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The rate, r, of CO hydrogenation into methane over Ni/SiO, catalysts is shown to vary in a
complex way with temperature and pressure. The true activation energy, E,, calculated from the
Temkin relation (apparent activation energy against the order to CO and extrapolation to zero
order), corresponds to that of the hydrogenation of carbon deposited on the surface from the CO
dissociation reaction. It is deduced that the active intermediate is the surface carbon, and the rate-
determining step the hydrogenation of this intermediate. Kinetic data are qualitatively accounted
for assuming the following equation

r = ke ERTPy (1 — 6c0)¥

Oco is the surface coverage in nondissociated inactive adsorbed CO molecules which are considered
as the most abundant species present on the surface. The parameter W is probably very large (W =
13 on the basis of data of CO + H, over Ni~-Cu/SiO,). In this equation, the term (1 — 6co)¥
represents the probability of having W adjacent Ni atoms free from inactive adsorbed CO. This
ensemble should be considered as the active site and is covered with one active monocarbon

adspecies.

INTRODUCTION

The methanation reaction, discovered in
1902 by Sabatier and Senderens (1), still re-
mains a subject of intense interest. It is
used in industrial processes to remove CO
traces in hydrogen-rich gases of ammonia
plants. Moreover, there has recently been a
renewed interest in this reaction since it is
an important step in the transformation of
coal into substitute natural gas, an indus-
trial process planned for the future.

Various models have been proposed to
account for the kinetic data on methanation
(2-8). Most of them are based on the
Langmuir approximation, which considers
the surface as energetically homogeneous.
The first question which arises is the extent
to which this crude approximation, which
leads to equations which fit experimental
data already available in the literature, is
capable also of representing the kinetic be-
havior of this reaction over a larger range of
experimental conditions. There is a second

45

question which concerns the reaction inter-
mediate. In a series of kinetic treatments
(2—4), intermediates such as CHOH
bonded to one metallic atom were first con-
sidered. After it was established in 1974
that CO can be dissociated into surface car-
bon and oxygen (9), the previous model
was thought to be groundless and it was
proposed that the surface carbon, C;, could
be the intermediate. In the corresponding
kinetic treatment, however, C; was consid-
ered as adsorbed on one site, while it is
known from magnetic measurements (10)
that it is bonded to three nickel atoms.
Moreover, it has been proposed that it is
probably interacting with a larger number
of metallic surface atoms, as suggested by
recent data on CO hydrogenation over Ni—
Cu alloys (11). So far, the concept of an
intermediate requiring ensembles com-
posed of a large number of metallic atoms
has not been applied to the Kkinetic treat-
ment of methanation. Thus, it seemed to us
of interest to examine to what extent such a

0021-9517/83 $3.00
Copyright © 1983 by Academic Press, Inc.
All rights of reproduction in any form reserved.



46 DALMON AND MARTIN

standpoint can help us in the understanding
of the kinetic behavior of the methanation
reaction. The purpose of this paper is to
present new Kinetic data obtained over a
large range of experimental conditions and
to offer a new model of the methanation
reaction.

EXPERIMENTAL

The morphological characteristics (12) of
Ni/SiO, catalysts used in this work are sum-
marized in Table 1. Let us briefly recall that
they were prepared by reduction for 15 h of
precursors obtained by reacting the support
(Si0,, Aerosil Degussa, 200 m?/g) with a so-
lution of nickel nitrate hexammine. Mag-
netic measurements showed that reduction
of the samples was almost complete and
also allowed us to calculate the surface av-
erage diameter D (/2). Concerning the po-
rosity of the samples (used as powders) no
pores with diameter under 15 nm were ob-
served.

Kinetic experiments were carried out in a
flow system with a fixed-bed reactor at at-
mospheric pressure. The microreactor con-
sisted of a quartz tube with a porous disk
and samples were held in place by quartz
wool. The total flow at room temperature
was 35 mlV/min. Carbon monoxide, hydro-
gen and helium (used as a diluent) had a
purity better than 99.99%. Gas analyses
were performed on line by gas chromatog-
raphy with thermal conductivity and flame-

TABLE 1
Morphological Characteristics of Ni/SiO, Catalysts

Sample Ni Reducing  Degree of Dg
loading  Tempera- reduction (nm)
(% wt) ture
CK)
1 4.5 800 - 0.95 2.5
2 11.0 920 1 5.7
3 23.0 920 1 6.3
4 23.0 1000 1 7.5
5 23.0 1200 1 14.0

ionization detectors. Conversion yields
were generally kept smaller than a few per-
cent (for these conditions no significant ag-
ing phenomena were observed) and various
masses of catalyst (3 to 300 mg) were used
in order to measure kinetic parameters (or-
ders with respect to reactants n, apparent
activation energy E,) over a large range of
experimental conditions.

