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The Reversed-flow Gas-chromatography Technique applied
to the Kinetics of the Methanation of Carbon Monoxide

Evangelos Dalas, Nicholas A. Katsanos* and George Karaiskakis
Physical Chemistry Laboratory, University of Patras, Patras, Greece

The reversed-flow gas-chromatography technique has been applied to the
methanation reaction of carbon monoxide over two Ni/AlL O, catalysts. A
continuous feed by diffusion of carbon monoxide was used, ensuring a
continuous change in its concentration with time over the catalyst bed. An
integrated rate equation has been derived, permitting the calculation from
experimental data of the rate constant and the order of the reaction with
respect to carbon monoxide. This was done for a wide range of fractional
conversions to methane at each temperature. Arrhenius activation parameters
were computed for each reaction order. The latter changes with temperature
discontinuously, but does not change with CO concentration at the same
temperature. This is explained by the fact that the method is a pulse
technique under steady-state conditions. The findings are compared with
recent results in the literature, agreeing with some of them but not with
others. They are, however, consistent with a conventional reaction mechan-
ism, assuming a non-homogeneous catalytic surface. A rate equation for the
formation of methane, based on this mechanism, has been derived and is
used to explain the experimental data, especially the change of reaction
order with respect to carbon monoxide with temperature. The rate-
determining step is the hydrogenation of CH or CH, groups.

The kinetics and mechanism of carbon monoxide methanation over various catalysts,
particularly with nickel as the active constituent, continue to be of interest since the
discovery of the reaction in 1902 by Sabatier and Senderens.! The main reasons for this
interest are connected with the formation of methane-rich fuels having low CO contents,
the removal of carbon monoxide traces from hydrogen-rich gases of ammonia plants and
the transformation of coal into substitute natural gas. However, despite numerous
kinetic investigations of this reaction, some of which are very recent and thorough,?®
its mechanism still remains obscure. This is mainly due to the kinetic behaviour of the
reaction; its order with respect to CO changes with temperature and partial pressure of
CO in a complex way,?- % 1% whereas the order with respect to H, appears to be indepen-
dent of temperature and close to unity.> 7% 1% The complexity of the reaction orders
is also reflected in the decrease in activation energy with increasing reaction
temperature.? %11

It occurred to us that additional information on the kinetics of the methanation
reaction could be obtained by means of the new technique of reversed-flow gas
chromatography (r.f.g.c.), which has already been applied with success to the study of
the detailed kinetics of various surface-catalysed reactions!?!® and other related
phenomena.?*2* The method, which has been reviewed recently,?® is used with various
experimental arrangements depending on certain characteristics of the reaction. In the
present case, where one reactant (H,) is used in a great excess over the other as a carrier
gas, and the second reactant (CO) is not retained on the catalytic bed for a sufficiently
long time, but is eluted together with the products, the experimental setup outlined in
fig. 1 was employed. This arrangement offers the following advantages over traditional
techniques used in heterogeneous catalysis, outlined below.
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Fig. 1. Schematic representation of the experimental arrangement for studying the kinetics of
carbon monoxide methanation over alumina-supported nickel. TC is a thermal conductivity
detector.

(1) It is a very simple arrangement; instead of using flowmeters, mixing chambers,
saturators and similar devices to introduce the reaction mixtures into the catalyst bed,
a column L void of any solid material is filled with one reactant (CO) using a gas-tight
syringe (or with a mixture of two reactants), and this reactant is allowed to diffuse slowly
onto the catalyst retained within a short section near the junction of columns L and /' +/.

(2) The diffusion feed described above ensures the presence of reactants over the
catalyst bed for a long time period, resembling that of a continuous flow, but with the
concentration (and hence the partial pressure) of carbon monoxide changing continuously
with time, according to the diffusion laws.

