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The activation of methane on an industrial Ni/Al2O3 catalyst was
studied in a TAP reactor between 723 and 823 K. Methane adsorbs
on the reduced Ni catalyst with an activation energy of 54 kJ mol−1.
Oxidation of the Ni on the surface of the support up to 13% results in
a strong decrease of the methane adsorption rate which is more than
proportional to the decrease in the number of reduced Ni sites on the
surface. Three parallel pathways are responsible for the adsorption
of methane on the oxidized Ni catalyst. Two pathways consist of
hydrogen abstraction of methane by oxygen, reversibly chemisorbed
on two different active sites. The lifetime of oxygen chemisorbed
on the two active sites is limited due to desorption and amounts to
respectively 5 and 148 s at 823 K. The rate of adsorption of methane
via the third pathway decreases on a time scale of 1000 s. The type
of site that is responsible for this pathway cannot be regenerated by
oxygen. The combustion of methane on the oxidized catalyst was
studied by means of step experiments with methane and isotopically
labeled oxygen. Chemisorbed oxygen abstracts hydrogen from gas-
phase methane and from adsorbed CHx species. Lattice oxygen is
responsible for the carbon-oxygen bond formation. The structure
of the Ni/Al2O3 catalyst was studied by means of TPR, XPS, and
XRD. c© 1999 Academic Press
1. INTRODUCTION

Supported Ni catalysts are widely applied in the chemical
industry, e.g., in steam reforming of natural gas to synthesis
gas. The partial oxidation of natural gas on Ni catalysts is
an interesting alternative route for synthesis gas produc-
tion and the catalytic route is currently the subject of many
studies (1–4). Although Ni catalysts have been extensively
studied, many questions concerning the adsorption and ac-
tivation of methane are not satisfactorily answered.

The adsorption of methane on reduced Ni has been thor-
oughly studied, also by means of surface science techniques
using ideal single crystal surfaces and methane pressures
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up to 100 Pa. It was shown that methane adsorbs on the re-
duced Ni surfaces with an activation energy of about 53 kJ
mol−1 (5–7). The reported dissociation probabilities vary
from 10−12 to 10−3 at temperatures ranging from 300 to
400 K (5, 8). An important issue is the role of oxygen in the
activation of methane on a reduced surface (6, 9). This was
studied in an attempt to explain why the dissociation prob-
abilities and adsorption rate coefficients of methane deter-
mined during studies of the partial oxidation or reforming
of methane under industrial conditions are very high and of
the same order as the sticking probability or adsorption rate
coefficient of oxygen (5, 6, 8–11). The sticking probability
of oxygen on reduced Ni is close to 1 (12–14). Currently,
no agreement exists on the role of adsorbed oxygen in the
activation of methane on reduced Ni (8, 9).

The mechanism of the adsorption and oxidation of
methane on oxidized Ni catalysts has not been studied in
great detail and a kinetic model is not available. This is sur-
prising since it is well known that the catalyst at the inlet
of the reactor is fully oxidized during the partial oxidation
of methane over Ni catalysts (2, 3). In this region of the
reactor, part of the methane feed is oxidized to CO2 and
H2O. The remaining methane fraction is reformed by CO2

and H2O over the reduced catalyst, deeper in the reactor.
The prediction of the steady state and transient behavior
of an industrial catalytic partial oxidation reactor depends
on the kinetic model for the methane activation on the ox-
idized catalysts. Also, the question remains whether or not
the Ni catalyst needs to be completely reduced in order to
partially oxidize or reform methane to synthesis gas.

