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The study deals with the identification of the active nickel
phase as a function of the oxygen conversion during the partial
oxidation of methane to synthesis gas by means of in situ high-
temperature X-ray diffraction (HTXRD), semi-in situ X-ray photo-
electron spectroscopy (XPS) on a nonporous model catalyst (wafer),
activity measurements, and temperature-programmed surface re-
action (TPSR) experiments. The results demonstrate that the com-
bustion of methane partly proceeds on bulk nickel oxide. A highly
active phase, which is associated with partially oxidized nickel, is
suggested to account for the major part of the combustion reaction.
Finally, the reforming of methane to synthesis gas calls for the pres-
ence of metallic nickel sites. Evidently, the nature of the active phase
is not uniform along the catalyst bed under reaction conditions. This
highly complicating factor should be taken into account when in-
vestigating the mechanism of the partial oxidation of methane to
synthesis gas. It is concluded that the results of mechanistic studies
conducted at high oxygen conversion levels using either a fluidized
bed reactor or a pulse apparatus should be considered with care.
c© 1997 Academic Press

INTRODUCTION

Additional hydrogen production capacity is presently re-
quired for sulfur removal from crude oil fractions such as
gas oil (hydrotreating). The enhanced demand is due to the
worldwide tightening of sulfur specifications and the simul-
taneously reduced hydrogen supply from catalytic reform-
ing due to gasoline reformulation mandated by new laws
(1–3). Moreover, hydrogen is needed for the production
of ammonia and hydrogen peroxide (4). Synthesis gas is
the feedstock for large-volume processes such as methanol
and hydrocarbon synthesis (4, 5). Several routes exist for
manufacturing synthesis gas from natural gas (2, 3, 6–10).
The partial oxidation of methane is presently widely inves-
tigated for the production of synthesis gas (11).
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dress: Shell International Chemicals, Shell Research and Technology
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1030 BN Amsterdam, The Netherlands.

The mechanism of the partial oxidation of methane to
synthesis gas is still debated (12–29). Several studies suggest
that the reaction mechanism involves the direct, selective
oxidation of methane to both carbon monoxide and hy-
drogen. In contrast, other investigations state that methane
is first converted with oxygen to carbon dioxide and wa-
ter, followed by reforming of the remaining methane with
carbon dioxide and water under the formation of synthesis
gas. The reaction mechanism is closely related to the nature
of the active site. Nevertheless, only little is known about
the active phase during the partial oxidation of methane.
Dissanayake et al. (21) first showed that the green cata-
lyst layer on top of a black catalyst bed with an alumina-
supported nickel catalyst can be attributed to the presence
of nickel oxide (30) and metallic nickel, respectively. The
aim of the present investigations was to identify the nature
of both the surface layers and the bulk of the active nickel
phase under reaction conditions. To that end, the current
study employs a combination of in situ high-temperature X-
ray diffraction (HTXRD), semi-in situ X-ray photoelectron
spectroscopy (XPS) using a nonporous model catalyst with
an infinitesimally low activity to assess the oxidation state
of the surface layers of the nickel crystallites, activity mea-
surements, and temperature-programmed surface reaction
(TPSR) experiments.

The interaction of oxygen with nickel surfaces has been
investigated extensively. The sticking probability is close
to unity for Ni(100), Ni(111), and Ni(110) (31–36) at room
temperature. The initial heat of adsorption of oxygen on
nickel is high, viz., 500 kJ/mol (36–42). Oxide nucleation
and lateral island growth on nickel films proceed once a crit-
ical oxygen surface coverage of 0.4 ML has been reached
(32, 43, 44). Nickel readily forms three-dimensional oxides
at high temperatures (31, 45, 46), while oxidation of metal-
lic nickel at room temperature brings about the formation
of a two-dimensional oxide with a thickness of two to three
NiO layers (31, 33, 43). Phase transformations that readily
proceed with oxygen as a single component may not occur
in the presence of a reducing compound: the relative rates
of the adsorption of oxygen and the reaction between oxy-
gen and the compound to be oxidized govern the oxygen
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surface coverage θO at a given temperature and, hence, the
nucleation of the oxidic phase. High oxygen-to-methane ra-
tios can be expected to favor the formation of bulk nickel
oxide, whereas complete oxidation of the nickel crystallites
may be suppressed in the presence of an excess of the com-
pound to be oxidized (46).

