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The existence of a transition in the activation energy of the methanation reaction, a decrease in
the activation energy with increasing H,/CO ratio below the transition, a shift of the transition to
lower temperature with increasing H,/CO ratio, and the existence of a kinetic isotope effect for the
reaction at low pressure and high Hy/CO ratio have been shown. This kinetic behavior can be
understood in terms of the temperature and partial-pressure dependence of the hydrogen adatom
surface concentration. The observation of a kinetic isotope effect and the correlation between the
kinetic behavior of the calculated hydrogen adatom surface concentration and the observed kinetics
of the methanation reaction suggest that the methanation reaction over nickel is a hydrogen adatom

surface concentration-limited reaction.

INTRODUCTION

Sixty-six years ago nickel was discov-
ered to be an effective catalyst for the syn-
thesis of methane from carbon monoxide
and hydrogen. Despite the numerous stud-
ies carried out since that discovery, the
mechanism of the synthesis is still contro-
versial. Recent reviews (/ —3) have summa-
rized the results of these studies. With the
advent of tools combining ultrahigh vac-
uum (UHV) surface characterization with
atmospheric-pressure chemical reactors, it
has become possible to study the kinetics of
heterogeneously catalyzed reactions over a
broad range of reaction conditions on well-
characterized metal surfaces free from sup-
port effects and possible diffusional limita-
tions. Metallic catalysts in the form of
polycrystalline foils and single crystals
whose chemisorption properties have been
studied by a wide variety of (UHV) tech-
niques can now be used routinely in kinetic
studies of heterogeneously catalyzed reac-
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tions. Surface characterization before and
after reaction combined with kinetic studies
of the reaction over a wide range of reaction
conditions can be performed. Studies of the
coadsorption of reactants and products on
well-characterized low-surface-area metal-
lic catalysts are providing new insights into
the reaction mechanisms for methane syn-
thesis over Group VIII metals. In the
present studies, the kinetics of the hydroge-
nation of CO to methane over polycrystal-
line nickel foils are measured for Hy/CO ra-
tios from 1/1 to 30/1, total reactant
pressures between 5 and 200 Torr, and reac-
tion temperatures between 150 and 400°C.
One objective of this work was to define the
kinetic behavior of the methanation reac-
tion, over a well-characterized nickel sur-
face, for a broad range of reaction condi-
tions in order to provide a basis for
comparison of the varions proposed kinetic
models. The data show that a reversible
transition in the temperature dependence of
the methanation reaction rate exists. The
transition is characterized by a change in
both the activation energy and the partial-
pressure dependence of the reaction. The
transition between the two kinetic regimes
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shifts to lower temperature as the Hy/CO
ratio increases at fixed total reactant pres-
sure. In addition, it is found that the activa-
tion energy of the reaction below the transi-
tion is not constant but decreases as the
H,/CO ratio increases.

Little agreement exists in the literature
over whether a Kinetic isotope effect exists
for the methanation reaction over the
Group VIII metals (4-6). Measurement of
the kinetic isotope effect by Dalla Betta and
Shelef (4) on supported nickel catalysts
show no measurable change in the metha-
nation rate on replacement of H, by D,. The
lack of an observed isotope effect has
strongly supported the view that CO disso-
ciation is rate determining in the methana-
tion reaction on the nickel surface. Ozaki
(7) and Wilson (8) have pointed out that the
failure to observe an isotope effect could be
due to cancellation of the kinetic and ther-
modynamic effects for the range of reaction
conditions used. Measurements of the H,/
D, isotope effect on the methanation reac-
tion rate are reported in this study over a
polycrystalline nickel foil at low total reac-
tant pressure (5 Torr) and high Hy/CO ratio
(15/1). Our measurement indicates that a ki-
netic isotope effect is observable for these
reaction conditions.

In interpreting these data we will con-
sider the possibility that the temperature
and partial-pressure dependence of the sur-
face concentrations of the adsorbed reac-
tants strongly influences the observed ki-
netics. Atmospheric-pressure studies of
hydrogen and carbon monoxide coadsorp-
tion (/7) at room temperature and above
have shown that the nickel surface is capa-
ble of adsorbing nearly monolayer concen-
trations of hydrogen and carbon monoxide
simultaneously. These studies indicate,
however, that partial precoverage of the
nickel surface by CO increases the heat of
adsorption of hydrogen on the nickel sur-
face resulting in a slightly more tightly
bound (3-5 kcal/mole) chemisorbed state.
In contrast, hydrogen adsorption on a sur-
face presaturated with CO at 273 K is sub-

stantially weakened. Although H, adsorbs,
adsorption is endothermic and the hydrogen
can be easily pumped away at room tem-
perature (/7). There observations define at
least two states of adsorbed hydrogen, a
weakly bound state adsorbing on regions of
the nickel surface saturated by CO and a
second tightly bound state adsorbing to the
nickel atoms through a steady-state concen-
tration of vacancies in the nearly saturated
CO overlayer. The surface concentration of
both states must be considered in under-
standing the observed kinetic behavior.
The surface concentration of the tightly
bound state of hydrogen absorbing through
the steady-state concentration of vacancies
or defects in the CO overlayer will be
shown to be a strong function of both the
partial pressure of the reactants and the
temperature. The observed kinetic behav-
ior of the methanation reaction will be
shown to parallel in all essential respects
the expected temperature and partial-pres-
sure dependence of the hydrogen surface
concentration in this tightly bound state.
On the basis of these observations we pro-
pose that the active site at which the initia-
tion of the synthesis reaction occurs is the
hydrogen atom adsorbed through vacancies
in a nearly saturated CO overlayer on the
nickel surface.

