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Carbon monoxide methanation on a commercial Ni/SiQ, catalyst has been investigated by tran-
sient kinetic methods. It was found that carbon monoxide blocks the adsorption of hydrogen and
replaces it on the catalyst surface. Oxygenated and non-oxygenated reaction intermediates were
found on the catalyst surface between 458 and 538 K. in amounts exceeding severalfold the
monolayer coverage. This extensive deposition was due to the presence of hydrogen in the gaseous
phase. The volume deposits was unreactive under steady-state reaction conditions but reactive
under dynamic conditions. Therefore, the reaction scheme proposed to describe the observed
system behavior includes steady-state and unsteady-state reaction steps. Two types of activity
sites. a substitution mechanism of CO adsorption. the storage of intermediates on sites other
than reaction ones, and their variable concentration depending on the reaction conditions are

considered. 1993 Academic Press. Ine

INTRODUCTION

There is a controversy in the literaturc
between the steady-state reaction schemes
of catalytic carbon monoxide methanation
and the results of unsteady-state kinetic
measurements. Recent unsteady-state con-
centration-programmed reaction (CPR) and
temperature-programmed reaction (TPR)
measurements have revealed phenomena
that are not included in the steady-state
methanation kinetic schemes and models.

Following the step exchange of hydrogen
for the CO/H, methanation reaction mixture
(CPR start-up experiments), a monotonic in-
crease of the methanation rate to a steady-
state value was observed by Mori ¢t al. (1),
Underwood and Bennett (2), and Lee and
Schwartz (3) on nickel catalysts. However,
a small overshoot in methane (water) con-
centration was reported on nickel (4) and
ruthenium-based (5) catalysts, and an initial
increase in catalytic activity with slow sub-
sequent decline was found on clean iron at
higher reaction temperatures (6). Biloen and
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Sachtler (7) suggested that the reactive car-
bidic carbon (CH,, x = 0-3) was probably
built up during the rise of activity and the
unreactive, graphitic carbon was formed
concurrently with the catalyst activity de-
cline.

The simultaneous monitoring of both re-
action products, methane and water, has
brought information about the relative rates
of the C-0 bond splitting step and the hy-
drogenation steps. Following the switch
from hydrogen to CO/H, methanation mix-
ture on nickel catalysts, methane and water
were always produced at the same rate (/,
5). This result indicated that the C-O bond
dissociation, probably of the adsorbed CO,
was the rate-controlling step of the methane
formation (/). On the other hand, the forma-
tion of CO, (by the reaction of adsorbed CO
with surface oxygen from CO dissociation)
preceded the formation of CH,, indicating
that CO disproportionation was tast com-
pared to hydrogenation of active carbon
from CO dissociation (8). Goodman et al.
(9) found that rates of CO disproportiona-
tion and carbon hydrogenation were compa-
rable with the rate of methanation. They
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concluded that there was no unambiguous
rate-determining step in the methanation re-
action (9).

In contrast to start-up experiments, the
abrupt removal of CO from CO/H, methana-
tion feed (CPR stop experiments) at moder-
ate temperatures is always characterized by
a sharp (and transient) increase in CH, pro-
duction, followed by a gradual decline to
zero (2, 5,7, 10, 11, I4). An explanation of
these phenomena has been derived from the
fact that H, competes poorly with CO for
adsorption sites on the catalyst surface. Re-
moval of CO from the gaseous phase uncov-
ers the surface for hydrogen adsorption, and
hydrogenation of carbonaceous precursors
of methane becomes possible (7, 10). The
amount of CH, formed during the transient
may exceed the amount corresponding to
monolayer coverage by more than an order
of magnitude, indicating that under steady-
state (or during the start-up period) a reser-
voir of carbonaceous species is built up
equivalent to several layers of carbon (/3,
14). Both the carbidic reaction products and
the carbonaceous side products (not reac-
tion intermediates) are assumed to be con-
verted to methane after the switch of reactor
feed to pure hydrogen (/0).