Recent investigations have shown (23, 25) that a huge
temperature profile is present in the catalyst bed under
steady-state conditions when undiluted methane/oxygen
streams are used. To ensure isothermal operation, we em-
ployed diluted reactant mixtures in the present study. We
demonstrate that the nature of the active phase significantly
varies with the axial position in the catalyst bed. The conse-
quences of this highly complicating factor for the mechanis-
tic study of the partial oxidation of methane to synthesis gas
using either a steady-state flow reactor or a pulse apparatus
or a fluidized bed reactor are discussed.

METHODS

Catalysts

A 25 wt% nickel-on-silica catalyst was prepared by incip-
ient wetness impregnation of silica (OX-50, Degussa, sur-
face area 50 m2 g−1) with a solution of nickel nitrate. Subse-
quent to drying, the catalyst was calcined in air at 720 K for
3 h. The mean nickel particle size was 30 nm, as deduced
from hydrogen chemisorption experiments. The catalyst
thus obtained is denoted as NL (large nickel crystallites).

A 25 wt% nickel-on-silica catalyst was prepared by ho-
mogeneous deposition–precipitation of nickel hydroxide
onto silica (OX-50) by decomposition of urea at 363 K us-
ing a solution of nickel nitrate as a precursor (47). Sub-
sequently, the loaded support was filtered, washed, and
dried. The calcination of the catalyst was performed in air
at 720 K for 3 h. Calculations from the extent of hydrogen
chemisorption revealed that the mean nickel particle diam-
eter was 6 nm. The catalyst thus obtained is denoted as NS
(small nickel crystallites).

A model catalyst was prepared by spin-coating hydrated
silicon wafers (48–50) employing a solution of 6 g liter−1

nickel acetate in cyclohexanone. Subsequent to drying of
the wafer at room temperature, calcination was performed
in air at 730 K for 30 min. A reduced wafer was obtained
by exposure of the sample to a stream of 70 ml(STP)/min
hydrogen (99.9%) at 760 K for 30 min.

Catalytic Performance

Fifty milligrams of catalyst of a sieve fraction between
150 and 425µm was placed into a quartz reactor of internal
diameter 5.5 mm. Both above and below the catalyst bed
70 mg of silica (Aerosil 200, Degussa) of a sieve fraction
between 500 and 850 µm was placed. Reduction of the cal-
cined catalyst was performed in a flow of 10 vol% hydrogen

(99.999%) in argon (99.999%) at 773 K for 3 h. The feed
consisted of 1 vol% methane (99.998%) and 0.5 vol% oxy-
gen (99.999%) in argon. All gases were provided by Hoek
Loos B. V. and used without further purification. The total
flow rate was 100 ml(STP)/min and as directed downstream.
The product gases were analyzed with a mass spectrometer
(Balzers QM420) every 30 s.

To measure the temperature, a chromel–alumel thermo-
couple was situated at the bottom of the catalyst bed. The
temperature of the reactor was decreased from 900 to 520 K;
at intervals of 15 K the temperature was kept constant for
20 min.

With a few experiments, a gas mixture containing 1 vol%
methane and 0.5 vol% oxygen in argon was first combusted
over 1 g of an alumina-supported manganese oxide catalyst
(51) at 850 K. The gas mixture thus obtained consisted of
methane, carbon dioxide, and water.

In Situ High-Temperature X-Ray Diffraction

Catalyst NL was ground and mixed with hexane. A thin
layer of the obtained paste was applied onto a platinum grid.
The sample was placed in a Guinier-Lenné X-ray diffrac-
tometer using Fe Kα1,2 radiation (λ= 1.93735 Å) equipped
with a high-temperature in situ chamber. The temperature
of the chamber was raised in a flow of helium to 770 K.
Subsequently, the catalyst was reduced in a flow of pure
hydrogen for 4 h.

To establish the nickel oxidation state under various con-
ditions, a part of a mixture of 2 vol% methane and 1 vol%
oxygen in argon was first combusted over the manganese
oxide catalyst at 850 K under the formation of a mixture of
methane, carbon dioxide, and water in argon (25), while the
remaining part of the gas stream bypassed the manganese
oxide catalyst. The parallel gas streams thus obtained
were mixed and subsequently fed to the in situ chamber of
the diffractometer. The oxygen conversion level in the gas
mixture could simply be adjusted by controlling the ratio of
the parallel gas streams. The total flow rate was 100 ml/min.
The catalyst was stabilized under the applied conditions at
825 K for at least 35 h before the X-ray diffraction pattern
was recorded.