Gavalas et al. (15, 16) studied the oxidation of methane
over NiO/αAl2O3 and NiO/ZrO2. They observed a high
methane combustion activity after oxidation of the reduced
catalysts. The activity dropped to 30% of the original ac-
tivity after 2 h. Gavalas et al. (15, 16) concluded from the
analysis of the specific surfaces, from the changes in catalyst
colors, and from their study of the structure of the catalysts
that a decrease of the amount of excess O2−, resulting from
the oxidation of the catalysts, and the accompanying de-
crease in Ni3+ concentration are responsible for the lower
activity. Recently, Hu and Ruckenstein (17) studied the
9
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TABLE 1

Overview of the Studied Subjects and of the Applied Techniques

Subject Applied techniques

1. Structure of the catalyst TPR
2. Gradual oxidation Pulse titration

TPR
3. Methane adsorption on the Single pulse experiments

reduced catalyst Modeling
4. Methane adsorption on the Single pulse experiments

oxidized catalyst Alternating pulse experiments
Modeling

5. Oxygen adsorption on the Single pulse experiments
oxidized catalyst Pulse titration

Modeling
6. Reaction of methane and Step experiments

oxygen on the oxidized Isotopically labeled oxygen
catalyst

oxidation of methane over reduced and oxidized Ni cata-
lysts by means of broadened-pulse response and isotopic
experiments. They concluded that methane and oxygen re-
act on the oxidized catalyst via an Eley-Rideal mechanism
in which the gas phase or weakly adsorbed methane reacts
with adsorbed oxygen. The results of Gavalas et al. (15, 16)
and Hu and Ruckenstein (17) were determined on differ-
ent time scales. Gavalas et al. (15, 16) found a response time
of several hours. Hu and Ruckenstein (17) showed that at
1073 K the lifetime of the adsorbed oxygen was of the order
of minutes.

Within the framework of developing simulation models
for the catalytic partial oxidation of methane, the present
study deals with the adsorption of methane on a reduced Ni
catalyst and the combustion of methane on the oxidized Ni
catalyst. After the determination of the structure of the
Ni catalyst following different pretreatments, the adsorp-
tion of methane on the reduced catalyst and the influence
of gradual oxidation on the methane adsorption rate were
studied. Thereafter, experiments were performed to study
the adsorption of methane on the oxidized catalyst. During
these experiments, a strong influence of feeding gas-phase
oxygen on the methane adsorption rate under vacuum was
observed. Finally, the reaction of both methane and oxy-
gen on the oxidized catalyst was studied. Table 1 gives an
overview of the applied techniques.

2. METHODS

The activation of methane on the oxidized and reduced
Ni/Al2O3 catalyst was studied by means of temporal analy-
sis of products (TAP). The TAP reactor system, constructed
by Autoclave Engineers Inc., consists of a sequence of three

vacuum chambers. The first chamber contains a small reac-
tor, 40 mm long and 5 mm in diameter. The entrance of this
D FROMENT

reactor is connected via a small inlet volume with two pulse
valves and two continuous feed valves. The pulse valves
allow the rapid injection of very small amounts of reac-
tant. The pulse size can be varied between 1013 and 1017

molecules. The injection time is less than 100 µs. The back-
ground pressure in the reactor chamber is about 10−4 to
10−5 Pa and is mainly caused by the presence of N2 and H2O.
The second chamber is the differential chamber. Molecules
that do not travel in a straight line from the exit of the re-
actor to the third chamber or analysis chamber are trapped
here and pumped away. This differential chamber also acts
as a prevacuum chamber for the analysis chamber. The pres-
sure in the differential chamber is about 10−6 Pa. The re-
sponses of the reactant and of the products at the exit of
the reactor are measured with a UTI 100C quadrupole mass
spectrometer located in the analysis chamber. The time res-
olution at which the evolution of the flux at the outlet of the
reactor can be measured is less than 1 ms. The pressure in
the analysis chamber is 10−7 Pa. This ensures that the signal
detected with the mass spectrometer is proportional to the
flux at the outlet of the reactor. A more detailed description
of the TAP reactor can be found elsewhere (18).