(3) Reversing the flow of the carrier gas by means of the six-port valve for a short
time period ¢* (smaller than the retention time of reactant and products on column /7
and /)* causes a sampling of all substances present at x = /. The chromatographic
material filling / separates these substances, revealing their relative concentrations after
passing through the catalyst bed in the form of extra peaks (sample peaks), as shown
in fig. 2. From these sample peaks the fractional conversion of reactants to products can
be calculated many times during a single diffusion feed. From these conversions,
covering a wide range, the rate constant and the order of the reaction can be found for
an extending range of partial pressures, in a single experiment lasting only a few hours.

(4) The catalytic bed can be treated either as a differential reactor or in an integral
mode as was done in the present work (see Results section).

(5) It is apparent from fig. 2 that the method uses pulses of reactants created by the
flow reversals, but these pulses are superimposed on an initial concentration line of
reactant and product(s), constituting a continuous flow of substances over the catalyst
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Fig. 2. Sample peaks of CO and CH, obtained by reversing the flow for ¢ = 30 s, at 489 K, 37 min

after introducing carbon monoxide in the diffusion column L. The catalyst was 5%, Ni/ALO,, the

chromatographic material molecular sieve 5A (80-100 mesh), and the carrier gas hydrogen
(V' =0.75 cm®s™).

bed. Thus it has all the advantages of both a pulse technique and a continuous feeding
of the reactant, and because this feeding is due to slow gas diffusion, steady-state
conditions over the catalyst are soon and easily established. In other words, the method
is a pulse technique under steady-state conditions. This should lead to kinetic information
that is not masked by adsorption effects of reactants and products on the catalyst
surface.

As a catalyst in the present study alumina-supported nickel was used, with two
different nickel loadings.

Experimental
Materials

The catalytic support was alumina Ho 425 of Houdry Katalysatorenwerke with a specific
surface area of 150 m? g~1. The catalysts used were prepared by the classical method of
dry impregnation of the alumina with an aqueous solution of Ni(NO,),-6H,0 (Merck
pro analysi). After drying at 373 K in air for 24 h they were reduced at 503K for 1 h
and at 758 K for 14 h in flowing hydrogen at a space velocity of 2000 h~. In all cases
the change of temperature from ambient to 373 K, then to 503 K and to 758 K was
made with a heating rate of 1 K min~*. The loading of the active phase, expressed as Ni
was 2 and 59 (w/w).

The hydrogen used in the reduction of the catalysts and as a carrier gas in the kinetic
experiments was purchased from Linde A. G. (Greece) and had a purity 0f 99.999, . The
carbon monoxide (99.69%, pure) was obtained from Matheson gas products.

The chromatographic materials used in column /" +/ were molecular sieve SA (80-100
mesh) of Matheson, Coleman and Bell, Chromosorb 102 (100-120 mesh) of Applied
Science Laboratories, and silica gel (100-120 mesh) of B.D.H.
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Fig. 3. Gas lines and important connections of the set-up used to study the kinetics of the reaction
CO+3H, -» CH,+H,0.

Apparatus and Procedure

The experimental setup for the application of the r.f.g.c. technique consists basically of
a conventional gas chromatograph modified so that it accommodates inside its oven the
r.f.g.c. cell, connected to the carrier gas inlet and the chromatographic detector through
a four- or six-port valve (cf. fig. 1). Fig. 3 shows the details of the apparatus used in
the present study. All three branches of the cell L, /' and / were of stainless-steel
chromatographic tube with i.d. 4 mm. The diffusion column L (100 cm long) was empty.
Sections / and / were each 115 cm long and were both filled with chromatographic
material, except for a short length (5 mm) of / near the junction with L which contained
53 or 107 mg of 5 or 2% (w/w) Ni/Al,O,, 80-100 mesh catalyst, respectively. This part
of column / was heated with a separate heating element and its temperature was
measured with a separate thermocouple. The variations during each run were < 1 K.

The pressure drop along column / was the same as that along column / and was
measured with a mercury manometer. It was found that the catalyst bed was under a
pressure of 2.015 atmt during all experiments.