Evolution of the other reaction product,
water, has also been followed during the
exchange of CO/H, mixture for hydrogen
(2, 4, 5), in order to find out the surface
concentration of non-oxygenated methane
precursors. The amount of methane evolved
always significantly exceeded the amount of
water, indicating the presence of a substan-
tial amount of nonoxygenated species, prob-
ably carbidic in nature. The carbidic carbon
is hydrogenated faster than CO (see Refs.
(2, 4.5, 14)) and it is therefore supposed to
be the principal steady-state reaction inter-
mediate.

A step change of feed composition from
CO/inert gaseous mixture to hydrogen or
water (15, 16) (and vice versa) has been stud-
ied in an effort to reveal the possible reac-
tion pathway of CO during methanation.
Upon switching to H,, the methane re-

sponse was similar to that obtained after
reaction with CO/H,, indicating that under
methanation conditions, CO reacts similarly
(2, 5). Methane was again formed due to
hydrogenation of surface non-oxygenated
carbidic material as well as surface oxygen-
ated carbonaceous species (2, 5). The depo-
sition of carbon was much easier in the pres-
ence of hydrogen. This was explained in
terms of indirect hydrogen assistance to the
C-0 bond breaking, by removal of surface
oxygen (2, 5). However, a direct participa-
tion of hydrogen in this step is also assumed
4, 10).

In another group of experiments, tran-
sient and steady-state isotopic tracing with
BC, O, and D has been utilized to under-
stand the reaction mechanism of CO metha-
nation. Dalla Betta and Shelef (/7) found no
deuterium isotope effect on Ni, Ru, and Pt
catalysts. Aninverse isotope effect of deute-
rium has been found more often (/, /8, /9)
and has been interpreted as indication of the
absence of hydrogen in the C-O breaking
step (/) and as a support for the slow addi-
tion of hydrogen to surface hydrogenated
CH, species (/8, 19). On the basis of their
experiments with *CO, Araki and Ponec (8)
have postulated that methanation proceeds
via active carbon hydrogenation in the slow
step. This conclusion has been later sup-
ported and extended by Biloen et al. (20,
21), Happel et al. (22, 23), Galuszka et al.
(24), Cant and Bell (5), and Coenen ¢t al.
(/7). They have found that not only C, but
also surface CH intermediates could be hy-
drogenated in the rate-controlling steps of
methanation.

TPR methods have also been employed
to study the reactivity and the surface popu-
lation of possible reaction intermediates.
When a nickel catalyst was saturated by CO
and H, at ambient temperature, then during
the temperature increase in inert atmo-
sphere, methane left the catalyst simultane-
ously with water (25). The same tempera-
ture of methane and water evolution
indicated that C-O bond breaking deter-
mined the rate of methanation. After expo-
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sure of nickel catalyst to CO/H, and CO/He
mixtures at higher temperatures (26), meth-
ane was evolved in two peaks but water
accompanied only the second methane
peak. This implied (26) that active carbon as
well as adsorbed CO were present on the
catalyst surface and that reactivity of the
active carbon was higher than that of CO,

TPR studies of hydrogenation of surface
carbonaceous deposits by gas-phase hydro-
gen (26—31) have confirmed the higher meth-
anation activity of non-oxygenated carbidic
deposits in comparison with adsorbed CO.
The results indicate that at high surface cov-
erages, carbon hydrogenation is not rate-
determining for CO hydrogenation in excess
of hydrogen (26). The existence of various
forms of surface reactive carbon has also
been proved by TPR measurements (e.g..
Refs. (28-31)). Although some of them ex-
hibit low reactivity to produce methane un-
der common methanation conditions, two
different types of carbon which can react
were assumed (30).

This briefreview of transient kinetic stud-
ies on CO methanation illustrates that
steady-state methanation reaction schemes
and kinetic models, although sufficient to
describe the steady-state reaction behavior,
may not be valid under unsteady-state reac-
tion conditions, owing to the complexity of
the methanation reaction. It is the aim of this
contribution to investigate the adsorption/
desorption behavior of reaction components
and the formation, surface concentrations,
and reactivity of the methanation reaction
intermediates. On this basis, a reaction
scheme is proposed which considers the ob-
served unsteady-state reaction behavior.