EXPERIMENTAL PROCEDURES

Kinetic studies over polycrystalline
nickel foils were carried out in the appa-
ratus shown in Fig. 1. The apparatus con-
sists of two ultrahigh vacuum (UHV) cham-
bers connected by a differentially pumped
gate valve and a UHV compatible transfer
device. The transfer device has been previ-
ously described (9). The main UHV cham-
ber is maintained at a base pressure below 1
x 107!° Torr by liquid N,-trapped Hg diffu-
sion pumps. The UHV chamber is equipped
with a PHI Auger spectrometer and an ar-
gon ion sputtering gun for sample cleaning
and surface characterization as well as a
UTI 100 quadrupole mass spectrometer and
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F1G. 1. Schematic view of the combined high-pres-
sure reaction system and UHV electron spectrometer.

gas dosing needle. The 5.75-cm® Marz-
grade polycrystalline nickel ribbon used in
these studies (0.127 mm in thickness and
3.175 mm wide) was obtained from Materi-
als Research Company. The ribbon was
spot-welded to 3.175-mm-diameter Marz-
grade nickel rods mechanically clamped to
copper feedthroughs at the end of the trans-
fer device. The sample is resistively heated.
Sample temperature is monitored by a 3-mil
tungsten/tungsten—26% rhenium thermo-
couple spot-welded to the center of the
nickel foil. The high-pressure reactor por-
tion of the apparatus consists of a short
UHYV nipple with four mini side ports for
gas inlet and connections to the gas chro-
matograph and mass spectrometer. A sche-
matic diagram of the reactor portion of the
apparatus is shown in Fig. 2. The reactor
walls are water cooled. With the sample
fully retracted into the reactor and the gate
valve closed, the rear of the sample mount
seals the reactor from the metal bellows
portion of the transfer device. This mini-
mizes the reactor volume (75 ¢cm®) and al-
lows reactor pressures up to 3 atm to be
used. Gases for reaction and sample clean-
ing are inlet into the reactor from a sepa-
rately pumped gas manifold. Spectroscopi-

cally pure Ar, H,, and O; in I-liter glass
flasks are used for sample cleaning. The Hy/
CO and Dy/CO mixtures used in these ki-
netic studies were obtained, premixed and
spectroscopically analyzed, from Scientific
Gas Products. The mixtures were stored in
500-cm® stainless-steel cylinders from
which the gas could be metered directly
into the UHV gas manifold.

In transferring the reaction gas mixtures
from the gas manifold to the reactor the
gases were passed over a copper sieve held
at 200°C in order to decompose any car-
bonyl contaminants which might be present
in the gas mixture. Auger analysis of the
nickel ribbon catalyst after reaction in mix-
tures pretreated in this way showed no evi-
dence of metal contamination from car-
bonyl decomposition. The reactor gas
pressure was monitored by capacitance ma-
nometers attached to the inlet gas line as
shown in Fig. 2. The gas composition in the
reactor was continuously sampled through
a quartz capillary into a separately pumped
quadrupole mass spectrometer. The sam-
pling system was calibrated in separate ex-
periments to account for mass transport ef-
fects in the capillary. In these calibration
experiments the response of the mass spec-
trometer was measured as a function of the
partial pressure of D,, H,, CO, CH,, and
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Fi1G. 2. Schematic diagram of the high-pressure reac-
tor and associated gas mixing and sampling apparatus.
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CDy, in gas mixtures in the reactor. All data
reported have been corrected for the mass
transport properties of the sampling sys-
tem.
The polycrystalline nickel foils used in
these measurements were first outgassed
under vacuum at 1000°C (several hours) un-
til the base pressure of the UHV chamber
returned to 107*° Torr. The sample was then
retracted into the reactor section where the
sample was heated in flowing oxygen at a
pressure of 1 x 10~® Torr for 20 min fol-
lowed by hydrogen reduction at a pressure
of 5 Torr for 15-20 min. Following each
cycle, the sample was transferred into the
UHY chamber and the surface composition
was monitored by Auger spectroscopy.
These oxidation/reduction cycles were con-
tinued until the surface remained free of
sulfur and carbon contamination when the
sample was heated under vacuum to the
maximum reaction temperature used in
these measurements for periods of up to 30
min. A typical Auger spectrum of the clean
nickel foil is shown in Fig. 3. A small resid-
ual oxygen peaKk in this figure amounting to
<1% of a monolayer of oxygen on the
nickel could not be removed. The chemical
cleaning described above was preferred to
sputter cleaning in the UHV system since
the oxidation/reduction cycles clean both
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FIG. 3. An Auger spectrum of the clean nickel foil
prior to reaction in CO/H, mixtures and following se-
quential oxidation and reduction to remove carbon and
sulfur contamination.
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F1G. 4. The variation of the intensity of the mass 15
peak height with time on step heating the nickel foil in
20°C intervals at a total pressure of 5 Torr and at a Hy/
CO ratio of 3/1. The Arrhenius plots of reaction rate
versus 1/T are obtained by least-squares fitting these
data to straight line segments.

sides of the sample. After cleaning, the
nickel foil is retracted into the reactor and
the reaction gas mixture admitted. The
sample temperature is stepped to the reac-
tion temperature desired and the response
of the quadrupole mass spectrometer for
the mass 15 peak of CH, is monitored con-
tinuously in time. A typical kinetic run
shown in Fig. 4 consists of heating the sam-
ple stepwise up and down in 20°C intervals
from 160 to 400°C.