Conditioning of the catalyst was carried out in situ at 713 K for 16 h, under a carrier
gas (H,, 0.75 cm?s™') flowing in direction F (¢f. fig. 1) and with 30 cm® CO at
atmospheric pressure injected with a gas-tight syringe into column L. The temperature
of the chromatographic oven was 346+ 1 K in all experiments.

Following the above conditioning, and after the chromatographic signal had decayed
to a negligible height, a new 30 cm?® volume of CO at atmospheric pressure was slowly
injected into the column L. After ca. 10 min a continuous concentration—time curve
decreasing slowly is established in the recorder owing to both the reactant CO and the
products. This can be taken as the steady-state condition for the catalyst. Then, the
carrier gas flow is reversed from the F- to the R-direction (¢f. fig. 1) by turning the six-port

1 1 atm = 101325 Pa.
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valve from one position (solid lines) to the other (dashed lines). After 30 s of backward
flow the carrier gas was again turned to the original F-direction. Because the time #’
elapsing between two successive reversals of the flow (one from the F- to R-direction
and one back to the F-direction) is less than the retention time on columns / and / of
the substances giving rise to the chromatographic signal, a symmetrical ‘sample peak’
for each substance follows the restoration of the gas flow to its original direction,®® as
shown in fig. 2. The above procedure of the flow reversals was repeated many times at
each temperature, giving rise to a series of sample peaks which correspond to different
partial pressures of CO over the catalyst and different fractional conversions of reactants
to products. The pressure change in tube L and over the catalyst at each flow reversal
was negligibly small, owing to the same pressure drop along columns /’ and / and to the
time interval ¢’ being short.

Calculations and plots were made with a New-Brain microcomputer and a Hewlett—
Packard 9825A desk-top computer with a 9872B plotter.

Results
Derivation of the Integrated Rate Equation

The general chromatographic equation describing the elution curve and the sample
peaks in the r.f.g.c. method has been published many times?® 1719, 21, 22,25, 30 a4 s not
repeated here. We only mention that the height of each sample peak above the
continuous chromatographic signal (taken as baseline) is proportional to the concen-
tration of the substance giving rise to this peak, at the junction x = /' (¢f. fig. 1) and at
the time of the flow reversal. In the present case, however, this would be true in the
absence of catalyst, while with the catalytic bed present at the entrance of column section
[, the sample peaks at the detector, like those of fig. 2, are due to substances present at
the exit of the bed, i.e. after passage of the carbon monoxide sample peak at x =/
through the catalyst. The only product detected in measurable amounts was methane.
The water, expected as a second product, was presumably retained on the molecular
sieve SA used as chromatographic material in columns / and /. By using chromosorb
102 and silica gel in place of molecular sieve 5A, the formation of carbon dioxide, ethane
and higher paraffins was sought, but none was observed in detectable amounts. This
finding is in fair agreement with the results of Klose and Baerns,® who found small
concentrations of ethane, traces of higher paraffins and a negligible formation of carbon
dioxide. Also relevant here is the finding of Baetzold?! that Co and Fe form long chains,
whereas Ni is a methanation catalyst. The material used in subsequent kinetic runs was
molecular sieve 5A, and the catalytic fractional conversion x of reactants to products
was calculated from the methane and the carbon monoxide sample peaks detected after
each flow reversal. The areas funder the sample peaks were used, instead of their heights,
because, owing to the different retention times of CO and CH, on column [, the two
peaks had different widths at their half-heights. Therefore, the conversion x was

calculated by the relation
x = 0.76/cg,/(0.76fcn, +/co) 0y

0.76 being the response of the thermal conductivity detector for CH, relative to that for
CO, under the experimental conditions used.

As mentioned in the Introduction, x can be approximately considered as a differential
conversion, but we preferred to treat it accurately as an integral conversion. The
equation relating the rate constant k& to the fractional conversion of carbon monoxide
to products is derived as follows. The specific reaction rate r,,,/mol kg™ ;4545 S71 I8

dx dx dx
oy (o)~ AW)D) )

Fm =
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where rm is the space time of the reactor, v, the reactor’s space velocity
(mol kg™ cataryst 1), v the feed rate (mol s7%), and W the catalyst’s weight (kg).

