 166 I8
937 0243 184 168 187 182 66 I8
932 0375 183 170 186 182 166 (8K

932 (.37 1.82 168 186 1.82 166 (88
922 0.160 139 1 184 138 172 181
922 {280 1.3 1714 8.1 138 172 181
902 {.103 065 191 166 665 192 166
902 0243 0.66 189 165 .65 192 166

Units of: &, =(g of carbon reacting x em® of COM(g of initial
carbon weight ¥ sec % males of CO.,
k= {em® of CO/mole of COY
ky={cm' of COJmole of CO.).
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evaluated cither by varying the CO pressure at constant
CO: pressure, as was done in most cases, or by using a
single reaction rate at 3 different CO/CO- ratio, as was
done in two cases. Table | has two columns for each rate
constant, i.e. the experimental data and the corresponding
values obtained from least squares Arrhenius plots.

3.2 Rates for varying COJCOs ratios

Below a CO/CO: ratio of about 2, results obtained by
varying the COfCO. ratio, while the CO. pressure was
being held constant, gave quite acceptable results. Graphs
obtained by plotting reciprocals of observed rates vs
COJCO: ratios yielded pood straight lines as expected
from eqgn (2). Fipure 2 shows such a plot for resulis taken
at H007°C and a peo, of 20 torr, Table 2 summarizes results
obtained. The constants ks and k; were evaluated, using &,
values previously obtained at constant COJCO. ratios.

1.3 Compilation of rate constant values

The rate constants obtained from both of the above
methods are placed on Arrhenius plots in Figs, 3 and 4 and
least square lines drawn through all the points. Scatter is
least on the Arrhenius plot for ks scatter on the k: and k;
plots is comparable. Note that results in Fig. 3 are
independent of whether & 1/32 or 1/I6in. thick sample
was used, Le. rates were not affected by resistance to
mass {ransport.

e
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Fig. 2. Test of eqn (2) for coastant peo, = 2Herr at H67°C and
climnging peolpeo, Tatio.

Table 2. Results obtained by varying peofpco. at constant peo,

Temp,  Pear  (kafk)

=0 {tore) X" kX0 kx0T Ex107

1007 20.0 58 .7 120 154
967 20.5 257 5.64 143 27
952 24.2 413 370 154 04
9352 34.5 39.6 370 146 210
952 41.6 42,1 3.62 152 .0
937 19.5 680 242 i0d 19.2
917 21.0 178.0 1.02 3.8 17.8
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Fig. 3. Arrhenius plot of k. for graphite plates of 1/32 and 1/16 in.
thicknesses.
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Fig. 4. Arrhenius plots of k. and k, for graphite plates of 1/32 and
{16 1n. thicknesses.

it would be more useful if k; was expressed on the basis
of active sites instead of on a carbon weight basis. From
studies on the chemisorption of oxygen on SP-1 graphite,
Walker ef al.[6] concluded that 15.6 pg of active sites
were present for each gram of carbon. On 1he basis of this
active site value, &, = 1.25 % 107" exp (~99,000/RT) g car-
bon cm'fg active sites sec mole CO. It would be
interesting to see if this value would be able to adequately
describe the reactivity of other high purity carbons for
which the number of active sites is known.

If mechanism B is accepted o describe the C-CO;
reaction, as sugpested by Ergun[17], the rate constanis k,,
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ka and ky in turn are given by{SI: ki =1, kx=j/j, and
ka=iJjy. Values for iy, j, and f; are given in Table 3.

4, DISCUSSION

4.1 Thermochemical considerations

On the basis of mechanism B il is possible to use the
energies obtained for ki, k; and ks to illustrate how the
various energies and heats are involved in the C-CO,
reaction, From Fig. 5, it is seen that from this work the
heat of reaction for the first step of the C-CO, reaction,
the oxygen exchange reaction, was found io be
25 kealfmole endothermic. This heat compares favorably
with the value of 23 keal/mole reported previously by
Ergun[17]; however, the line gives values of K., which
fall somewhat below Ergun’s values. Values of K., as
given by Tonge{18)], are also shown on Fig. 5.

Thermochemical calcnlations can be made in order to
ascertain whether the heat found for the oxygen exchange
reaction is rensonable. One difficuity in making precise
calculations lies in uncertainty concerning the nature of
the carbon-oxygen bond in the complex. Walker et al. [6],
who used thermoelectric power measurements to follow
the kinetics of oxygen chemisorption onto SP-1{ graphite
from 0., have shown that formation of the oxygen
complex involves some localization of a melectron from
the graphite. This localization results in some loss of

Table 3. Derived rate constants for mechanism B

Rate constant Value
i 1.25 % HWF° exp (—99,600/RT) cm’/mole sec
Ji 3.14 % 10" exp (—74,800/RT) cm*[mole sec
is 4.35% 10" exp (~87,000/RT} sec™
Temperciure, °C
160

SO0 750

800 500

100, of K, lcolfciolivigHoe,]

o Ergurs date [I7]

» Tonge's dofa [15]
'O"' i3 1 i 1. & 3 r
06 ©O7 ©08 09 10 il 12 13 14
{1000/7), (K

Fig. 5. Equilibrium constant for the exygen exchanpe reaction as
@ function of temperature. K., = 4.0% 10* exp (—25,000/RT).

carbon-carbon bond encrgy within the graphite. Taking
reasonable values for the strengths of carbon-carbon and
carbon-oxygen single and double bonds, Strange showed
that if the carbon-oxygen bond in the oxygen complex has
two-thirds double bond character, good agreement is
found between the heat calculated for the oxygen transfer
reaction {C;+CO(x)> COE) + C(0)] and the value
found experimentally in  this  paper, that is
25 keal/mole [14].