Several types of experiments were performed in the TAP
equipment. The structure of the Ni catalyst was mainly stud-
ied by means of temperature programmed reduction (TPR).
For this purpose the reactor was operated under vacuum,
heated at a rate of 10 K min−1, and fed by 4× 10−7 mol s−1

hydrogen. The signal at AMU 18, representative for water,
was continuously monitored during heating. The adsorp-
tion of methane on the reduced catalyst and of oxygen on
the oxidized catalyst was studied by means of single pulse
experiments. During these experiments, a train of 10 to 20
small CH4/Ar pulses was injected into the reactor at a fre-
quency of 1 to 2 pulses per second. Each pulse contained
1014 to 1015 molecules, which is more than a factor 103 to 104

lower than the number of active sites in the reactor. This
low pulse size ensures that transport occurs by Knudsen
diffusion and that the catalyst state does not change due
to reaction with methane or saturation by oxygen. Each
pulse response in the response train is identical since the
catalyst state does not change. The noise to signal ratio was
decreased by using the average response. The adsorption
and combustion of methane on the oxidized catalyst were
studied by means of single pulse experiments, alternating
pulse experiments, and step experiments. In an alternating
pulse experiment, two pulse trains of the same frequency
but of two different reactants are simultaneously injected in
the reactor. The time between the injection with one pulse
valve and with the other pulse valve can be varied. This ex-
periment is performed to study the interaction of one reac-
tant with intermediates created on the surface by the other
reactant. The lifetime of the intermediates on the surface

can be studied by varying the time between the injections
of both pulse valves. A step experiment was performed by
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TABLE 2

Composition of the Ni/Al2O3 Catalyst as Received

Component wt%

Ni 19 ± 2
Al2O3 50–55
TiO2 13–15
CaO 5.5–7.5
SiO2 <0.20
C <0.10
S <0.05
Cl <0.02
Fe2O3 <0.10
Other alkali metals <0.05
Other heavy metals <0.10

continuously injecting reactant from one pulse valve. The
pulse period was much smaller than the residence time in
the reactor. Using the pulse valve instead of the continuous
feed valves allows operation at low and stable feed rates.

The catalyst is an industrial Ni/Al2O3 catalyst in the form
of Rashig rings, similar to the one used by Dissanayake et al.
(2). The rings were crushed and the particles were sieved.
The fraction with particle sizes between 0.25 and 0.50 mm
was retained for the experiments. The catalyst bed was di-
luted with quartz particles with a diameter between 0.25
and 0.50 mm and the catalyst/quartz mixture was packed
between quartz packings at the inlet and at the outlet of the
reactor. The BET surface of the catalyst is between 10 and
30 m2

c g−1. SEM results show that the pore size is about 1
to 2 µm. This excludes diffusion limitations inside the par-
ticles. The bulk density of the catalyst is 880 kg m−3

c . The
composition of the catalyst is summarized in Table 2. Prior
to all experiments, the catalyst was reduced with a TPR
experiment extending to 1138 K. The catalyst was kept at
1138 K in the hydrogen flow until the water flux at the exit
of the reactor was hardly detectable.

3. RESULTS AND DISCUSSION

3.1. Structure of the Ni Catalyst

The amount of surface Ni atoms on the catalyst was deter-
mined with the TAP reactor by means of chemisorption of
oxygen on the reduced Ni catalyst at different temperatures.
The results of Müller (19) and Hoang-Van et al. (20) show
that the determination of the dispersion of Ni catalysts can
be done by means of oxygen chemisorption at room tem-
perature assuming an O/NiS, ratio equal to 2. The amount
of oxygen adsorbed at room temperature on 0.060 g of re-
duced catalyst is 2.63× 10−6 mol. Taking the composition
of the Ni catalyst into account this leads to a dispersion of

1.4%, a very low value. The results of Zielinski (21) and
Huang et al. (22) show that not all the metallic Ni is located
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on the surface of the support after reduction at high temper-
atures. A large fraction of the metallic Ni is incorporated
in or covered by the Al2O3 support (21, 22). Therefore, it
can be expected that the dispersion of the Ni on the surface
of the support is much higher than the dispersion of the
total amount of Ni in the catalyst. To determine the total
amount of Ni on the support the catalyst was reduced at
1138 K and oxidized by means of an oxygen pulse train at
823 K. The total amount of oxygen taken up by 0.060 g of
catalyst during the oxidation is 2.05× 10−5 mol. Since the
ratio O/Ni is 1 after oxidation, the total amount of Ni on
the support is 4.10× 10−5 mol. This is much lower than the
amount of Ni in the catalyst, which is about 1.92× 10−4 mol.
Only 21% of the Ni in the catalyst is located on the surface
of the support. The other Ni fraction is incorporated in the
Al2O3 support. The dispersion of the Ni on the surface of
the support is 6.7%. This corresponds to a crystal size of
about 13.4 nm.