Temperature was varied over the range
140-400°C; CO partial pressure was varied
from 1 to 180 Torr, and H, partial pressure
from 150 to 630 Torr. The order with re-
spect to reactant 1 was obtained in the
usual way by changing the partial pressure
of 1, keeping the partial pressure of reac-
tant 2 constant (the partial pressure of He
was adjusted in order to balance the change
in pressure of reactant 1 and to keep the
total flow constant).

No carbonyl formation was detected,
even at low temperature where the CO
pressure was kept low (for instance, at
140°C, pco < 25 Torr).

RESULTS

Figure 1 shows the influence of the par-
tial pressure of CO on the CO conversion.
The drastic decrease of conversion ob-
served when decreasing the CO pressure,
Pco, is due neither to aging phenomena
arising from the reversibility of the curve
nor to thermodynamic limitations (it seems,
moreover, to be temperature independent).
Figure 2 illustrates the influence of the reac-
tion temperature on the orders with respect
to H, (ny) and to CO (nco). Whereas ny
appears temperature independent and close
to unity, in rather good agreement with
results from the literature (2,5,13), neo is
negative, increases with temperature and
tends to zero at high temperature. The ob-
served values are in quite good agreement
with data from the literature on the CO +
H, reaction over various Ni catalysts; par-
ticularly, values of nco against temperature
(2, 13-15) fit well with our own results. Fig-
ure 3 shows the variation of ngo with re-
spect to the partial pressure of CO, Pcg.
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The higher Pcg the lower ncq, suggesting an
inhibiting effect of CO adsorbed species;
values for very low Pco are not reported
owing to the drastic change observed when
decreasing CO pressure (see Fig. 1). Figure
4 gives a typical Arrhenius plot showing

that the apparent activation energy, E,, de-
pends on the temperature and decreases
when the temperature of reaction T in-
creases. The variations of E, against T are
reported in Fig. 5 for various Ni/SiO, sam-
ples; the observed values are in good agree-
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F1G. 4. Arrhenius plot (log conversion against 1/7). Sample 2. Py, = 500 Torr; Pco = 120 Torr.
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FI1G. 5. Apparent activation energy, E, versus temperature of reaction 7. Samples: B, 1;®, 2; V, 3;
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ment with results from the literature (2, 13-
17) when measured over the same range of
temperature,

DISCUSSION
Review of the Previous Models

As a first step the validity of the models
already proposed will be discussed in the
light of the experimental data reported in
this paper and in other works. Three points
will be examined in turn.

(i) Most of the kinetic models so far pro-
posed predict a maximum in the rate varia-
tion with CO pressure, and this behavior
has actually been observed by van Herwi-
jnen et al. (18). The order in CO at low CO
pressure calculated from the kinetic equa-
tions (2-6, 8, 18), however, cannot be
larger than +1. It does not fit our experi-
mental data since orders as large as 20 are
measured at low CO pressures (Fig. 1).
This points to the first limitation of the
models based on the Langmuir approxima-
tion which does not consider the surface
heterogeneities and the interactions be-
tween adspecies. The low CO pressure ex-
periments reported in this paper probably
-reveal a dramatic change in the nature of
the most abundant species present on the
surface. It can be assumed that at low CO
pressures, CO is replaced by adsorbed hy-
drogen in a sudden and reversible way, in
good agreement with the hypothesis of Van

Ho and Harriott (5). This intriguing phe-
nomenon, which occurs at a given pressure
and which seems to be temperature inde-
pendent, deserves further experiments.

(ii) Several models (24, 6) predict that

X .
ny — nco =3, where x is the number of H

atoms (or adsorbed H, molecule halves)

which are involved in the rate-determining
step:

X

CHOH + =

2
C, + xH - CH,

In our experimental conditions, where ny
remains nearly constant (Fig. 2), the varia-
tions of nco with T and P¢o reported in
Figs. 2 and 3 would reflect parallel varia-
tions of x. It is hard to comprehend why x
would vary with T and P and why its vari-
ation would be continuous. Moreover,
these models do not allow a correct predic-
tion of the nco values at low temperatures.
As a matter of fact, x should lie between 1
and 4; if one takes nyg = 1, as observed in
this work, nco should vary over the range
—1 to +0.5. This does not fit our observa-
tions since orders in CO as low as —1.5 are
measured at low temperature. The model
proposed by Van Ho and Harriott (5) ex-
hibits the same drawback, since it does not
allow the order to CO to be smaller than ~1
(5.