Integration over the entire cata]yst bed, taking into account the fact that during a flow
reversal cycle the feed rate v remains practically constant, gives

* dx v W\N_W_ W
Lol )= ®
o ’'m o v v Vc0
where V is the volume flow rate (in m® s~?) of the reacting mixture (carrier gas H, and
CO) and c¢, the extra concentration (in mol m~2?) of carbon monoxide in the mixture
created by the flow reversal at x = 7', i.e. at the entry of the catalytic bed.

Since hydrogen is used in great excess as a carrier gas, only the order of the reaction
n with respect to carbon monoxide is considered, so that the rate equation is of the form

P = ke® = ke(1—x)" “@

where k is the rate constant (m*” mol'™" kg™ ,ia1ys 7). Substituting the r.h.s. of
eqn (4) for r,,, in eqn (3) and integrating one obtains, after rearrangement,

VCI n
= — — 1-n
k=gt 1= 5)
This equation holds for all values of » other than 1. In the latter case the integration
of eqn (3) gives'® )
V 1
k= —Wln i—n’ (6)
If the reaction were first-order, the calculation of £ by means of eqn (6) would require
only the fractional conversion x, the weight of the catalyst W and the hydrogen flow
rate V, corrected at the catalytic bed temperature and pressure with the help of the
relation
Lip
V Vmeas ]"1 2 (7)
where V,,.,s is the measured flow rate and the subscripts 1 and 2 refer to the bed and
the environment, respectively. However, for orders n # 1 eqn (5) must be used and this
requires the additional quantity c,, i.e. the concentration of carbon monoxide at x =/
(cf. fig. 1). This is not the total concentration of CO at this point, but only the extra
concentration above the continuous baseline, created by the flow reversal and giving rise
to the two sample peaks of fig. 2, i.e. to the measured conversion. According to the
theory of r.f.g.c,3° the flow reversal for time ¢ creates a square concentration function
at x = I’ of width ¢ and height c,, twice that corresponding to the existing baseline [cf.
fig. 3A in ref. (30)]. The area under this square sample peak is ¢, ' ¥ mol, and this should
be proportional to the total area f, under the sample peaks of fig. 2, as these are
recorded by the detector system:

Siot =Sfco+0.76/cn,- (®)

Since, however, f,., is measured in mV s or in cm s (as in the present case), the sensitivity
S, in cm m® mol~! of the thermal-conductivity detector is required to transform f, in
mol. Thus

ct'V _fio ¥ mol ©)
Se
and, if from this relation f,, /S, ' is substituted for ¢, in eqn (5), we obtain
7f1—n
k= Vo [1—(1—x)7]. (10)

CA=mW(S )"
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Fig. 4. Arrhenius plots for the methanation of carbon monoxide over Ni/Al,O, catalysts. The four

plots correspond to different reaction orders n with respect to CO. The n = —0.5 plot includes two

—0.45 and one —0.55 points; the n = 0.5 plot includes two points with order 0.60 and one with

0.40; the n = —0.2 plot includes one point with order —0.24 and one with —0.16. The various

symbols refer to the coordinate and the abscissa scales on which they are written: @, n = —0.5;
W.rn=-02;1,n=0.2; O,n=0.5.

The sensitivity .S, (= 19.8 cm m® mol~?) of the thermal conductivity detector was easily
found by injecting a known volume of CO into the column L and allowing it to diffuse
into column / in the absence of catalyst. By making flow reversals and measuring the
height A(cm) of the sample peaks as a function of time, the diffusion coefficient of CO
into H, was calculated as described elsewhere.2!:3° From the value of the intercept of the
relevant plot the factor S, was calculated.

Calculation of Rate Constants and Orders of the Reaction

In each kinetic run at a given temperature, the variables of eqn (10) are f;,, and x.
These are loaded into the computer, together with the constants ¥V, W and ¢, and the
values of k are calculated by means of a suitable program, for various values of n. Of
these, we chose that n value which gave the smallest variation in the k& values. As a
criterion for this variation were taken the 95%, confidence limits of the mean & values.