RESULTS

Kinetic Studies on Polycrystalline Nickel
Foils

Using the geometric surface area of the
ribbon, and .the calibration data relating
mass spectrometer signal to CHy pressure
in the reactor, the data can be expressed in
the usual Arrhenius plot shown in Fig. 5.



HYDROGENATION OF CO TO METHANE 5

10° T T T T T T T
Pressure = 10 Torr
NN
107+ ( 4
o \A
3
o
2
e
L] A
g 10 \ 8*:0:1511 ]
o>
£ H,/CO = 3N \o D\
¢
o
A
109+ o D\o 4
8
1. L 1 A I3 1 I 1
i5 16 17 18 19 20 21 22 23

10T (K*)

F1G. 5. The variation of the methanation rate with
temperature for Hy/CO ratios of 3/1 and 15/1 at a fixed
total reactant pressure of 10 Torr. The figures show
that at fixed total pressure, the deviation from linear
Arrhenius behavior with increasing temperature oc-
curs at higher temperatures as the Hy/CO ratio in-
creases. In addition, the data illustrate that the activa-
tion energy for methanation, at- fixed total reactant
pressure. decreases as the Hy/CO ratio increases.

The data of Fig. 5 are typical of the ki-
netic behavior of the methanation reaction
over this polycrystalline nickel foil. For the
experimental conditions shown in the fig-
ure, two kinetic regimes characterized by
different apparent activation energies are
evident. Provided the reaction temperature
was maintained below 600 K the transition
between the two kinetic regimes was en-
tirely reversible. At higher temperatures
(dependent on the H,/CO ratio and total
pressure) the reaction rate peaks. The spe-
cific reaction rate declines on further in-
creasing the sample temperature and the
foil reactivity is permanently poisoned. The
studies described here are carried out ex-
clusively in the regime of temperature,
pressure, and Hy/CO ratio where the kinetic
data are reversible. Several features of the
kinetic behavior illustrated in Fig. 5 should
be noted. The activation energy for the
methanation reaction changes as a function
of the reaction temperature. For a Hy/CO

ratio of 15/1 at 5 Torr total reactant pres-
sure, the activation energy decreases from
21.5 = 0.5 kcal/mole at temperatures below
540 K to 14.2 = 0.5 kcal/mole at higher tem-
peratures. This behavior is consistent with
previously reported data on polycrystalline
nickel foils and nickel single crystals (10-
14) and is in agreement with data obtained
on high-surface-area nickel powders (/7).
Comparison of the data in Fig. 5 for Hy/CO
ratios of 3/1 and 15/1 shows that at a fixed
total pressure of the reactants the tempera-
ture at which the transition occurs (defined
by the intersection of the linear Arrhenius
plots in the high and low temperature re-
gimes) shifts to a lower value as the H,/CO
ratio increases. This shift to lower tempera-
ture as the Hy/CO ratio increases is again
consistent with previously reported data on
nickel powders (/1).

The partial-pressure dependence of the
methanation reaction rate on these poly-
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F1G. 6. Arrhenius plots of the methanation activity
of a polycrystalline nickel foil as a function of the Hy/
CO ratio at a fixed hydrogen partial pressure of 90
Torr. Isothermal cuts through these data yield the CO
partial-pressure dependence of the reaction.
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crystalline nickel foils was obtained in the
usual way by fixing the partial pressure of
either CO or H, and varying the total reac-
tant pressure and H,/CO ratio. The results
in Figs. 6 and 7 illustrate the CO and H,
partial-pressure dependence of the reaction
rate for a fixed hydrogen pressure of 90 Torr
and a fixed carbon monoxide partial pres-
sure of 6 Torr, respectively. The data are
obtained for temperatures below the transi-
tion. Even for temperatures well below the
transition, the apparent activation energy of
the reaction is found to be a function of the
H,/CO ratio. Table 1 summarizes these
results. In each case, the total conversion
based on the CH, concentration in the reac-
tion gas was maintained below 1%. The ac-
tivation energy for the reaction at compara-
ble total pressure decreases from 24.5 + 0.5
to 19.6 £ 0.5 kcal/mole as the H,/CO ratio
increases from 1/1 to 30/1. In contrast, the
apparent activation energy is nearly inde-
pendent of the total reactant pressure at
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FiG. 7. Arrhenius plots of the methanation activity
of a polycrystalline nickel foil as a function of the Hy/
CO ratio at a fixed CO partial pressure of 6 Torr. Iso-
thermal cuts through these data yield the hydrogen
partial-pressure dependence of the reaction.
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FiG. 8. Hydrogen pressure dependence. Plot of the
log of the methanation activity versus the log of the
hydrogen partial pressure obtained from an isothermal
cut through the data of Fig. 6 at 555 K. The slope of the
line least-squares fit to this data yields the order of the
reaction on hydrogen.

constant Hy/CO ratio within experimental
error.