H2 hand CHX + Hzo
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(iii) In some works, the hypotheses deal-
ing with the hydrogen adsorption do not
seem realistic. In two cases (2, 3), ad-
sorbed H, molecules rather than H are con-
sidered and one-half or three-halves of a H,
molecule are assumed to react with the car-
bon-containing intermediate. These con-
cepts are difficult to understand and have
been criticized by Bond and Turnham (4).
In the model of Van Ho and Harriott (5),
the H, hydrogen adsorption is assumed to
require only one site, a point which is de-
batable if one considers that the surface
stoichiometry H/Ni, is unity at saturation
(19). In another work (7), the hydrogen
coverage, 0y, is taken proportional to the
square root of the hydrogen pressure, ac-
cording to the Langmuir approximation.
Experiments on hydrogen adsorption (19,
20) show that 8y is proportional to Py,” with
a = 0.15 in the experimental conditions
where the CO hydrogenation is usually per-
formed. It cannot be predicted how the ex-
ponent g varies in the presence of CO;
there are no reasons, however, to believe
that the exponent a would tend toward 0.5
for these conditions.

It can therefore be concluded that most
of the kinetic models so far proposed
present some drawbacks and that an im-
proved treatment of the mechanism seems
to be desirable.

Nature of the Intermediate

Surface carbon is generally considered as
a key intermediate in the methanation pro-
cess. There is, however, an interesting
question about its exact nature and that of
the rate-determining step which has been
raised by Van Ho and Harriott (5): the acti-
vation energy of the hydrogenation of car-
bon deposited from the reaction of CO into
C + CO; (17 or 15 kcal/mol (21, 5)) differs
from that of the methanation reaction (20~
25 kcal/mol). It is concluded by these au-
thors that the surface carbon hydrogenation
does not seem to be rate controlling. This
assertion, however, can be criticized on the
basis that the activation energies are not

measured in the same conditions; for the
first case, the surface is mainly covered
with C, while in methanation conditions the
surface is probably mostly covered with CO
and the coverage of CO is expected to vary
with temperature. As pointed out by
Temkin (22), differences in experimental
conditions can give rise to differences in
activation energies. To be precise, Temkin
(22) states that ‘‘the apparent activation en-
ergy, E,, of a reaction which takes place in
an adsorbed layer differs generally speak-
ing from the true activation energy, E;, on
account of the change in surface concentra-
tion with a change in temperature.”
Temkin has shown that apparent and true
activation energies are related by the fol-
lowing equation:

E, = Ey — Zn,Q;

where n; is the order with respect to the
partial pressure of the reactant i, and Q; is
the isosteric heat of adsorption of the reac-
tant i. A demonstration of this equation,
slightly different from that proposed by
Temkin, and an application to the ethane
hydrogenolysis reaction has been given
elsewhere (19). For the case of the metha-
nation reaction, where the surface can be
considered as covered mainly with CO, the
relation becomes:

E, = Ey — ncoQco N

If it is assumed that, as a first approxima-
tion, Qco, the isosteric heat of adsorption of
CO, in the reaction conditions, is more or
less constant, one should observe a straight
line by plotting E, (Fig. 5) against nco (Fig.
2). This is indeed observed in Fig. 6. The
true activation energy thus obtained by ex-
trapolation to ncg = 0 is E; = 17 kcal/mol, a
figure which is in excellent agreement with
the activation energy of the hydrogenation
of surface carbon deposited from the CO
disproportionation reaction on the metal
surface (16; 5). This means that the true ac-
tivation energy of the methanation reaction
is the same as the-activation energy of sur-
face carbon hydrogenation. Thus it can be
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concluded that the rate-determining step of
the methanation reaction is probably the
hydrogenation of surface carbon.