Tables 1 and 2 compile the range of conversions, the mean k value and the order »
of the reaction at various temperatures for two catalysts of different Ni content.

Activation Parameters of the Reaction

These have been determined from conventional Arrhenius plots, using in each plot rate
constants pertaining to the same reaction order. Thus four plots are given in *fig. 4,
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Table 3. Activation energies E, and frequency factors 4 for the
methanation of carbon monoxide over two Ni/Al,O, catalysts®

In (4/m®” mol*~"

catalyst n E,/kImol™ kg loaiaiyst ST
5% (w/w) Ni/ALO, —0.5 11245 26+1
+0.5 47+7 9+2
2% (w/w) Ni/Al,O, —-0.2 89+38 1842
+0.2 62+2 11.2+04

2 The + values are standard errors.

corresponding to orders —0.5, —0.2, 0.2 and 0.5. These Arrhenius plots are presented
in graphical form to show that activation energies and frequency factors remain constant
within the range of temperatures of the same reaction order. Table 3 collects the
activation parameters found.

Discussion and Conclusions

Some of the findings in the present work agree with certain recent results of other
workers. Some are in contrast with them, and some others are new and have not been
previously reported. Both the new results and those in disagreement with the previously
published ones refer to the quantitative behaviour of the reaction, rather than qualitative
trends. Let us discuss some major points.

The order of the reaction » with respect to carbon monoxide has been reported many
times and has recently been shown? 8 1° to change with the partial pressure of CO and
with the temperature. In the present work the order n changes with temperature, but not
with the concentration ¢, of CO in the gas mixture at the same temperature. In each
kinetic run ¢, changes about ten-fold, corresponding to the conversion ranges of tables
1 and 2, but this leads to a single value for the rate constant & and a single value for
the order »n. The simplest explanation of this lies probably in what has been pointed out
under point (5) in the Introduction. As regards the change in n with temperature, the
most noticeable finding is its discontinuous change, whereas in the literature?-1° a
continuous change is reported in about the same temperature ranges. Moreover, the
usual finding was that » is negative, increases with temperature and tends to zero at high
temperature, whereas here positive values of n are found at high temperatures (cf. tables
1 and 2). Our results are consistent with the following rather conventional reaction
mechanism, assuming a non-homogeneous catalytic surface with independent adsorption
sites @ and * for H and CO, C, O, CH,, species, respectively:

Kl
CO(g)+*=CO= (1)
K&
COx+*=C++0Ox (12)
Ka
H,(g)+2e<==2He (13)
L
Cx+He=HCx*+eo (14)
ky
HC++Heo - H,Cx+o (15)

96 FAR 1
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K5
H,Cx+Hoe=H,Cx+eo (16)
kZ
H,C*+He - CH,(g)+*+eo 17
k&
Ox+2He — H,0(g) +* + 2e. (18)

Two of the carbon hydrogenation steps, eqn (14) and (16), are chosen as fast equilibria,
whereas steps (15) and (17) are assumed to be slow. This choice has been based on the
calculations of Baetzold,?! who found that the activation energy for steps (14) and (16)
is zero, while that of steps (15) and (17) is 63 and 88 kJ mol~?, respectively. .

Steady-state kinetics based on the above mechanism lead to the following equation
for the rate of formation of CH,, as explained in the Appendix:

k'c ¢t
s —
I+ K3}, 2 1+ K¢t + K, cco

where ¢y, and ¢ are gas-phase concentrations (partial pressures py, and p¢ could also
be used) and k£’ and K’ are given by the relations:

e, =

(19)

k' = (k ks K, K, KB K, (20)
1 1
K= (k3K1 KZ) ( L ) @1)
kK, / \1+Kci

Since H, is used as carrier gas in all experiments and the gas concentration of CO in

it is relatively low, the first fraction on the r.h.s. of eqn (19) can be considered as constant

k” atconstant temperature, and by further division of both terms of the remaining fraction
by cko eqn (19) becomes o