The usual methods used to obtain the
partial-pressure dependence of the reaction
as expressed in the form

NCH4 = A Pﬂzzpcou eXp —AHCHJRT (1)

assume that the activation energy Hy, and
the orders of the reaction x and y are inde-

TABLE 1

Summary of Apparent Activation Energy for
Methanation over Ni Foil

H,/CO ratio Py E,

(Torr) (kcal/mole)

1/1 180 243 + 0.5

1/1 10 24.2 + 0.5

21 15 229 + 0.5

15/1 80 21.7 = 0.5

21 135 21 0.5

30/1 93 20.6 = 0.5
15/1 96 199 + 0.5
30/1 155 19.6 = 0.5
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pendent of the H, and CO partial pressures
and temperature. The data in Table 1
clearly show that this is not the case. It is
well recognized that Eq. (1) is an empirical
correlation of the experimental data where
the parameters x and y are valid only for the
particular conditions for which they are
measured. In any heterogeneously cata-
lyzed reaction it is the surface concentra-
tions and not the partial pressures of the
reactants which should appear in Eq. (1).
When x and y are taken as constants it im-
plies that the surface concentrations of the
surface species are proportional to a simple
fixed power of the gas-phase partial pres-
sures. This is clearly not correct and we
must expect that x and y will be functions of
T, Py, and Py, Taking a vertical cut
through the data of Figs. 6 and 7 at a tem-
perature of 555 K and plotting the resulting
in Ny, versus the corresponding In Py, and
In P, respectively, we obtain the plots in

5 -4 -3 2 1
In Pcolatmospheres)

F1G. 9. CO pressure dependence. Plot of the log of
the methanation activity versus the log of the carbon
monoxide partial pressure obtained from an isothermal
cut through the data of Fig. 7 at 555 K. The slope of the
line least-squares fit to this data yields the order of the
reaction on carbon monoxide pressure.

TABLE 2

Summary of Pressure Dependency

Catalyst Pressure x y
range
(Torr)
5% Ni/ALO, 600-760 0.77 * 0.04 —0.31 £ 0.05
Ni powder 600-760 1.0 = 0.04 -0.4 = 0.05
Ni foil 1-400 0.74 = 0.03 -0.4 = 0.03

Figs. 8 and 9. The slopes of these plots
yield values of the orders on hydrogen par-
tial pressure x = 0.74 = 0.03 and carbon
monoxide partial pressure y = —0.43 + 0.03
in good agreement with values previously
reported on both supported and unsup-
ported nickel catalysts as shown in Table 2.

If x and y are indeed constants at a given
temperature, then the sum of the orders of
the reaction (x + y) = 0.34 + 0.6 obtained
from Eq. (1) by the method described
above must agree with the sum of the or-
ders of the reaction (x + y) obtained from
Eq. (1) by fixing the Hy/CO ratio and vary-
ing the total reactant pressure over the
same pressure range. In particular, from
Eq. (1) if Py,/Pco = rlconstant) then

Ney, = ArFPEY exp ~AHcy,/RT
and

ll’l NCH4 = (_AHCH4/RT
+ In ArF) + (x + ¥) In (Pgy).

Since AHgy, and r are constant for a fixed
H,/CO ratio, and A and x are also assumed
to be constant, a plot of In' N¢y, vs In (P¢o)
would yield a straight line whose slope is
equal to the sum of the orders of the reac-
tion (x + y). Figure 10 shows a plot of the In
N g, versus In P, for a Hy/CO ratio of 15/1
at 555 K. The slope of this curve varies
from 0.12 to 0.70 as the reactant pressure
increases from 10 to 200 Torr. Since the
slope is not constant, the sum of the reac-
tion orders (x + y) cannot be obtained by
varying the total pressure at fixed H,/CO
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F1G. 10. Variation of the methanation rate with CO
partial pressure at a fixed Hy/CO ratio of 15/1 and fixed
temperature of 555 K. If the orders of the reaction x
and y were constant over the range of reaction condi-
tions used in these experiments, the data should be a
straight line with a slope equal to the sum of the orders
(x + y).

ratio as in Fig. 10 except for the case where
r=12

For the purpose of modeling the mecha-
nism of the methanation reaction, the val-
ues of x and y obtained in this way have
little or no significance since the isotherm
for the competitive adsorption of H; and Co

2 It has been suggested that the surface is saturated
in both carbon monoxide and hydrogen. The data pre-
sented above are inconsistent with this postulate. If
the surface were saturated, the orders of the reaction
in both hydrogen and carbon monoxide would indeed
be independent of the reaction conditions and the or-
ders obtained by the two methods described above
would agree. This is clearly not the case for the poly-
crystalline nickel foil used in these studies. The confu-
sion may arise from the fact that the previously re-
ported zero-order reaction kinetics in hydrogen partial
pressure (14) were calculated from the measured order
in CO partial pressure and the sum of the orders ob-
tained by varying the total pressure at fixed Hy/CO
ratio. As we have pointed out above, this approach is
valid only if the sums of the orders obtained by the two
methods are in agreement over the range of the data
collected.

is not known. The variation of the orders of
the reaction x and y with temperature, CO
partial pressure, and H, partial pressure
over a wide range of reaction conditions
would, however, provide an important cri-
terion against which to compare the validity
of any proposed mechanism.