If that is the case, how is it possible to
explain that the methanation of surface car-
bon is much faster than that of CO (23, 24)?
This is likely to be due to the fact that dur-
ing the CO + Hj, reaction, only a part of the
Ni surface is covered with the active sur-
face carbon, and the observed rate is proba-
bly directly connected with the concentra-
tion of this active species. We have indeed
observed (10) that different adsorbed spe-
cies can be present at the surface in the
conditions of the reaction. The so-called
Ni,CO (adsorbed CO bound to 4 Ni surface
atoms) is in equilibrium with dissociated
species, surface carbon Ni;C,r (the active
species), and adsorbed oxygen. Moreover,
other inactive species, the linear and
bridged adsorbed CO (NiCO and Ni,CO,
respectively) which are observed under
static conditions only below 100°C (12),
could be present on the surface at higher
temperatures in dynamic conditions. In the
stationary state, the surface of the catalyst
is probably mainly covered with inactive
adsorbed CO species (NiCO, Ni,CO,
Ni,CO . . .). This is justified by the fact
that dissociated species which are probably
more energetic, are more encumbering (/1)
and hence less numerous, so that the ener-
getic balance is more favorable to the cov-

erage of inactive nondissociated CO adspe-
cies. This picture of the surface, covered
with inactive CO species besides the active
surface carbon, appears to be in good
agreement with the negative value of the
order with respect to CO.

Kinetic Equation

The data of Fig. 6 show that the Temkin
relation, Eq. (1), is obeyed. It implies that
the rate, r, depends on the CO coverage
and that for a given Py, it can be written as:

r = Ke E0RTf(0cc) 2

where K is a constant independent of T and
0co, Eq is the true activation energy, and
Sf(B¢o) is a function of the CO coverage.
The kinetic treatment of ethane hydro-
genolysis (19) can help us in the determina-
tion of f(6cp). The behavior of CO adsorbed
species in CO methanation is similar to that
of adsorbed H, in C,Hy hydrogenolysis:
both orders are negative, they increase with
the temperature (with zero as a limit) and
decrease when increasing the partial pres-
sure. Moreover, both reactions present
other similar features: the apparent activa-
tion energies decrease when increasing the
temperature of reaction, the orders with re-
spect to the other reactant (H, in the CO +
H, reaction, C,H in the hydrogenolysis)
are near 1 and roughly partial pressure in-
dependent over a large domain of variation.
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The rate of C,Hg hydrogenolysis was
shown (19) to obey the following kinetic
law:

r = ke FRPcu (1 — 6" 3

where 8y is the H, coverage, E. ~ 15 kcal/
mol, X ~ 15. Equation (3) suggested that
the rate-determining step involved the colli-
sion of a C,Hg¢ molecule with an ensemble
of about 15 neighboring surface Ni atoms,
free from adsorbed inactive hydrogen
which is expected to play a diluting role.

The above analogies between CO metha-
nation and C,Hg hydrogenolysis suggest de-
veloping relation (2) analogously to Eq. (3)
according to:

r = ke E0RTPy (1 — Oco)¥ 4

with Ey = 17 kcal/mol. In this equation the
term (1 — 8¢c0)" reflects the negative order
with respect to CO, and includes two un-
known parameters, namely CO coverage,
fco, and W. An experimental determination
of o at the temperature of reaction by
means of volumetric measurements seems
rather difficult, due to the various adsorbed
species present on the surface and to CO
dismutation. According to our hypothesis
0co is the coverage of the different inactive
CO adspecies (i.e., NiCO, Ni,CO, and
Ni,CO). This equation accounts qualita-
tively for observed data. As Pcq increases,
0co increases and (1 — O¢cp)” decreases, ac-
counting for negative orders in CO. More-
over, one can easily demonstrate that when
r=k(1 — 0c0)%, then nco/a = — Woco/(1 —
6co), where a = (9 log 0co/d log P)r is the
slope of the log-log transform of the CO
isotherm and is also the exponent of the
relation vog = kPco®, Where vco is the vol-
ume of adsorbed CO. When 8¢ increases
(T decrease or Pcg increase), one observes
that the order in CO, nco, is more negative,
assuming that the exponent a does not vary
over the range of 6co considered. In the
same way, when 6¢o tends to zero then ngo
tends to zero.

It should be emphasized that Eq. (4) can-
not account for data obtained at very low

CO pressure (Fig. 1) and that a complete
quantitative treatment of the methanation
reaction would require further kinetic stud-
ies in the low CO pressure region. As pro-
posed above, the drastic change in the or-
der in CO at very low CO pressure reveals a
dramatic change in the nature of the ad-
sorbed phase (hydrogen becomes the most
abundant adspecies). This could induce a
drastic change in the mechanism of CO hy-
drogenation. Hence a general equation ac-
counting for both mechanisms (low and
high CO pressure) appears difficult to imag-
ine without including many adjustable pa-
rameters, whose physical meaning would
be hard to apprehend.