TcH, = . 22

bt K K 2

The reaction order as a function of temperature, starting from a negative value of n
at low temperatures, passing through zero and ending with thé respective positive value
at high temperatures, as shown in table 1 and 2, can now easily be explained with the
help of eqn (22). According to this rate equation, the apparent experimental order of
the reaction depends on the relative magnitudes of the three terms in the denominator.
At low temperatures the equilibrium constant K, for the CO adsorption may belcome
sufficiently large to make the term K| ¢%,, predominate over the other two terms, ¢, and
the composite constant K’, which can be neglected. This limiting case then leads to an
order n = —1 with respect to cc. As eqn (21) shows, K’ consists of two factors, namely
a ratio of rate and equilibrium constants whlch may decrease as the temperature rises,
and a hydrogen adsorption factor 1/(1 +Kz i )2 which increases with mcreasmg
temperature. It is thus possible that, as the temperature rises, K’ increases, passing
through a maximum and then decreases. At the temperature of the maximum X’ value,
this would predominate over the other two terms in the denominator of eqn (22%, giving
zero-order kinetics. Finally, at high enough temperatures both K’ and KX, ¢%, may
become negligible compared with c?,, thus leading to an order #n = }. The discussion
above explains the reaction orders of table 1, and also the discontinuity in the variation
of order with temperature around the value n = 0, because this value corresponds to the
maximum value of K.

The results of table 2 can be explained in an analogous manner by a varying
contribution of the three terms to the dependence of the denominator of eqn (22) on
¢co as the temperature rises, although the orders —0.2 and 0.2 do not correspond to
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limiting cases as before, but to intermediate ones. The discontinuity around #» = 0 now
occurs in a different temperature range, owing to the different adsorptive and catalytic
properties of the 29, Ni/Al,O, catalyst from those of 5% Ni/ALQ,.

Since the apparent rate constant is composed of different constants in each reaction
order, as eqn (22) shows, activation energies and frequency factors should remain
constant within the temperature range where the reaction order is kept constant, and
should change when the order changes. This is in accord with the results of table 3. Thus,
the finding of other workers? 71! that activation energy decreases with increasing
temperature is confirmed here, but again with the difference that distinct discontinuities
in E, with T are observed in a narrow 7 range where n = 0.

The values of activation energy found in the present work (47-112 kJ mol—?) cover
a range similar to that reported by Vannice® for different supported nickel catalysts
(70-130 kJ mol™?). Sughrue and Bartholomew!! found a decrease in activation energy
from 130 to 70 kJ mol~! with a temperature increase from 473 to 623 K, and accounted
for this effect by assuming a change in the rate-determining step or the reaction
mechanism. Klose and Baerns® on the other hand explain the change in activation energy
with temperature by adopting limiting cases of a general rate equation similar to eqn
(19), but applied to a homogeneous surface. As mentioned earlier, Baetzold®! calculated
an activation energy of 63 kJ mol~! for step (15) in the reaction mechanism and
88 kJ mol~* for step (17); from these values, together with the respective pre-exponential
values and the surface concentrations of CH and CH, species, he concluded that the
rate-determining step is reaction (17), i.e. the hydrogenation of methyl groups. Klose and
Baerns® take the reaction C#+2H# — H,Cx+ 2+ or step (15) as the rate-determining
step. In our mechanism [reactions (11)-(18)] either one of the steps (15) or (17) can be
rate-determining, because eqn (19) has been derived assuming steady-state kinetics, as
was done in almost all similar studies. Since steps (15) and (17) are consecutive reactions
with an intermediate equilibrium, one cannot distinguish by the steady-state approxi-
mation which is the slow step. One conclusion is certain, however, that one of the two
above steps is much faster than the other. This is because the reversed-flow technique
applied here can monitor the reaction rate for a long time period, starting from the time
of injection of the reactant CO, and would detect a transient reaction period
corresponding to two slow steps in the reaction mechanism.