EXPERIMENTAL

A commercial, 29 wt% Ni/SiO, catalyst
G-33 (Girdler Siidchemie, FRG; for proper-
ties, see Table 1) was crushed into 0.16-0.25
mm particles and activated for 2 hr at 623 K
in a flow of hydrogen. Experiments were
performed in a tubular flow microreactor
(volume about 1 cm?) equipped with a thin
thermocouple inserted into the catalyst bed

TABLE 1

Properties of the G-33 Catalyst

Ni content (w19%) 29
Surface area® (m° g™!) 12
Particle diameter (mm) 0.16-0.25
Pore volume® {cm® g™ ') 0.134
Bulk density” (g cm™) 1.73
Apparent density” (g cm™) 2.84
Helium density (g cm™) 310
Porosity 0.52
Most frequent pore radius” (nm) 40

“ BET.

? Mercury porosimetry.

(50-100 mg) to measure its temperature pre-
cisely. The reaction components, CO, H,,
and argon, were introduced into the reactor
after purification and by means of the mass
flow controllers. The furnace temperature
was controlled independently by a PID pro-
grammable controller. The reactor effluent
was analyzed by a Balzers QMS 420 on-line
quadrupole mass spectrometer.

Dynamic adsorption measurements were
performed at ambient temperature, by ad-
mitting pulses (volume 0.086 cm?) of hydro-
gen or CO in argon to activated catalyst.
Prior to measurement, the catalyst was
treated in argon at 623 K for 30 min to re-
move hydrogen and water from the preced-
ing activation procedure.

TPD (temperature-programmed desorp-
tion) and TPSR (temperature programmed
surface reaction) experiments were carried
out following saturation of the activated cat-
alyst surface by H,, 3% of CO in H,, or 3%
of COin Ar mixture at ambient temperature.
The catalyst was then flushed for 10 min
with Ar (42 cm¥/min) and its temperature
was gradually increased in flowing argon at
the rate of 15 K min~".

CPR (concentration-programmed reac-
tion) experiments were performed either by
switching between CO/Ar and H, streams
or between CO/H, and H, streams, in the
temperature range 458-538 K. The step
change of the feed composition was
achieved by switching two carefully bal-
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TABLE 2

Adsorption Capacity of the G-33 Catalyst for CO
and H, at 300 K

Adsorption Adsorption capacity

procedure (umol g1
Cco H,
H, adsorption -— 109
CO adsorption 110 —
CO adsorbed after H, 120 68
H, adsorbed after CO 110° 42

“ Remainder after adsorption of CO.
# Remainder after adsorption of H,.

anced streams with different reactant com-
position, using a system of programmable
six-way valves. The switching caused tem-
perature changes of the catalyst due to the
highly negative adsorption and reaction en-
thalpies. Using either low CO concentra-
tions or low reaction temperatures, this ef-
fect has usually been less than =5 K.

The composition of the reaction mixture
leaving the reactor was followed by means
of a calibrated Balzers QMS 420 quadrupole
mass, spectrometer. Masses 2, 15, 18, 28,
40, and 44 were scanned corresponding to
H,., CH, (methyl), H,O, CO, Ar (inert), and
CO,, respectively, at rates of 1-50 scans/
sec. Only traces of CO, were detected at
higher reaction temperatures. The time co-
ordinate was corrected for transport lags
(3-5 sec). The rate of concentration step
change between Ar and H, (volumetric
flowrate 100 cm® min~') was characterized
by 745 = 1 sec, where 745 is the time within
which the argon concentration reached 95%
of its final value.

RESULTS AND DISCUSSION
Dynamic Adsorption Measurements

The results of pulse dynamic adsorption
measurements at ambient temperature are
summarized in Table 2. The catalyst adsorp-
tion capacity was measured for CO and H,
on a clean catalyst surface (activated and

then flushed with Arat 623 K), and by pread-
sorption of CO followed by adsorption of
H,. and vice versa. The hydrogen uptake
{109 umol g~ ") corresponds to the number
of surface Ni atoms (32) and was thus taken
as the monolayer coverage. The catalyst had
similar capacities for adsorption of CO (Ta-
ble 2). When H, was preadsorbed, the
amount of CO adsorbed remained practi-
cally unchanged. The adsorption of CO
caused desorption of H, (Table 2) due to
displacement of H, by CO. The opposite
effect,i.e., CO desorption due to H, adsorp-
tion, was not observed, as CO is adsorbed
more strongly than hydrogen (/2). When hy-
drogen was adsorbed following the CO ad-
sorption, hydrogen adsorption capacity was
reduced below half of that for the clean cata-
lyst surface. CO thus strongly blocked hy-
drogen adsorption and was capable of dis-
placing hydrogen on a part of the catalyst
surface. This may indicate that there is more
than one type of hydrogen and carbon mon-
oxide adsorption sites.