Kinetic Isotope Effect

If hydrogen participates in the rate-limit-
ing step of the methanation reaction, a ki-
netic isotope effect may be observed when
the hydrogen in the reaction mixture is re-
placed by deuterium, all other reaction pa-
rameters remaining constant. Failure to ob-
serve a kinetic isotope effect, as pointed out
by Ozaki and later by Wilson does not,
however, conclusively show that hydrogen
does not participate in the rate-limiting
step. They point out that cancellation of the
kinetic and thermodynamic isotope effects
may result in a net effect which is too small
to be observable over the range of condi-
tions used in typical kinetic studies. Wilson
suggests that this cancellation is responsi-
ble for the failure of Dalla Betta and Shelef
to observe a kinetic isotope effect in the
methanation reaction. The proposed can-
cellation is of course critically dependent on
the kinetics of the competitive adsorption
of H, and CO on the catalyst surface. If the
kinetic limitations on the competitive ad-
sorption are a function of the reaction con-
ditions as we expect, a measurable kinetic
isotope effect may be observable if the reac-
tion conditions are varied over a wide
enough range of pressure, Hy/CO ratio, and
temperature. For measurements of the ki-
netic isotope effect in these studies the
mass spectrometer sampling capillary in
our reactor was independently calibrated
with both Hy/CO/CH, and Dy/CO/CD4 mix-
tures. For calibration purposes, H/CO/CH,
and D,/CO/CH, gas mixtures were pre-
pared in the reactor spanning the range of
the CH, and CD, pressures in the reaction
mixture during the kinetic studies. CH, and
CD, gas pressures- in the reactor were mea-
sured by a I-Torr capacitance manometer
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(MKS-314BH) and the H,/CO and D,/CO
mixture gas pressures by a 10-Torr capaci-
tance manometer (MKS-221AHS) mounted
directly on the reactor. For each mixture
prepared in this way, the response of the
sampling system was calibrated for fixed
mass spectrometer settings. In each case,
the pressure at the mass spectrometer was
maintained below 1 X 107 Torr and minor
variations in mass spectrometer sensitivity
from day to day were compensated by nor-
malizing the spectra to the CO peak height.
Figure 11 shows data for the kinetic isotope
effect for H,/CO and D,/CO ratios of 15/1
and a total reactant pressure of 5 Torr. Data
points shown in the figure are for both in-
creasing and decreasing catalyst tempera-
ture and include data points from indepen-
dent experiments with cleaning of the
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F1G. 11. Arrhenius plots of the methanation rate ver-
sus 1/T for a fixed reactant pressure of 5 Torr. The
upper curve is for a Hy/CO ratio of 15/1. The lower
curve is for a Dy/CO ratio of 15/1. The data show the
existence of a kinetic isotope effect in the methanation
activity of this polycrystalline nickel foil for these re-
action conditions.

nickel foil catalyst between each Kinetic
run. A kinetic isotope effect is indeed evi-
dent from the data. The enhancement of the
specific activity for normal methane pro-
duction over that for the production of deu-
terated methane is Ney,/Ncp, = 1.86 + 0.2
while the activation energy, AHqy, = 23
2 kcal/mole, is unchanged within experi-
mental error.

Summary of Kinetic Behavior

These kinetics studies show that two re-
versible regions of kinetic behavior exist for
the methanation reaction. The transition
between these two kinetic regimes is char-
acterized at fixed reactant pressure and Hy/
CO ratio by a change in both the apparent
activation energy of the reaction and the
partial-pressure dependence of the reaction
rate (/7). The transition temperature, de-
fined by the intersection of the two linear
Arrhenius regions, shifts to lower tempera-
ture as the Hy/CO ratio increases. At tem-
peratures below the transition the observed
activation energy of the methanation reac-
tion is dependent on the H,/CO ratio but is
independent of total reactant pressure over
the range of pressures studied. Comparison
of the reaction orders obtained by varying
the total reactant pressure shows that the
reaction orders are not constant over the
range of experimental conditions used. Fi-
nally, at low pressure and high H,/CO ratio,
a kinetic isotope effect is observed in the
methanation reaction rate.

DISCUSSION

It is clear from the Kinetic data that over
the range of experimental conditions used
in these studies neither the orders of the
reaction on H; and CO partial pressures nor
the activation energy of the reaction are
constant. This might, of course, be inter-
preted to mean that a single rate-limiting
step for the methanation reaction does not
exist and we are in fact observing the super-
position of a number of competing pro-
cesses. This possibility cannot be dis-
counted. If, however, we assume that a



10 POLIZZOTTI AND SCHWARZ

unique rate-limiting step does exist for this
reaction, which gives rise to the observed
kinetic behavior, then it is relevant to ask
how much of the observed kinetics is asso-
ciated with the changes of the surface con-
centrations of the reactants.