The second technique used to study the structure of the
Ni catalyst is TPR. The results of De Bokx et al. (23) show
that this technique is very valuable for determining the state
of the Ni on the oxidized catalyst. TPR of the catalyst as
received yielded a spectrum with a peak at 903 K and a
peak at 1103 K. These peaks correspond to the reduction of
NiAl2O4 spinel with different degrees of crystallinity (24).
To obtain a better insight into the structure of the catalyst af-
ter reduction at high temperatures, the reduced catalyst was
oxidized by injection of a pulse train of oxygen at 823 K until
the oxygen conversion dropped to zero or by a feed of oxy-
gen for 3 h at 823 K. Bulk spinel is not formed at 823 K (15,
21, 24). TPR after oxidation at 823 K results in a spectrum
with a peak at 683 K and a shoulder at 823 K (Fig. 1). De
Bokx et al. (23) reported TPR spectra of NiO/Al2O3 catal-
ysts with peaks at 673 and 793 K. This is in agreement with
the results reported here. De Bokx et al. (23) identified the

FIG. 1. TPR spectra of 0.060 g Ni catalyst oxidized at 823 K (A),
oxidized at 823 K followed by heating to 1123 K for 30 min (B), and

oxidized at 823 K, heated to 1123 K, reduced to 1138 K (TPR), and oxidized
at 823 K (C).
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peak at 673 K as reduction of large NiO crystallites on the
Al2O3 surface. The peak at 793 K was associated with
the reduction of NiAl2O4 surface spinel (23). The same TPR
experiment was repeated to verify if a slow transformation
of the NiO catalyst occurred as a function of time after ox-
idation. The reduced catalyst was oxidized with 600 pulses
of oxygen. The time between the oxidation and the TPR
was varied. The TPR spectra did not change with time after
oxidation at 823 K. This proves that no bulk NiAl2O4 is pro-
duced after oxidation at 823 K. Literature data show that
this conversion occurs only at temperatures above 873 K
(15, 21, 24). Heating of the oxidized catalyst above 1073 K
or oxidizing the catalyst above 1073 K resulted in TPR spec-
tra which are strongly shifted to higher temperatures (Fig. 1,
curve B). The longer the catalyst was held at 1073 K, the
higher the peak temperatures in the spectra, indicating a
higher crystallinity of the NiAl2O4 (15, 16, 21).

The most interesting result was generated by an experi-
ment in which the Ni catalyst was oxidized at 823 K by a con-
tinuous feed of oxygen and in which this oxidized sample
was heated to 1123 K for 30 min. Prior to this experiment, a
TPR spectrum of the catalyst oxidized at 823 K was deter-
mined. After heating to 1123 K, the TPR spectrum of this
sample was determined and the catalyst was oxidized again
at 823 K. The TPR spectrum of this oxidized sample was
also determined. Figure 1 shows the TPR spectra. From this
figure, it is clear that heating up to high temperatures, fol-
lowed by reduction at high temperatures and oxidation at
823 K, results in an oxidized Ni catalyst containing less sur-
face spinel. The amount of bulk NiO on the surface remains
the same. XRD and XPS experiments were performed to
understand what happens with the Ni fraction correspond-
ing with the shoulder in the TPR spectrum. Two Ni samples,
oxidized at 823 K, were prepared. The first sample was not
treated at high temperatures after oxidation. The second
sample was oxidized at 823 K, heated to 1123 K, reduced
by means of TPR extending to 1138 K, and oxidized again
at 823 K. XPS experiments could not reveal any significant
differences between both samples. The XRD experiments
showed that both samples contained reduced Ni, even after
oxidation at 823 K. The sample which was not heated after
oxidation, contained less reduced Ni than the sample that
was heated after oxidation. This shows that heating the ox-
idized catalyst to 1123 K, followed by reduction by means
of TPR extending to 1138 K, results in the incorporation
into the support of the Ni fraction that is oxidized at 823 K
into surface spinel. This Ni fraction cannot be oxidized at
823 K after reduction at high temperatures. These results
point toward an increase of the thickness of the AlxOy layer,
which is covering the Ni after reduction of the NiAl2O4 sur-
face spinel, decreasing the accessibility of oxygen to the
reduced Ni.
Although the decrease in the amount of Ni on the sup-
port results in a decrease in oxygen sorption capacity at
D FROMENT