4.2 Kinetic considerations

Values found experimentally for the rate constants for
the formation of oxygen complex and its breakdown 1o
give CO can be considered as te whether they appear
reasonable. Consider first the rate constant ji for the
breakdown on desorption of the oxygen complex.
According to absolute rate theory[19], the pre-ex-
pancntial factor is given by

_ I{];Tf*

hoja

where ky is the Boltzmann constant; T, the absolute
temperature; i, Planck’s constant; and f* and f, the
partition functions of the transition state complex and the
adsorbed species C(O), respectively. I as was found by
Blyholder and Eyring for the breakdown of the complex
in the C~0O. reaction, the ratio of f*/f, is equal to one, A ot
854°C (mean temperature in this study) has & vale of
2.6 10" sec™, This value compares favorably with the
experimental vatue of 4.4 % 10" sec™.

The activation energy associated with the breakdown
of the oxygen complex is 87 keal/mole, This value may be
compared to the energy required to split a carbon-carbon
bond. A number of workers{20,21] have found that the
dissociation energies of various carbon-carbon bonds
range from 72 to 83 keal/mole. Unfortunately, no values
were found in the literature for splitling CO from bonds
similar to those which exist in this study, i.e. from quinone
or phenanthrenequinone. In other studies, activation
energies ranging from 70 to 90 keal/mole were reported by
Wicke[22], Armington [23], Meyer[24] and Turkdogan
and Vinters{25). Blyholder and Eyring{26), who studied
the C-0. reaction, report an activation energy of
80 kcal/mole for the breakdown of the C(0O} surface
complex to give CO(g). In conlrast, Ergun reported an
activation energy value of 39 kcal/mole for the product
J(C:Y in the C-CO, reaction, where C, is the total number
of active sites[17]. Assuming that C; did not change with
temperature, Ergun attributed the activation energy 1o ja.

Consider now the rate constant i), the forward step in
the oxygen exchange reaction. The activation energy of
99 keal/mole exceeds values previously reported|§-3, 27]
on coconut shell charcoal (538.8), coal coke (47.9and 61.7),
electrode  carbon  (50.f) and nuclcar graphite
(71 keal{mole). However, these carbons are more or less
impure; and, therefore, dissociation of the CO: could have
been occurring primarily over metal or metal oxide sites.
According to Rossberg and Wicke[28], the cnergy
reguired to effect the transfer of am oxygen atom from
CO; to the carbon in the C-CO; reaction should be close
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1o the energy required to remove the first O atom from
CO.. The dissoctation cnergy of this bond s
127 kealfmole f29].

The pre-exponential term in i; can be compared with
the maximum possible value as predicted by collision
theory, in the simplest case. The number of collisions of
reacting molecules with the surface per unit time is
estimated from the kinetic theory of gases as N/, where
N is the gas concentration and & is the average velocity of
the molecales. At 952°C and 1atm CO, pressure, the
frequency of collisions is calculated to be 1.2x 107
molecules/em’ sec. In order to compare the frequency of
collisions of CO. molecules with the surface with the
pre-exponential [actor in i), the pre-exponential factor is
multiplied by the concentration of CC- at | atm and 952°C
(i.e. 9.9 % 107 molefcm®) and divided by the area occupied
by an active site on the carbon surface (i.e. about
8.3 x 107" em?). Thus the pre-exponential factor is con-
verted from 1.25 % 107 cm’/mole sec to 1.5 X 10% mole-
culesfem® sec. Obviousty this factor should not be larger
than the frequency of collisions of CO. with the surface.
To the extent that all molecules colliding with the active
sites on the surface do not have the proper orientation
for reaction (i.e. the steric factor is <1}, the pre-ex-
ponential factor should be less than the frequency of
molecules colliding with the active sites. Indeed, this was
found to be the case, in studies in this laboratory on the
C~0: reactionf12i.

It has recently been suggested [30] that the entire basal
planc of carbon may serve as a “collector area” for the
reaciing molecules, even though rexction does not oceur
on the basal surfuce but just at its edge (active sites). That
is, molecules collected on the basal piane diffuse across it
10 the edge where reaction occurs. In this case the area
assigned to an active site on the surface of the SP-1
rraphite would obviously have to be increased. Walker ef
al. [6] have shown that the edge area of SP-1 graphite
constitutes about 3.3% of the total surface. Thus the
“effective aren’ assigned to an active site in SP-{
graphite, assuming that all of the basal planc arca is acting
as collector area, would be about 30 times greater than the
value of 83%(0""cm’ taken originally. This would
decrease the pre-exponential factor in i to 5% 10"
moleculesfem’ sec, which is still much. greater than the
value for frequency of collisions of CO; with the surface.

A number of authors have discussed possible reasons
for the compensation effect, ie. when the activation
energy goes up the pre-exponential factor also goes
upf31, 32]. As noted earlier the activation cnergy for i, is
Jarge. This, in urn, results in the pre-exponential factor
for i; being large. However, as we will see in the next
paper{33], the activation energy for i; for the gasification
of $P-1 graphite by CO. at very low pressures is, indeed,
large and agrees well with the value found in this study.
Obviously, it brings inte question just what an activation
energy means, in o fundamental way, for the steps in
carbon gasifieation.

In uny case as will be discussed in the next paper{33], if

sample oulgassing prior to gasification is conducted under
more extreme conditions than used in this study, that is
107 torr and 1100°C, gasification rates are increased. Thus
there is clearly no one set of rate constants for the C-CO.
reaction.
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