Temperature-Programmed Experiments

In order to investigate the adsorption of
CO and H, further, temperature-pro-
grammed desorption (TPD) and surface re-
action (TPSR) of CO and H, were per-
formed. The results are given in Figs. 1-3.
Figure 1 shows carbon monoxide desorption
spectra from catalyst samples on which CO
was adsorbed at ambient temperature from
CO/Ar mixture (TPD, curve 1), when CO
was coadsorbed with H, (TPSR, curve 2),
when hydrogen was adsorbed consequently
to the CO adsorption (TPSR, curve 3), and
when the adsorption of hydrogen preceded
the adsorption of CO (TPSR, curve 4). The
desorption of CO during TPD was charac-
terized by a TPD spectrum with two over-
lapping peaks (see e.g., Ref. (25)) with max-
ima at about 337 and 420 K, respectively.
Their existence provides evidence for the
presence of at least two adsorbed forms of
CO. The CO desorption pattern was similar
for all hydrogen-treated catalyst samples
during TPSR (curves 2-4), but was strik-
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F1G. 1. Influence of the adsorption mode on desorp-
tion of CO. CO was adsorbed as follows: (1) x 2, from
3% CO/Ar mixture: (2) from 3% CO/H, mixture: (3) by
admitting 3% CO/Ar followed by H, adsorption: (4) by
H, adsorption followed by adsorption of CO from 397
CO/Ar.

ingly different from the TPD pattern (curve
1). In the low-temperature part of the TPSR
spectra, the first peak was at lower tempera-
ture (310 K) than in the TPD, and in the
region of high temperatures, a new large
peak of CO (about 720 K) was detected.
This indicates that adsorption of H, has a
significant qualitative effect on the CO ad-
sorption, mainly in the range of strong CO
adsorption. By comparison of the data in
Tables 2 and 3, it is evident that less than
one-quarter of the adsorbed CO is subse-
quently desorbed when no hydrogen is pres-

TABLE 3

Amounts of Reaction Components Evolved during
TPD and TPSR

Procedure Amount evolved (umol g™
cO H, CH, H.O
TPD of CO 25 — — —
TPD of H, — 102 — —
TPSR 104 35 3.2 3.0
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FiG. 2. Influence of the adsorption mode on desorp-
tion of H,. H, was adsorbed us follows: Curve
(1) % 0.5, by admitting H,: (2) from 3% CO/H, mixture:
(3) by admitting 3% CO/Ar followed by saturation by
H, (4) by H, saturation followed by adsorption of CO
from 3% CO/Ar.

ent. The coadsorption of H, increases this
amount more than four times (Table 3).
Therefore, hydrogen facilitates the CO de-
sorption at low temperatures and initiates a
new strong CO interaction with the catalyst.

This interaction is likely to be due to for-
mation of a surface intermediate containing
hydrogen, as seen from the simultaneous
occurrence of high-temperature peaks in
Figs. 1 and 2. In the TPD run hydrogen
desorbed in a very complex way in four
peaks at temperatures 327, 423, 555, and
715 K, respectively (curve 1), but its distri-
bution was completely different when the
catalyst was also exposed to CO (TPSR,
curves 2—-4). The second, large peak at 423
K was absent and a new, small peak at 490
K appeared. The third peak at 555 K was
also missing and the fourth peak was
significantly enlarged and shifted to
720-725 K, which was simultaneously the
range of temperature for CO desorption
(Fig. 1). The ratio of the amount of this
strongly held H, to that of the strongly held
CO (the peaks at about 720 K, Figs. 1 and
2) was within 0.52 to 0.58, indicating the
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FiG. 3. Temperature-programmed reaction of CO
coadsorbed with H,. Curves: (1) CO: (2) H,: (3) CH,
(x 1032 (4) H,O ¢x 10). For conditions, see the Experi-
mental section.

presence of a surface intermediate with ap-
proximate stoichiometry COH.