room temperature, no influence on the methane activation
rate was observed. This is an additional indication that the
Ni fraction responsible for the shoulder in the TPR spec-
trum is indeed surface NiAl2O4 spinel which is not active
for methane activation after oxidation and which is partially
covered by a layer of AlxOy after reduction, also resulting
in a low methane activation rate. Based on the results pre-
sented here and on literature data (21, 23, 25), the structure
of the Ni catalyst shown in Fig. 2 is proposed.

3.2. Gradual Reoxidation of the Ni Catalyst

An important parameter in the study of the methane acti-
vation on the Ni catalyst is the degree of oxidation of the Ni
on the alumina support. The sticking probability of oxygen
on Ni is very high (12–14). Gradual oxidation of the Ni on
the support by injection of a limited amount of oxygen at
823 K is not useful. This would result in a reactor with NiO
at the entrance and reduced Ni at the exit. A uniform de-
gree of oxidation throughout the reactor can be obtained by
repeatedly saturating the Ni catalyst with oxygen at room
temperature followed by heating the catalyst to 823 K un-
der vacuum for 15 min. The results of Müller (19) show that
heating does not result in desorption of oxygen, but in in-
corporation of oxygen in the bulk of the Ni. Indeed, oxygen
desorption was not observed during the heating of the Ni
samples. As mentioned previously, the O/Nis ratio at room
temperature is 2. The dispersion of Ni on the surface of the
support is about 6.7%, leading to a degree of oxidation af-
ter the first saturation and heating of 13.4%. The relative
decrease of the sorption capacity corresponds well with the
increase of the degree of oxidation. This shows that oxygen
only adsorbs on the reduced Ni sites and that the oxygen
is distributed uniformly through the bulk of the Ni on the
surface of the alumina support at 823 K. TPR of the Ni
catalyst as a function of the degree of oxidation reveals a
strong increase of the TPR peak temperature with higher
degrees of oxidation ranging from 623 K at 13% oxidation
to 683 K at 100% oxidation (Fig. 3). This can be explained
by the reduction of NiO by hydrogen activated on reduced
Ni. At low degrees of oxidation only a very small shoulder
in the TPR spectrum can be observed. A possible explana-
tion would be that at 823 K it is difficult to oxidize the Ni
fraction that is reduced at that temperature. It seems more
likely that the surface spinel is only produced from a given
degree of oxidation onward.

3.3. Methane Adsorption on the Reduced Catalyst

The adsorption of methane on the reduced Ni catalyst
was studied under vacuum by means of single pulse exper-
iments with a CH4/Ar mixture. The methane pulse size was

very small, resulting in irreversible methane adsorption and
transport by Knudsen diffusion. The ratio of the pulse size
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(A) Completel
cycles; (C) 6 cy
ADSORPTION AND COMBUSTION OF METHANE
e
FIG. 2. Interpretation of the structure of th

to the amount of active sites in the reactor is about 10−3 to
10−4, too low to allow second-order elementary steps, such
as desorption of hydrogen, to proceed rapidly. This is why
no reaction products were observed during the experiments
over the reduced catalyst. Moreover, the formation of fil-
amentous carbon cannot be excluded during pulse experi-
ments with high methane pulse sizes (26). With the small

FIG. 3. TPR spectra of the Ni catalyst surface oxidized by adsorbing
oxygen at room temperature followed by heating to 823 K for 15 min.
y surface oxidized at 823 K; (B) 12 adsorption and heating
cles; (D) 2 cycles; (E) 1 cycle.
Ni catalyst as a function of the pretreatment.

pulse size the methane activation is irreversible. Hydro-
genation of carbon, which is also a higher order reaction, is
too slow due to the low surface coverage. The methane pulse
conversion was determined from the zeroth order moments
of the methane and argon pulse responses.