Semi-In Situ X-Ray Photoelectron Spectroscopy
on a Model Catalyst

To reveal the nickel valence in the upper surface lay-
ers of the nickel crystallites under reaction conditions, a
previously reduced Ni/SiO2/Si wafer was exposed to a flow
containing methane, oxygen, carbon dioxide, and water in
argon at 775 K for 16 h. The composition of the gas mix-
ture, prepared as described above, corresponded to oxygen
conversions of about 60 and 85%, respectively. Subsequent
to evacuation, the sample was analyzed by means of XPS
(Fisons).
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Temperature-Programmed Surface Reaction by Methane

Two hundred fifty milligrams of a previously reduced
catalyst was isothermally oxidized in a flow containing
2 vol% nitrous oxide (technical quality) in argon for 15 min.
The reoxidation of the catalyst bed occurred under differen-
tial conditions. Consequently, the surface composition can
be considered as being uniform along the catalyst bed. Sub-
sequent to oxidation, the catalyst was quenched in argon to
room temperature. The temperature of the catalyst bed fell
below 320 K within 2 min. Temperature-programmed sur-
face reaction was performed in a flow of 2 vol% methane
in argon at a heating rate of 10 K/min.

RESULTS AND DISCUSSION

We investigated the influence of the nature of the nickel
phase on both the level of conversion of methane and
the composition of the product gas. Figure 1 shows the
conversion of methane with oxygen at decreasing tempera-
tures, employing either unreduced or freshly reduced cata-
lyst NL. With the green nickel oxide catalyst the conversion
of methane does not exceed a level of 25% at about 900 K,
while carbon dioxide and water are the only products. With
the previously reduced catalyst, on the other hand, the con-
version of methane is well above 90% at 900 K, while syn-

FIG. 1. Conversion of methane with oxygen employing either an unreduced or a reduced catalyst NL at decreasing temperatures. The reaction
products are indicated in the figure.

thesis gas is the main product. In addition, no synthesis gas
was observed when a diluted mixture of methane, water va-
por, and carbon dioxide was fed to the oxidic nickel catalyst.
Large amounts of CO and H2 were, on the other hand, found
when a previously reduced catalyst was employed. The re-
forming of methane clearly calls for the presence of metallic
nickel sites. That the nickel phase controls the activity of the
catalyst for a given reaction path or a set of reactions is ev-
ident from both the oxidation and reforming experiments.
Qualitatively the same results were obtained with catalyst
NS, containing significantly smaller nickel crystallites than
catalyst NL, viz., about 6 nm.

To identify the nature of the nickel phase as a function
of the axial position in the catalyst bed, we stabilized a
freshly reduced catalyst NL under reaction conditions for
about 35 h at 825 K. Figure 2 shows the results of the sub-
sequently conducted in situ HTXRD experiments. At low
oxygen conversion levels, viz., 0 and 25%, only bulk nickel
oxide is detected, confirming that the topmost green zone
in the catalyst bed during the formation of synthesis gas
(21) corresponds to the presence of bulk nickel oxide. The
combined results of the in situ HTXRD and activity exper-
iments suggest that the reoxidation of zero-valent nickel to
bulk nickel oxide brings about the combustion of methane
under oxygen-deficient conditions in the upper layers of
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FIG. 2. In situ high-temperature X-ray diffraction patterns obtained subsequent to stabilization of the previously reduced nickel catalyst NL at
825 K under simulated reaction conditions corresponding to oxygen conversion levels of (1) 0%, (2) 25%, and (3) 60%. The peaks attributed to metallic
platinum are due to the use of the platinum grid.

the catalyst bed. Interestingly, we previously observed that
the selectivity toward synthesis gas dropped irreversibly to
nil below a critical contact time (25). Since only the reduc-
tion of the catalyst could restore the high selectivity toward
synthesis gas at longer contact times, we attributed the se-
lectivity drop to the reoxidation of the catalyst bed, which
is in excellent agreement with the present results of the ac-
tivity measurements and the in situ HTXRD at low oxygen
conversion levels.