Physical Significance of the Proposed
Kinetic Equation

Let us now consider the (1 — 8¢co)¥ term.
If a random distribution of CO adsorbed
species is assumed, (1 — 0co)¥ represents
the probability of finding an ensemble of W
neighboring nickel surface atoms, free from
adsorbed, inactive CO. We have recently
shown (17) in the course of a study dealing
with the CO + H, reaction over silica-sup-
ported Ni—Cu catalysts that the area activ-
ity A, (expressed in transformed CO mole-
cules per second and per metallic unit area)
of an alloy of copper content x was con-
nected to the activity of pure nickel A, by:

A, = Ayl — 0V &)

with N = 13 + 2, This result is consistent
with the idea that the active site is an en-
semble of N ~ 13 adjacent Ni atoms. In Eq.
(5) the activity of pure nickel A, includes
the rate expression (Eq. (4)). Equation (5)
can therefore be written as:

A; = ke 5Py, (1 = Bco)™(1 — )V (6)

where 6co is independent of x (in good
agreement with a volumetric study of CO
adsorption at 20°C on these alloys (23); it
has indeed been shown that the metallic
area of the alloys as deduced from CO up-
take decreases linearly when x increases,
suggesting a constant value for the CO cov-
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erage). Equation (6) therefore includes a
term of combined probability, indicating
that the activity decreases with the decreas-
ing probability of finding at the surface of
the alloy an ensemble of adjacent Ni atoms,
free from inactive CO species. Then one
can propose W = N. This hypothesis is sup-
ported by the rather good agreement be-
tween the values of the exponents N (alloy-
ing effect) and X (H, coverage effect) as
observed in hydrogenolysis reactions (26).

Equation (4) suggests that the rate-deter-
mining step of the CO methanation includes
the collision of an H, molecule with a site S
composed of an ensemble of approximately
13 adjacent Ni atoms, free from inactive ad-
sorbed CO species. As E, is very close to
the activation energy of the surface carbon
hydrogenation, the above site S is probably
occupied by one active surface monocar-
bon species derived from the dissociative
adsorption of CO. The S site should be con-
sidered as rapidly saturated with the active
surface carbon, since at high temperatures,
where 6co is low and hence the inhibiting
role of CO inactive adspecies is disappear-
ing, the limit of the order to CO seems to be
zero, as illustrated in Fig. 2.

To summarize our hypothesis the surface
of the catalyst can be represented by the
following picture. The inactive adsorbed
CO molecules are randomly distributed on
the surface, jumping from Ni atoms to
others before desorbing. The concentration
of S sites composed of W adjacent Ni atoms
free from inactive CO adspecies is (1 —
0co)”. They can be considered as having a
certain lifetime directly correlated with the
time of sojourn of adsorbed CO on Ni at-
oms. These ensembles should be consid-
ered as rapidly saturated, by an active sur-
face carbon via dissociative adsorption of
CO. The rate-determining step is linked to
the hydrogenation of this surface carbon;
the probability of existence of this step, and
hence the activity, depends on the probabil-
ity of collision between gaseous hydrogen
[term Py,, Eq. (4)] and the active surface
carbon [term (I — 6co)¥]. Let us underline

that it does not mean that the active hydro-
genating species is molecular gaseous H,
but that the probability of hydrogenation is
governed by the number of the above-de-
scribed collisions and then that the real
active hydrogenating species could be dis-
sociated adsorbed hydrogen. Therefore we
do not propose a Rideal mechanism, in the
strict sense of the term, for the CO metha-
nation. The problem of the exact nature of
the active hydrogenating species still re-
mains open and further experiments are
now in progress to try to elucidate this
question.

CONCLUSION

The activity in CO methanation over Ni/
Si0O, catalysts appears to depend on the
probability of collision between two spe-
cies: (i) molecular hydrogen and (ii) a sur-
face compound formed by an active surface
carbon bound to an ensemble of a large
number of adjacent nickel atoms, free from
inactive molecular adsorbed CO. The pro-
posed Kkinetic equation includes terms
whose physical meanings account for this
model.

An ensuing work is now in process of
completion to extend the model to the for-
mation of C—C bonds during CO + H, reac-
tion, in the light of a previous study (/) on
Ni—Cu/SiO; catalysts.

As a general conclusion, we point out
that, at least on Ni/SiO, catalysts, the sur-
face active site could be composed of a
large number of adjacent Ni atoms particu-
larly when the reaction involves atomic
bond rupture as in alkane hydrogenolysis
(19, 27) or CO hydrogenation ((1I), this
work). On the contrary, when no rupture is
necessary, as in C¢Hg hydrogenation, only
a few surface atoms form the active site
(28).
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