The conversion of the methane pulse at 823 K over 0.060 g
of Ni catalyst depends on the reduction procedure. TPR up
to 873 K of a Ni sample oxidized at 823 K, followed by a
continuous feed of hydrogen for 1 h at 873 K, results in 87%
conversion. Heating the sample under vacuum at 823 K for
2 h decreases the methane conversion to 80%. Injecting
hydrogen restores the initial methane adsorption rate. Pre-
sumably, the catalyst is not completely reduced after TPR
up to 873 K. Diffusion of oxygen from the Ni bulk to the
Ni surface during heating at 823 K decreases the number of
methane adsorption sites. The conversion of the methane
pulses at 823 K after TPR up to 973 K amounts to 93%. Af-
ter TPR up to 1138 K, a conversion of 88% was observed.
The decrease in conversion associated with higher reduc-
tion temperatures can be explained in terms of the cover-
age of part of the Ni by TiOx or by AlxOy, as discussed in
Section 3.1. Most likely, this Ni fraction consists of small
Ni crystallites on the surface. Table 3 is an overview of the

observed methane pulse conversion after various reduction
pretreatments.
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TABLE 3

Conversion of the Methane Pulses Observed during Single Pulse
Experiments on 0.060 g Reduced Ni Catalyst as a Function of the
Highest Temperature during Reduction by Means of TPR

Highest temperature during TPR Methane conversion at 823 K

873 K 84%
1023 K 93%
1138 K 86%

The methane conversion over 0.060 g of Ni catalyst re-
duced at 1138 K increases with temperature from 69% at
723 K to 88% at 823 K. The methane adsorption rate coef-
ficient ka (m3

r kg−1
c s−1) was calculated from the conversion,

x, by means of the following equation:

x = 1

− 1

Lc

√
εcρBka

Dc
sinh

(
Lc

√
εcρBka

Dc

)
Le Dc
Lc De
+ cosh

(
Lc

√
εcρBka

Dc

) .
[1]

Equation [1] is derived from the analytical calculation of
the zeroth order moment of the methane pulse responses
by means of Laplace transform of the continuity equation
for gas phase methane. Lc and Le (mr) are the lengths of
the catalyst packing and of the quartz bed at the exit, εc

(m3
g m−3

r ) is the void fraction of the catalyst bed, Dc and
De (m3

g m−3
r s−1) are the Knudsen diffusivity in the catalyst

bed and in the quartz bed at the exit, and ρB (kgc m−3
r ) is the

bulk density of the catalyst bed in the reactor. The factor
LeDcL−1

c D−1
e was about 1 for the experiments discussed

here.
The Arrhenius plot for the adsorption rate coefficient of

methane on the Ni catalyst after TPR up to 1138 K is shown
in Fig. 4. The activation energy for methane adsorption is
FIG. 4. Arrhenius plot of the methane adsorption rate coefficient
ρB ka (s−1) on the reduced Ni catalyst.
D FROMENT

found to be 54± 4 kJ mol−1. The adsorption rate coefficient
at 773 K is 1.28 m3

r kg−1
c s−1. Beebe et al. (5) and Alstrup

et al. (6) found an activation energy of respectively 54 and
52 kJ mol−1.

The degree of oxidation has a very strong influence on
the methane adsorption rate. The methane conversion at
823 K over 0.060 g of Ni catalyst, reduced at 1138 K, drops
from 88 to 7% after oxidizing the Ni on the surface of the
support to a degree of oxidation of about 13%. Increas-
ing the degree of oxidation to 20% results in an almost
complete deactivation of the catalyst. The adsorption rate
coefficient of methane at 773 K on the catalyst after 13%
oxidation is 0.018 m3

r kg−1
c s−1. The activation energy for

methane adsorption is estimated to be 24 ± 20 kJ mol−1.
The decrease of the adsorption rate coefficient by a fac-
tor of more than 50 is more than proportional to the small
decrease of the number of available sorption sites. These
results are in agreement with results obtained during the
study of the partial oxidation of methane over a Rh/Al2O3