In parallel to carbon monoxide and hydro-
gen thermal desorption, methane and water
were formed during TPSR, i.e., when CO
and H, from 3% CO/H, mixture had been
adsorbed on the catalyst surface. The prod-
ucts were typically evolved in a TPSR run
as shown in Fig. 3. Simultaneous CO and H,
desorption 1s also depicted. Water evolved
always in one narrow peak at 490 K and
methane in two broad peaks at approxi-
mately 525 and 685 K. The most significant
observation was that water desorbed at
lower temperature than methane and that
the COH intermediate (see above) decom-
posed rather than giving methane and water.
Therefore, CO and COH dissociated more
easily than they were hydrogenated to CH,.

Concentration Programmed Reaction

Two different types of stop and start-up
transient experiments were performed. Ei-
ther the CO/Ar mixture (CO disproportiona-
tion reaction) was replaced in a step manner
by H,, and vice versa, or the feed of CO/
H, mixture (CO methanation reaction) was
stepped to pure H,.

Ar— CO/Ar — H, step change. Figure 4
shows the run where the activated catalyst
was pretreated by hydrogen at 473 K. then
by Ar, and finally the feed of Ar was
switched to 13% CO/Ar mixture. After |
min, this mixture was replaced by pure H,.
Following the step change from Ar to CO/
Ar, CO was adsorbed, since a short induc-
tion period was observed before CO ap-
peared in the gaseous phase. Simultane-
ously, a small amount of hydrogen desorbed
from the catalyst surface, evidencing the re-
placement of H, with CO on the catalyst
surface. Although some hydrogen had ap-
parently been present on the catalyst sur-
face, no methane was produced. The
pressure of CO then quickly attained the
steady-state value. When the feed was
changed to pure hydrogen, a sharp peak of
methane was seen simultancously with a
broader peak of water. The initial rate of the
methane formation was significantly higher
than that of water i.e.. the rates of the meth-
ane and water formation were controlled by
different reaction steps. If the purge by
argon was inserted between the switch from
CO/Ar to H, to remove CO from the gaseous
phase, the initial rate of methane production

FiG. 4. Transient response to concentration step
change Ar — 13% CO/Ar — H, at 473 K. Curves: (1)
CO: (2) Hy: (3) CHy; (4) H.O. The switches are indi-
cated by vertical arrows.
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FiG. 5. Transient response to concentration step
change (H, — 119% CO/H, — H; at 458 K. Curves: (1)
CO:(2)H,: (3 CH, (x 10):(4) H,O (x 10). The switches
are indicated by vertical arrows.

was higher and less methane and water were
produced. This result indicates competition
of gaseous CO with H, for active surface
after the direct CO/H, switch. The amount
of CH, formed (as found from the area below
the methane response curves) was about 25
umol/g, well below the monolayer coverage
(109 pmmol/g). The same runs were per-
formed at 518 and 533 K, and the transients
and coverages were similar to those ob-
served at 473 K.

H, — CO/H, — H, step change. In the
range of 458-483 K, the transient responses
were similar 1o each other and for 458 K are
documented by Fig. 5. The responses were
reproducible and no catalyst deactivation
was observed. After a switch from H, to
mixture containing 11% CO in H,, hydrogen
pressure quickly fell, and after a short induc-
tion period, carbon monoxide pressure in-
creased. The pressure of methane increased
gradually and levelled off at a steady-
state value. The production of water passed
through a sharp maximum followed by a
slow decrease to steady state. The excess
of water evolved (with respect to methane),
establishes that after finishing the start-up
period, the catalyst surface withholds some

species not containing oxygen. The higher
initial rate of water production in compari-
son with methane clearly shows that at this
temperature, carbon monoxide splits and is
hydrogenated to water much faster than is
the rate of its hydrogenation to methane.
When the feed was switched back to pure
H,, methane and water were immediately
produced, with a higher rate of methane for-
mation. The response was similar to that
observed after the CO/Ar — H, step change
(Fig. 4).