We will show below that much of the ob-
served kinetic behavior of the methanation
reaction can be attributed to the tempera-
ture and partial-pressure dependence of the
hydrogen and carbon monoxide surface
concentrations. Any complete description
of the reactant surface concentration must,
of course, take into account not only the
hydrogen and carbon monoxide surface
concentration but also the carbon surface
concentration arising from the dissociation
or disproportionation of the CO in the pres-
ence of hydrogen (20-23). Such a detailed
analysis will have to await data on the dis-
proportionation kinetics of CO on the
nickel surface beyond what is currently
available. For the moment, we will concern
ourselves with the competition between hy-
drogen and carbon monoxide on the metal
surface which is not already occupied by
carbon. Neglecting the carbon surface con-
centration as a first approximation will be
valid provided that the variation of at least
one of the reactants on the surface is large
in comparison to the variation of the sur-
face carbon concentration as the reaction
conditions are varied. This approach is mo-
tivated by the fact that the surface under
reaction conditions is nearly saturated with
either carbon monoxide or a mixture of car-
bon monoxide and carbon and the reported
variation of the carbon surface concentra-
tion with reaction temperature is small in
the linear Arrhenius region below the tran-
sition. Since methanation is a hydrogena-
tion reaction, it is interesting to consider
whether or not the methanation reaction
rate may be limited by the hydrogen con-
centration available on the surface. The
variation of the surface concentration of hy-
drogen in competition with carbon monox-
ide on the metal surface not occupied by
carbon should then correlate directly with

the observed methanation reaction kinetics
provided that the variation in hydrogen sur-
face concentration on the exposed metal is
large in comparison to the change in carbon
concentration {i.c., availability of metal
surface) over the range of reaction condi-
tions studied.

In constructing a model for the hydroge-
nation of CO to methane we will begin by
writing steady-state relations for the surface
concentrations of Hy, and CO. Using these
relations, we will examine the dependence
of the H, and CO surface concentrations on
pressure and sample temperature.

For the moment, we need to write ex-
pressions for the surface concentration of
CO molecules and H atoms as a function of:
the CO pressure, the H, pressure, and the
surface and gas temperature. We will as-
sume that the surface concentrations of H
and CO are in the steady state with the H,
and CO in the gas phase. We further assume
that a CO molecule will displace a pair of H
atoms adsorbed on the surface, but a H,
molecule will not displace an adsorbed CO
molecule. The latter assumption is in ac-
cord with the experimentally observed be-
havior at high pressure and elevated tem-
peratures (15).

The CO surface concentration can then
be calculated as if the surface were free of
adsorbed H,. In the steady state,

¢CO SOCO(I — NCO/M
= NCOVOCO exXp _(HDCO/KTs)’ (2)

where the right side of Eq. (2) is the rate of
desorption of CO per square centimeter and
the left side is the rate of adsorption of CO
per square centimeter. §,°© is the zero-cov-
erage sticking coefficient for CO, ¢og =
P.o/ (2w mco KT is the ideal gas impinge-
ment rate for a CO pressure P, v,°° is the
frequency with which the CO molecules try
to leave the surface, A H,C0 is the activation
energy for desorption of CO, and N€° and
N are, respectively, the surface concentra-
tion of CO in molecules per square centi-
meter and the total number of adsorption
sites per square centimeter. Rearranging
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Eq. (2) gives
KCO

T+ KO/N’ 3

NCO o
where
Kco = "’CO ° exp(AHDCO/KT)

Equating the rate of adsorption of H, to
the rate of desorption in the steady state we
obtain

2
(%)
NH 2
v exp —(AHLH/KT) + ¢C0SOCO(-—]\T>

= suse(1 - - ) @

The first term on the left side is the rate of
desorption of H; due to recombination of H
atoms, »vH is the collision frequency of H
atoms, and AH! is the activation energy
for thermal desorption of H,. The second
term on the left side is the rate of displace-
ment of hydrogen from the surface by the
adsorbing CO molecules and the right-hand
expression is the rate of adsorption of hy-
drogen molecules from the gas phase on
that portion of the surface which is not al-
ready occupied by an adsorbed CO mole-
cule. From Eq. (4) we obtain

GN’
N'=eNTO )
where
N =N - NCO,
G = 5 exp +(AH/KD),

G’ 9%;,?2— exp + (AHGMKT).

du, Sol, and N are as before the ideal gas
impingement rate, zero-coverage sticking
coefficient, and surface concentration of hy-
drogen atoms per square centimeter. We
will approximate the collision frequency v#
= 22gy (wKT,/2my)'?, where o, is the
hard-sphere collision diameter of the mi-
grating adatoms.

The dependence of the H and CO surface
concentrations on the H, and CO partial
pressures and sample temperature is deter-
mined by applying literature values (17-19)
of the initial sticking coefficients and de-
sorption energies for H, and CO on nickel.

Figure 12 shows the dependence of the
CO surface concentration on the CO and H,
partial pressures at a surface temperature of
500 K. The H,/CO ratios and total reactant
pressures represented in Fig. 12 (2.0 = H,/
CO = 20.0; 150 Torr < P = 1000 Torr) span
the ranges normally used in kinetic studies
of methanation over nickel. The calcula-
tions show that at 600 K the surface re-
mains nearly saturated with CO (097 =6 <
0.99935) as the H,/CO ratio varies from 50/1
to 0.5/1 at a total reactant pressure of 760
Torr. As the catalyst temperature is raised,
the CO surface concentration at fixed Hy/
CO ratio, as shown in Fig. 12, decreases
due to increase thermal desorption of the
molecularly bound CO. The decrease in the
CO surface concentration with increasing
temperature is small over the range of typi-
cal reaction conditions. For a H,/CO ratio
of 0.5/1 at a total pressure of 760 Torr the