As a result of the combustion reaction, the methane-
to-oxygen ratio increases at increasing oxygen conversion
levels. Figure 3 shows the increase in the CH4/O2 ratio
in the product gas as a function of the oxygen conver-
sion level during the oxidation of methane over the unre-
duced catalyst NL. Note the pronounced increase in the
methane/oxygen ratio above an oxygen conversion level of
80%. Low methane-to-oxygen ratios clearly favor the for-
mation of nickel oxide. The probability of bulk nickel oxide
formation can be expected to decrease at increasing axial
position of the nickel crystallites in the catalyst bed due to
the increasing methane-to-oxygen ratio in the gas phase.
Figure 2 demonstrates that at an oxygen conversion level
of 60%, indeed only metallic nickel is observed by means
of in situ HTXRD. The absence of the nucleation of bulk
nickel oxide at high oxygen conversion levels is evident.

Because of the importance for catalysis of information
about the surface of the working catalyst, we conducted
semi-in situ XPS at high oxygen conversion levels, viz., 60
and 85%, corresponding to methane/oxygen ratios of about
4.25 and 8, respectively. For the present investigations we

employed a Ni/SiO2/Si wafer as a nonporous model cata-
lyst with an infinitesimally low activity. Hence, the thus ob-
tained catalytic system can be considered as an extremely
differential reactor.

To assess the influence of the oxygen conversion level on
the extent of oxidation of the nickel surface layers, we sta-
bilized the previously reduced Ni/SiO2/Si wafer under reac-
tion conditions. Figure 4 shows the Ni 2p1/2 and O 1s X-ray
photoelectron spectra of the thus treated, the reduced, and
the reoxidized Ni/SiO2/Si wafer, respectively. The vertical
lines at 852.5 and 868.8 eV in Fig. 4A indicate the positions
of the peaks related to metallic nickel, whereas the lines at
854.5 and 872.7 eV indicate the positions of the peaks re-
lated to nickel(II). We associate the peak at about 532.3 eV
in Fig. 4B with the presence of oxygen in the silica layer on
top of the silicon wafer substrate, since it is observed with
both the reduced and the oxidized samples. In contrast, the
peak at about 529.3 eV is observed only with the oxidized
sample. Hence, we associate the latter peak with oxygen
present in nickel oxide.

At an oxygen conversion of 60% the Ni 2p1/2 spectrum
clearly displays the presence of nickel oxide, whereas the
O 1s spectrum most resembles the spectrum of the reduced
nickel sample. Note that the O 1s electrons have a higher ki-
netic energy than the Ni 2p1/2 electrons. The mean free path
of the O 1s electron is 12 Å, whereas that of the Ni 2p1/2

electrons is 8 Å. Hence, the O 1s signal reflects a thicker (sur-
face) layer than the Ni 2p1/2 signal. Figure 4A, moreover,
shows that an increase in the methane-to-oxygen ratio from
about 4.25 to about 8 results in the pronounced contribution
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FIG. 3. Methane-to-oxygen ratio in the product gas as a function of the oxygen conversion level during the conversion of methane with oxygen
over the unreduced catalyst NL measured at decreasing temperatures.

of metallic nickel along with some oxidic nickel. The differ-
ence in the composition of the surface layers obtained at
methane-to-oxygen ratios of about 4.25 and 8 is clear.

It should be noted that the XPS results thus obtained are
associated with the least reducing conditions plausible un-
der reaction conditions in the catalyst bed: a stronger reduc-
ing gas mixture may be present in the catalyst bed than sim-
ulated in the current study if the formation of synthesis gas
from carbon dioxide, water, and methane occurs along with
part of the combustion reaction. We demonstrated that the
parallel reforming and combustion of methane can be ex-
cluded for oxygen conversions up to at least 25%, since the
formation of synthesis gas calls for the presence of metallic
nickel sites. At an oxygen conversion level above 25%, how-
ever, the bulk of the nickel may be in the zero-valent state,
and synthesis gas formation may occur. Hence, the nickel
surface could be slightly more reduced than suggested by
the present XPS results under reaction conditions in the
catalyst bed. In addition, the oxidation of small metal crys-
tallites may proceed at a higher rate than the oxidation
of large particles (52). Separately conducted atomic force
microscopy (AFM) experiments showed that the height of
the nickel crystallites on the wafer was rather small, viz.,
about 3 to 5 nm. The surface of larger nickel crystallites
can be expected to be somewhat less oxidized when em-
ploying the same methane-to-oxygen ratio. Unfortunately,
a poor signal-to-noise ratio with XPS measurements on a

wafer containing nickel crystallites of a size representative
for sample NL, viz., about 30 nm, rendered proper analysis
of the XPS spectrum difficult. The current XPS results, how-
ever, clearly illustrate that the propensity of the gas mixture
to reoxidize the nickel surface layers sharply decreases at
increasing methane-to-oxygen ratios.