When the reaction temperature was in-
creased from 458 to 498 K, then after the
step change from H, to 5% CO/H, mixture,
methane and water were produced at com-
parable rates (Fig. 6), with a mild maximum
on the water curve. The production of meth-
ane started several seconds before any wa-
ter appeared. It follows that the rates of
methane and water formation were probably
controlled by the same process, i.e., the
C-0 bond splitting. The maximum on the
water concentration may indicate that water
is formed by more than one reaction. Fol-
lowing the backward switch to H,, unlike
the responses between 458 and 483 K, a
monotonic decrease in the water production
rate was observed, while the methanation
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Fi1G. 6. Transient response to concentration step
change H.— 5% CO/H,~> H,at 498 K. For curves, see
Fig. 5. The switches are indicated by vertical arrows.
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Fi1G. 7. Temperature dependence of evolved amounts
of methane (1), water (3), and their difference (2) after
switch to H,. Methanation of 109% CO/H, mixture at
the same temperature followed by I-min purge by Ar
preceded the switch.

rate passed through a pronounced maximum
(Fig. 6).

The effect of purging the reactor by argon
before the switch from the methanation re-
action mixture back to hydrogen was inves-
tigated to estimate the effect of gaseous CO
preserved in the reactor void volume on the
methanation rate. The methane production
rate was markedly higher, and less methane
and water were produced due to the absence
of CO in the gas phase. The observed in-
crease of the initial methanation rate after
removal of CO from the gas phase therefore
stemmed from the poor ability of hydrogen
to compete with CO for the surface sites.

By integration of the response curves for
methane and water, the amounts of methane
and water formed by hydrogenation of sur-
face reaction intermediates were estimated
to be between 458 and 545 K. In this way
the amount of non-oxygenated methane and
oxygenated water precursors on the catalyst
surface could be determined. The result is
shown in Fig. 7. The total amount of accu-
mulated carbonaceous intermediates was
much higher than after treatment of the cata-
lyst by CO/Ar mixtures (about 25 umol/g

only, see above) and the prevailing surface
species did not contain oxygen. The surface
concentrations exceeded severalfold the
monolayer capacity as estimated from H,
adsorption. Hydrogen in the reaction mix-
ture therefore made the deposition of reac-
tion intermediates much easier. The deposi-
tion was fast and quickly finished as the
amount of methane evolved remained prac-
tically the same when the time of exposure
of the catalyst to methanation reaction mix-
ture was increased from several seconds to
minutes. No systematic experiments were
performed on the influence of the reactant
partial pressures on the deposition but, ap-
parently, the amount of deposits was sensi-
tive to the gas-phase composition,

The methods used in this work bring new
important evidence about the methanation
reaction behavior under unsteady-state re-
action conditions. It is evident that descrip-
tion of the unsteady-state reaction behavior
requires the following phenomena to be con-
sidered.

1. Carbon monoxide and hydrogen adsorb
competitively on at least two types of cata-
lyst surface sites. Carbon monoxide can re-
place adsorbed hydrogen by a substitution
mechanism.

2. Hydrogen enables fast and massive
multilayer deposition of oxygenated and
nonoxygenated carbonaceous reaction in-
termediates to occur.

3. Most of these intermediates are formed
and react under unsteady-state reaction
conditions but are unreactive at the steady
state. Their amounts depend on the reaction
conditions.

4. Carbon monoxide inhibits hydrogena-
tion of deposits through blocking the surface
to hydrogen. Hydrogen apparently needs
some free sites to form an adsorbed form,
i.e., it is not able to remove (hydrogenate)
adsorbed CQO by a substitution mechanism.