catalyst, from which it was suggested that the activation of
methane on Rh is a structure-sensitive reaction (27). Only
a limited number of sites, presumably defects on the Rh
surface, would be active for methane activation (27). They
are preferentially deactivated by carbon or by deposition
of TiOx (27). This is proposed to be valid for the Ni cata-
lyst also. The limited number of Ni sites which are very ac-
tive for methane dissociation are preferentially deactivated
by oxygen adsorption. Additional support of this structure
sensitivity can be found in studies of methane activation
on single crystal surfaces from which it was shown that the
methane sticking probability very strongly depends on the
nature of the Ni surface (5, 8, 28). The pronounced decrease
of the methane activation rate on the partially reduced Ni
at low degrees of reoxidation supports the model proposed
by De Groote and Froment (29) for the partial oxidation
of methane over a Ni catalyst. In their model, the rates of
the reforming reactions and the water-gas shift reaction ac-
count for the degree of oxidation of the catalyst through
the introduction of a multiplication factor x12

O2, with xO2 the
fractional oxygen conversion.

3.4. Methane Adsorption on the Surface-Oxidized Catalyst

3.4.1. Qualitative Aspects

The adsorption of methane on the oxidized catalyst was
studied after oxidation of the reduced Ni catalyst at 823 K.
The catalyst was oxidized by an oxygen flow of 5× 10−7 mol
s−1 or by injection of a large number of oxygen pulses until
no further oxygen uptake could be observed. The results
presented in Section 3.1 show that this oxidation procedure
leads to a surface-oxidized catalyst in which the Ni on the
surface of the support is completely oxidized and the Ni

fraction that is located in the bulk of the support remains
reduced. The methane adsorption activity was determined
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in the presence and absence of gas-phase oxygen. Data of
Hutchings and Scurrell (30) confirm that methane is mainly
activated by NiO and not by CaO, Al2O3, or TiO2, which are
also present in the catalyst.

The methane adsorption rate at 823 K was measured by
means of single pulse experiments with a CH4/Ar mixture.
The pulse size was of the order of 1014 molecules. Only
then the reaction does not modify the catalyst state. This
was confirmed by repeating the experiment with a differ-
ent pulse size or with a different number of pulses in the
pulse train. The results were always the same. Immediately
after oxidation of 0.060 g Ni catalyst at 823 K, a conversion
of the methane pulse of 13% was observed. Holding the
catalyst under vacuum at 823 K for several hours resulted
in a decrease of the methane conversion to 0%. In another
experiment, methane was injected in a flow of 10−6 mol
s−1 of oxygen immediately after oxidation at 823 K. In this
case, the methane conversion amounted to 30%. The first
vacuum experiments after oxidation were performed about
10 to 20 s after oxidation. This means that the decrease of
the conversion from 30 to 13% occurs on a time scale of
maximum 10 s, which is much smaller than the time scale
at which the conversion decreases from 13 to 0%.

The methane adsorption activity after reoxidation and
its decrease on a time scale of less than 10 s followed by a
slower decrease on a time scale of 100 to 1000 s show that
one or more types of sites or different pathways for methane
adsorption exist on the catalyst after oxidation of the Ni
on the surface of the support. When oxygen was continu-
ously fed to the reactor the adsorption rate was equal to
the adsorption rate under vacuum immediately after feed-
ing oxygen, indicating that all these sites or pathways are
also active for methane adsorption in the presence of gas
phase oxygen.

(a) Activity decay on a time scale of 100 to 1000 s. The
activity decay on a time scale of 100 to 1000 s was studied
by means of single pulse experiments with methane after
surface oxidation of 0.060 g of Ni catalyst at 823 K. The
conversion of the methane pulses was measured as a func-
tion of time following oxidation. It is important to note that
the methane pulses were small, resulting in an insignificant
change of the catalyst state due to reaction with methane.