T T T T

Py = 760 Torr

H./ICO = .51

: 10"F__f

H./ICO = 501

CO Surface C

10" 1 2 1 1
1.25 1.35 1.45 1.55 1.65

10%T (K

F1G. 12. The calculated variation of the carbon mon-
oxide surface concentration with temperature and Hy/
CO ratio for a fixed total reactant pressure of 760 Torr.
The data show that for all realistic methanation reac-
tion conditions, the surface is close to saturation with
carbon monoxide. The concentration of vacant sites is
a strong function of temperature and Hy/CO ratio.
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carbon monoxide surface coverage varies
from 8 = 0.99996 to @ = 0.980 as the cata-
lyst temperature varies from 500 to 700 K.
This apparently insignificant change in the
carbon monoxide surface concentration
represents, however, a three-order-of-mag-
nitude increase in the metal surface area
available for hydrogen chemisorption.
Figure 13 illustrates the dependence of
the H-adatom surface concentration on the
hydrogen and CO partial pressures at 500
K. The data are, again, for Hy/CO ratios
and reactant pressures typically used in ki-
netic studies of methanation. The H-ad-
atom surface concentration in Fig. 13B

Carbon Monoxide Partial Pressure (Torr)

10 20 304050 100 200 300 5§00 1000
r T T o e ARBA
B
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3 \.\.\ 4
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[
2 091 Pco = 50 Torr -]
5 08 4
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_o-o—o—o-‘." i
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H 1 1 'l L A Lo
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Hydrogen Partial Pressure (Torr}

F1G. 13. (A) The calculated variation of hydrogen
surface concentration with hydrogen partial pressure
for a fixed CO pressure of 50 Torr and a constant tem-
perature of 500 K. The plot shows that the steady-state
surface concentration of hydrogen in this strongly
bound state is small (5§ X 10 = oy =< 7 x 10™) for
realistic methanation reaction conditions and that the
hydrogen partial-pressure dependence of the surface
concentration is weak. (B) The calculated variation of
the hydrogen surface concentration with CO pressure
for a fixed hydrogen pressure of 500 Torr and a fixed
temperature of 500 K. The plot illustrates the nearly
inverse first-order dependence of the hydrogen surface
concentration in this tightly bound state on the CO
partial pressure.

shows an approximately inverse first-order
dependence on the carbon monoxide partial
pressure. This behavior reflects the strong
inhibition of hydrogen chemisorption on
nickel by the adsorbed carbon monoxide.
By comparison, the dependence of the H-
adatom surface concentration on the hydro-
gen partial pressure, shown in Fig. 13A, is
quite weak. Over the range of conditions
shown, the dependence of the H-adatom
surface concentration on the hydrogen par-
tial pressure only varies from P§'5 to P§?°.
This weak dependence on the hydrogen
partial pressure arises from the fact that al-
though the H-adatom surface concentration
is small, the surface available for hydrogen
chemisorption is nearly saturated with hy-
drogen. The isotherm for dissociative hy-
drogen chemisorption on nickel is half-or-
der in hydrogen partial pressure only in the
limit of low coverage on the available sur-
face and decreases to zero order in hydro-
gen partial pressure as the available surface
area approaches saturation. For realistic re-
action conditions, the H-adatom surface
concentration is always far from the dilute
limit on the available surface area.

The temperature dependence of the H-
adatom surface concentration in the limits
of high and low H,/CO ratios and at a total
reactant pressure of 760 Torr is illustrated
in Fig. 14. The calculated temperature de-
pendence of the H-adatom surface concen-
tration parallels the observed kinetics of the
methanation reaction. The hydrogen sur-
face concentration is strongly dependent on
temperature at both high and low Hy/CO
ratios. Displayed as an Arrhenius plot, the
H-adatom concentration shows two distinct
limiting behaviors. In the low temperature
regime, the temperature dependence of the
H-adatom surface concentration shows an
approximately linear Arrhenius behavior
with an effective activation energy which
decreases from 20.18 to 13.27 kcal/mole as
the H,/CO ratio increases from 0.5/1 to 50/
1. In the low temperature regime the tem-
perature dependence of the surface hydro-
gen concentration is dominated by the
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F1G. 14. The calculated dependence of the hydrogen
surface concentration on temperature and Hy/CO ratio
at a fixed total reactant pressure of 760 Torr. This. plot
illustrates that the variation of the hydrogen surface
concentration with temperature and H,/CO ratio in this
state parallels the observed kinetics of the methana-
tion reaction on the nickel surface.

change in the surface area available for hy-
drogen chemisorption due to thermal de-
sorption of CO. In addition a contribution
of a certain amount of the adsorption/de-
sorption character of the hydrogen is also
mixed into the total temperature depen-
dence and the magnitude of this contribu-
tion increases as the Hy/CO ratio increases.
The increased contribution of the hydrogen
desorption character with increased Hy/CO
ratio is responsible for the shift in the ap-
parent activation energy to lower values as
the Hy/CO ratio increases.

In the limit of high temperatures the CO
surface concentration decreases and the
temperature dependence of the H-adatom
surface concentration becomes dominated
by the hydrogen adsorption/desorption
character. The increased contribution of
the hydrogen adsorption/desorption charac-

ter with increasing temperature gives rise to
the decreases in apparent activation energy
with increasing temperature. The transition
between these two limiting behaviors, as
expected, shifts to lower temperatures as
the H,/CO ratio increases.