These effects are not considered in the
steady-state methanation reaction schemes
and kinetics given in the literature, which
are usually based on the simple Lang-
muir-Hinshelwood models. Recently, we
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described™ the steady-state methanation on
the G-33 catalyst by the following reaction
scheme (s, is an active site):

H,+2s,=2H"s5,
CO + 5, =CO -5,
CO-s;, +2H s;,—CH, s, + O-5,+ 5
CH,-s, + 2H -5, = CH, + 3s, (A)
O- s, +2H- s, =H,0 + 35,

Under unsteady state, the existence of
another type of surface site, s,, should be
considered as evidenced by the above ad-
sorption and TPR measurements. At steady
state these sites are blocked by carbona-
ceous intermediates which do not react, ow-
ing to poor access of hydrogen to the cata-
lyst surface. It is, therefore, speculated that
the following reactions (B) could proceed on
sites s, to give the unsteady-state surface
intermediates:

H, + 2s,=2H - s,
CO+25,=C-5,+0"5s,
CO+H:-s,=COH " s,

CO+2H: s,=C-5,+0-s,+ H,
CO+2H-5,=CO" 5, + 5, + H,
O-s, 4+ 2H s, = H,0 + 3,
C-s5+2H-5,=CH, 5. + 25, (B)
CH, s, + 2H - s, = CH, + 3s,.

The first reaction activates hydrogen for
unsteady-state reactions. It is also probable
that CO adsorbs/disproportionates on sites
5, (second step). CO substitutes hydrogen
by the following three reactions, the prod-
ucts of which gradually block the sites s,
for the access of hydrogen. The last three
reactions produce methane and water at
unsteady-state, as indicated in Fig. 6. The
unsteady-state multilayer deposition of re-
action intermediates can be formalized with
the help of reactions (C):

COH * 3 + H - S = C,‘ + HzO + 2S2
CO +2H s,=C. + H:O+ 25,
CO N S: + 2H T8 = (:h + H:O + 33‘2

C.,+CO=CO-C,.

i

©)

The first two reactions produce multilayer

carbon C, on which CO can absorb similarly
as in CO adsorption on active carbon. At
this range of reaction temperatures, carbon
can be deposited in a multilayer form as
polymeric or amorphous carbon able to dis-
solve in and penetrate through nickel (33,
34). Massive multilayer deposition of car-
bonaceous species is apparent from the
comparison of the adsorption (monolayer)
capacity of 109 umol g ! (see Table 2) and
the evolved amount of methane of about
2000 umol g~' during TPSR (Fig. 7). Oxy-
gen-containing deposits may involve CO ad-
sorbed on the carbon surface indicated by
IR spectroscopy (35). These intermediates
can also be deposited on the surface of the
Si0, support, which remains uncovered by
nickel even at high nickel loading. C and CO
can be transported on the catalyst support
by surface (spillover) or bulk migration (34,
36). When the feed is switched to hydrogen
then hydrogen can be activated on sites s,
via the back-substitution reaction and
multitayer unsteady-state deposits are hy-
drogenated to methane and water, e.g., by
reactions (D):

C,+2H s, =CH," s, + s,

CH,-s.+2H s, = CH, + 3s, (D)
CO-C,+2H5,=CO 3,
+ CH,-s.,. . .., etc.

We believe that the schemes presented
allow us 1o explain the enhancement of the
reaction rate above the values attainable un-
der steady-state conditions by a variation
of the reactant concentrations in the feed,
which we observed in our parallel work (37).
It appears that the basic prerequisite of the
enhancement is the storage of reaction inter-
mediates on sites other than steady-state re-
action ones in amounts dependent on the
reaction conditions. Those deposits can be
formed only under the presence of CO. On
the other hand, carbonaceous deposits can
be removed (hydrogenated) only if CO is
missing (or present in a very small concen-
tration) in the gas phase. These contradic-
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tory requirements can be fulfilled only under
dynamic conditions (switching CO rich <
CO lean mixtures). CO is able to remove H,
from the surface via the substitution mecha-
nism (steps B-4, 5) without any free sites s,.
For similar action (CO removal) hydrogen
needs some free sites s, where it forms
H - 5, and then “‘cleans’’ the surface (step
C-3) increasing in such a way the catalyst
activity. The catalyst activity becomes ef-
fectively variable and cannot be taken as a
constant. Simultaneously, the existence of
different adsorption/reaction sites for hy-
drogen and carbon monoxide with the sub-
stitution mechanism for CO adsorption must
be considered, as otherwise the above stor-
age would be small due to adsorption of
hydrogen. In this way the catalytically ac-
tive surface saturated by one reaction com-
ponent still remains accessible to another
reaction component and the unsteady-state
deposits can survive on the surface at steady
state.
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