We found that the nature of the nickel phase controlled
both the level of conversion of methane and the composi-
tion of the mixture of the thus formed product molecules
with both the oxidation and reforming of methane, employ-
ing either a fully oxidized or a freshly reduced catalyst. Par-
tially oxidized surface layers were found at high oxygen con-
version levels by means of semi-in situ XPS. It is interesting
to compare the partially oxidized nickel crystallites with a
fully oxidized sample in terms of their reactivity with respect
to methane by means of TPSR experiments. Partially oxi-
dized samples were obtained by carefully oxidizing a freshly
reduced catalyst by means of nitrous oxide. Nitrous oxide
was employed as an oxidant, since nitrous oxide, in con-
trast to molecular oxygen, brings about the uniform surface
oxidation of the nickel crystallites throughout the catalyst
bodies (53). Adjustment of the temperature controls the
extent of metal oxidation. The sample thus oxidized was in-
vestigated by means of TPSR in a diluted methane stream.
The onset temperature of the surface reaction was defined
as the temperature at which the consumption of methane
started. In all cases, the onset of the conversion of methane
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FIG. 4. (A) Ni 2p1/2 XPS spectrum of NiO/SiO2/Si wafer subsequent to (1) reduction; (2) reoxidation in a stream of pure oxygen at 720 K for 2 h;
and exposure to a gas mixture corresponding to O2 conversions of (3) 60% and (4) 85%. (B) O 1s XPS spectrum of NiO/SiO2/Si wafer subsequent to
(1) reduction; (2) reoxidation in a stream of pure oxygen at 720 K for 2 h; and exposure to a gas mixture corresponding to O2 conversions of (3) 60%
and (4) 85%. For more details refer to the text.
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FIG. 5. Onset temperature of the reaction of methane with oxygen from the catalyst under the simultaneous formation of carbon dioxide (and
water) as a function of the oxidation temperature of the reduced sample by nitrous oxide. The curve serves only to guide the eye.

coincided with the formation of carbon dioxide (and water
vapor). Figure 5 shows the onset temperature of the reac-
tion of methane with oxygen from the catalyst as a function
of the temperature at which the oxidation by nitrous oxide
has been performed. In addition, the onset temperature of
TPSR with a fully oxidized sample is indicated in Fig. 5.

Figure 5 shows that the two-dimensional oxide of a thick-
ness of a few NiO layers, as produced by exposure of a
reduced sample to N2O at about room temperature, re-
acts with methane already at 573 K. The samples reoxi-
dized at high temperatures, viz., about 630 K, do not re-
act with methane below about 670 K, with this resembling
the reactivity of the fully oxidized catalyst. Analogously to
catalyst NL, the reactivity of the partially oxidized catalyst
NS increases with decreasing extent of nickel oxidation.
A superior activity of partially oxidized nickel compared
with fully oxidized crystallites agrees with the observations
of several workers active in the field of oxidation cataly-
sis. Kalinkin et al. (44) rationalized a maximum in the ac-
tivity of Ni(111) for the oxidation of CO under oxygen-
deficient conditions in terms of the optimum activity of a
two-dimensional surface oxide compared with the activity
of both a fully oxidized and fully reduced nickel surface as
supported by their low-energy electron diffraction (LEED)
experiments. Moreover, considerably higher reaction prob-

abilities of methane were observed on a passively oxidized
Ni(100) surface than for NiO powder in the combustion
of methane at atmospheric pressure (54, 55). On the basis
of the similarity of the activation energies for the NiO film
and for the clean Ni(100) surface, Campbell et al. attributed
the activation of methane to metallic sites on the NiO film
(54). More recently, Burch and Loader (56) investigated
the oxidation of methane on platinum under transient con-
ditions. These authors concluded that a partially oxidized
platinum surface displays optimum activity compared with
a fully reduced or a fully oxidized platinum surface.