Another point worth citing is that reported by Dalmon and Martin,” who used the

relation E,=Ey,—ncoQco (23)

with Qo denoting the isosteric heat of adsorption of CO, to calculate E, by extrapolating
to neg = 0 the linear plot of E, vs. ngg. They found E, = 71.1 kJ mol™?, claiming that
this represents the true activation energy of the reaction, and because this value is the
same as that for surface carbon hydrogenation, they conclude that the rate-determining
step is that reaction. Coming now to our results, if one plots the data of table 3 as E,
vs. n, a straight line with a correlation coefficient 0.997 and a negative slope is obtained,
indicating that eqn (23) formally holds true. Although the estimated value of E, forn =0
is 77.5 kJ mol ™3, in fair agreement with that found by Dalmon and Martin, it does not
seem to us that eqn (23) offers a plausible explanation for the vanation of E, with
temperature. This is because, Q¢q, as calculated from the slope of the plot mentioned
above, equals 65+4 kJ mol~3, i.e. the adsorption is endothermic, a rather improbable
fact. Thus the identification of 71.1 kJ mol~ with the true activation energy of surface
carbon hydrogenation may be fortuitous.

As a general conclusion we can say that the new technique of r.f.g.c. used here reveals
characteristics of the reaction not observed with other methods. This is due most probably
to what has been pointed out in the Introduction, namely that it is simultaneously a pulse
and a continuous feed method, extracting all the information expected from a pulse
technique under steady-state conditions.
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Appendix

Eqn (19) is derived as follows using the mechanism described by eqn (11)-(18). The
equilibrium constants of steps (11), (12), (13), (14) and (16) are given by eqn (Al1),(A2),
(A 3), (A 4) and (A 5), respectively:

K, = %‘;—* (A1)
K, = :C_fé@ (A2)
K= HHI;. (A 3)
K, = %;I—:ZZ—; (A5)

where 0y is the surface fraction of species X.
The reaction rates according to steps (15), (17) and (18) are:

—rco =k 0ucOu (A6)
rom, = ko O, On A7
ra,o = kg 0, 0%4. (A 8)

The overall mass balance at steady state, neglecting the negligible amounts of products
other than methane, requires that

—T’co = fen, = 'meo- A9
The surface balance for sites @ is
Og+0m =1 (A 10)
and that for sites*
Oy +0c+0c0 =1 (A11)
neglecting the coverage by oxygen and CH,, species.

From the rate eqn (A 6)—(A 8) and the mass balance eqn (A 9) the following relations
are easily derived:

eHsC = kl HHC/kza bo = k, eHC/ka HH- (A12)

Multiplying eqn (A 1) by eqn (A 2), dividing the second of eqn (A 12) by (A 4) and
further multiplying the two results, one obtains 8 as a function of ¢¢q:

fc =K'l 0, 64 (A 13)
where
K = (k, K, K, /k, K. (A 14)
The analogous relation of 8 and cy, is obtained from eqn (A 3):
0n = Kicl 0 ~ (A 15)

whereas 6o comes from eqn (A 1):
bco = K; ¢co Ox- :(A 16)
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Now, if 8., 0y and ;o from eqn (A 13), (A 15) and (A 16), respectively, are
substituted into the surface balances (A 10) and (A 11), the expressions giving g and
0, as functions of cy, and ¢ are obtained:

¢ =——11 A17

* T K4, A1

0, = %1 (A 18)
1+K'ct,+K, cco

where K is given by eqn (21).

Finally, the rate equation of methane formation, ie. eqn (19), results from a
combination of eqn (A 6), (A 9) and (A 4) with eqn (A 13), (A 15), (A 17) and (A 18).
The same result is obtained if one uses eqn (A 7) and the first part of eqn (A 12) instead
of eqn (A 6), or eqn (A 8) and the second part of eqn (A 12).

We acknowledge the assistance of Mrs Margaret Barkoula.
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