The behavior of the hydrogen surface
concentration described above is insensi-
tive to the values of the parameters for hy-
drogen adsorption used in the calculations
for the competitive adsorption of hydrogen
and CO on the nickel surface. Quantita-
tively, the temperature of the transition be-
tween the regimes, the functional form of
the dependence of the transition tempera-
ture with H,/CO ratio and total pressure,
the values of the activation energies above
and below the transition, and the details
of the partial-pressure dependences are
strongly dependent on the magnitude and
coverage dependence of the CO desorption
energy close to saturation. It is this parame-
ter which controls the amount of surface
area available for H, chemisorption. Since
detailed data are not available for the cov-
erage dependence of the CO heat of desorp-
tion at 8.y > 0.60, quantitative comparison
of the calculated temperature dependence
of the H-adatom concentration with the
measured kinetics of the methanation reac-
tion is not meaningful.

Qualitatively, the temperature depen-
dence of the calculated hydrogen-adatom
surface concentration described above is
the same as the -experimentally observed
temperature dependence of the methana-
tion reaction rate. Combined with the ob-
servation of a kinetic isotope effect for the
methanation reaction rate, -our results
strongly suggest that the methanation reac-
tion on nickel is a hydrogen surface concen-
tration-limited reaction, the majority of the
observed kinetics being controlled by the
temperature and partial-pressure depen-
dence of the surface concentration of hy-
drogen in the primary chemisorbed layer.

A variety of kinetic models have been
proposed for the hydrogenation of CO to
methane on the nickel surface. In every
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case, except the unpromoted dissociation
of CO, these mechanisms invoke a rate-de-
termining step involving either the hydroge-
nation of a surface species or the hydrogen
promotion of the dissociation of carbon
monoxide. Our suggestion, that the control-
ling factor in the observed kinetics of meth-
anation is the temperature and partial-pres-
sure dependence of the H-adatom surface
concentration in the primary chemisorbed
layer, is compatible with any mechanism
which invokes either a surface hydrogena-
tion or hydrogen-promoted dissociation as
the rate-determining step in the reaction.
The unpromoted dissociation or dispropor-
tionation of CO as the rate-limiting step on
nickel is not consistent with our observa-
tions. Measurements of the kinetics of the
disproportionation of CO over evaporated
nickel film and supported nickel catalysts
have shown that for typical reaction condi-
tions, the unpromoted rate of CO dispro-
portionation is too slow to account for the
rate of formation of methane (/6). This con-
clusion is supported by our observation of a
kinetic isotope effect at low pressure and
high Hy/CO ratios observed over these
polycrystalline nickel foils. This observa-
tion clearly indicates that hydrogen is influ-
encing the rate-determining step of the re-
action.

The state of hydrogen which we have
been discussing, that is, hydrogen chemi-
sorbing to the initial surface through vacan-
cies or defects in the chemisorbed CO over-
layer, cannot, by itself, fully account for
the observed reaction kinetics. In particu-
lar, the surface concentration of this pri-
mary chemisorbed state does not exceed a
few percent of a monolayer for realistic re-
action conditions and the partial-pressure
dependence of the H-adatom surface con-
centration in this state (P§)° — P§2°) is too
small to account for the observed hydrogen
partial-pressure dependence of the overall
reaction. Numerous studies of coadsorp-
tion of Hy, and CO ({7, 18) on supported
and unsupported nickel catalysts show that
at temperatures up to 50°C both a mono-

layer of CO and a monolayer of hydrogen
coexist on the nickel surface in equilibrium
with the gas. The vast majority of the hy-
drogen adsorbed in the presence of CO is,
however, weakly bound and readily de-
sorbs on evacuation at room temperature
(17). These observations suggest that there
are at least two states of hydrogen coad-
sorbed on the nickel surface, the primary
chemisorbed state described above, ad-
sorbing through vacancies or defects in the
CO overlayer and acting as the initiation
site for the reaction, and a second more
weakly bound state of hydrogen in equilib-
rium with the gas and contributing to the
hydrogenation of the reaction intermedi-
ates.

Our suggestion, that the hydrogen sur-
face concentration is a strong function of
reaction temperature at fixed total pressure
and H,/CO ratio, allows resolution of a
number of key issues which have hampered
identification of the reaction mechanism. In
particular, in the case of the hydrogenation
of an active surface carbon as the rate-de-
termining step, the methanation of carbon
by hydrogen is observed to occur at a faster
rate and with lower activation energy (~17
kcal/mole) than the corresponding rate of
methanation of CO on nickel catalysts (16).
If the hydrogen surface concentration is
rate limiting, the rate of hydrogenation of
the active surface carbon at comparable
carbon surface concentrations would be ex-
pected to be slower in the presence of CO,
since the hydrogen surface concentration is
reduced by competition with CO for the
available metal sites. In addition, the ob-
served activation energy for the reaction
would be strongly influenced by the temper-
ature dependence of the hydrogen surface
concentration. As we have shown, the tem-
perature dependence of the hydrogen sur-
face concentrations below the transition is
primarily controlled by the CO desorption
energy (~26 = 2 kcal/mole). Below the
transition, an activation energy for the
reaction between 13 and 20 kcal/mole
is expected as a result of the temperature
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dependence of the hydrogen surface
concentration alone; further, our results
suggest that the variation in activation ener-
gies reported for this reaction in the litera-
ture is not due to experimental error but is,
at least in part, due to variations of the ob-
served activation energy with reaction con-
ditions. The lowering of the observed acti-
vation energy with increased Ho/CO ratio at
fixed total pressure and temperature is
again consistent with the ability of hydro-
gen to compete more effectively for surface
sites.
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