The combined body of results demonstrates that the
nickel phase in nonuniform along the catalyst bed during
the partial oxidation of methane to synthesis gas. At least
25% of the oxygen is converted over bulk nickel oxide
to carbon dioxide and water. At high oxygen conversion
levels, viz., 60%, the nickel crystallites remain in the
reduced state, while the surface seems to be partially
oxidized. Finally, the reforming of methane proceeds
over metallic nickel sites. The results thus obtained are
valuable in contributing to a better understanding of the
processes involved in the partial oxidation of methane to
synthesis gas. Analogously to other investigations (21, 25),
the activity of catalyst NL as a function of the temperature
in the catalyst bed exhibits a hysteresis (see Fig. 6). The
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FIG. 6. Conversion of methane as a function of the temperature during the partial oxidation of methane over catalyst NL. The product molecules
are indicated in the figure.

unreduced nickel oxide catalyst converts only 20% of the
methane at 825 K, while carbon dioxide and water are the
only products. At higher temperatures the conversion of
methane suddenly sharply increases from about 25% to
almost 100%, accompanied by the production of synthesis
gas. The oxygen balance, moreover, exceeds 100% for a
limited period due to the reduction of the catalyst. The
methane conversion level is close to 90% at 825 K, while
synthesis gas is the main product. The resemblance of the
hysteresis to the separately determined activity curves as
depicted in Fig. 1, employing either an unreduced or a
freshly reduced sample NL, is clear. From the difference
in the methane conversion levels at 825 K, we conclude
that a necessary condition for the formation of synthesis
gas is the presence of an active phase with a combustion
activity considerably higher than that of nickel oxide. We
suggest that the enhanced combustion activity under the
conditions of synthesis gas formation is related to the
presence of a partially oxidized nickel surface. Subsequent
to the combustion of methane, the production of synthesis
gas by means of the reforming of methane with water vapor
and carbon dioxide proceeds over metallic nickel sites.

The presented investigations demonstrate that the at-
mosphere is oxidizing at zero conversion, but reducing at
high conversion. As a consequence, the relative stabilities

of nickel metal and oxide depend on the conversion. In
addition, the deposition of carbon on the catalyst with the
partial oxidation of methane has been reported (57). The si-
multaneous presence of oxidic, metallic, and carbidic and/or
graphitic phases is one of the reasons why the chemistry of
the partial oxidation of methane is so complicated.

Finally, we discuss the consequences of the present re-
sults for mechanistic studies. Experiments conducted at low
oxygen conversion levels exclusively provide information
about the reaction mechanism at relatively low methane-to-
oxygen ratios. Hence, the elucidation of the mechanism of
the partial oxidation of methane in a fixed bed reactor calls
for a combination of steady-state measurements conducted
at both low and high methane conversion levels. Pulse ex-
periments may also contribute to a better understanding
of the reaction mechanism under steady-state conditions
provided (58) (i) the composition of the catalytically active
phase is uniform along the catalyst bed, (ii) the conversion
of the reactants is sufficiently low, and (iii) the composi-
tion of the surface is representative of the situation un-
der steady-state conditions. The present study shows that
the oxygen conversion level strongly affects the nature of
the active phase. Accordingly, the catalyst bed can be ex-
pected to be nonuniform in terms of the phase composition
if the product gas mixture lacks molecular oxygen. This
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renders pulse experiments in which oxygen is completely
consumed highly unreliable for the elucidation of the mech-
anism of the partial oxidation of methane to synthesis gas
in fixed bed reactors under steady-state conditions. The
same applies to investigations employing fluidized bed re-
actors, since the position of the catalyst particles is not
fixed.

CONCLUSIONS

The combination of in situ HTXRD, semi-in situ XPS,
activity, and TPSR experiments shows that the nature of
the active phase of the nickel catalyst significantly varies
with the oxygen conversion level. The atmosphere is oxi-
dizing at zero conversion, but reducing at high conversion.
At oxygen conversions up to at least 25% the combustion
of methane at about 825 K proceeds over nickel oxide. At
higher oxygen conversion levels, the bulk of the nickel crys-
tallites remains in the zero-valent state, while the surface
is probably oxidized. It is suggested that the partially oxi-
dized nickel crystallites display a higher combustion activity
than fully oxidized nickel particles. Finally, the reforming of
methane to synthesis gas proceeds over metallic nickel sites.

Summarizing, the composition of the catalyst surface is
not uniform along the catalyst bed. This highly complicat-
ing factor should be taken into account with the study of the
mechanism of the partial oxidation of methane to synthesis
gas in a fixed bed reactor. Results of mechanistic studies
using either a fluidized bed reactor or a pulse apparatus at
high oxygen conversion levels should be considered with
care.
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