The observed evolution of the methane conversion after
oxidation is shown in Fig. 5. Two zones can be distinguished:
one zone in which the activity decays on a time scale of
100 s and a second zone in which the activity decays on
a time scale of 1000 s. Although the pulse size was very
low compared to the amount of Ni atoms on the reduced
surface, it is still possible that the amount of active sites on
the oxidized catalyst is low compared to the methane pulse
size. If this is true, the change in activity as a function of
time following oxidation can still be caused by conversion

of methane. The same experiment with a different number
of single pulse experiments or with a different pulse size
USTION OF METHANE 505

FIG. 5. Evolution of the methane conversion at 823 K on 0.060 g of
surface-oxidized catalyst in the absence of gas-phase oxygen as a func-
tion of time after surface oxidation. The methane pulse size: 2.04× 1014

molecules. (r) Experimental; (—) modeled according to Section 3.4.2.b.

was repeated. The same evolution of the conversion was
observed, showing that the variation in conversion is not
caused by reaction with methane.

A similar experiment but with intermediate feeding of
gas phase oxygen was also performed. The catalyst was
oxidized at 823 K and the methane conversion was mon-
itored as a function of time following oxidation. After a
certain time, oxygen was fed to the reactor for 5 to 20 min.
Thereafter, the conversion of methane in the absence of
gas-phase oxygen was continuously measured, again as
a function of time. This was repeated several times dur-
ing one experiment. Figure 6 shows the evolution of the
methane conversion as a function of time after oxidation in
the absence of gas-phase oxygen and shows the impact of
feeding gas-phase oxygen. The oxygen fed regenerates the

FIG. 6. Evolution of the methane conversion at 823 K on 0.060 g
of surface-oxidized catalyst as a function of time after surface oxidation.

Oxygen was fed (10−6 mol s−1) for 10 min every 35 min. (r) Experimental;
(—) modeled according to Section 3.4.2.b.



506 DEWAELE AN

activity which decays as a function of time on a time scale
of 100 s. The decay on a time scale of 1000 s, shown in Fig. 6
as the dotted line, is not influenced by the gas-phase oxygen
feed.

These results show that methane is activated under vac-
uum via two pathways after oxidation of the catalyst. These
pathways can correspond to two different active sites for
methane activation or to two different reactive interme-
diates adsorbed on one type of site. Another explanation
for the existence of the two different time scales accord-
ing to which the methane adsorption activity decreases is
the existence of two different mechanisms at which a single
type of active species for methane adsorption on the sur-
face is being depleted. However, if the latter were true, then
the original total methane adsorption activity should be re-
stored after feeding oxygen to the reactor. The observation
that the activity which decays on a time scale of 100 s can
be regenerated independently of the activity of the pathway
which decays on a time scale of 1000 s is evidence that the
two pathways are caused by two different and independent
sites. These sites will be denoted as l100 s and l1000 s. The in-
dex refers to the lifetime of their activities under vacuum.
Repeating the same experiment with feeding oxygen more
or less frequently or for a longer or shorter time confirms
that the activity decays of both pathways are independent
of one another. The fact that the sites l100 s can be regener-
ated by an oxygen feed strongly indicates that methane is
activated on these sites through interaction with reversibly
chemisorbed oxygen. This chemisorbed oxygen is probably
O− or O2− (31–33). The decay of the activity for methane
adsorption of l100 s under vacuum is then caused by desorp-
tion of oxygen. The amount of sites l100 s remains constant.
The irreversible decay of the activity of l1000 s indicates that
the number of these sites decreases with time.

(b) Activity decay on a time scale of 10 s. A third path-
way for methane adsorption with an activity decrease on a
time scale of 10 s exists in the presence of gas-phase oxy-
gen. This pathway was further studied by simultaneous in-
jection of methane and oxygen over 0.20 g of Ni catalyst
which was surface-oxidized at 823 K and kept under vac-
uum for several hours. The pulse size of methane was of
the order of 1014 molecules. The pulse size of oxygen was
varied between 0 and 3× 1016 molecules. The results show
that an oxygen pulse size larger than 1.5× 1016 molecules
is sufficient to take the activity of the catalyst to its maxi-
mum value, identical to that reached in the presence of a
continuous flow of oxygen. Based on this result, an alter-
nating pulse experiment was performed in which methane
and oxygen were injected separately over 0.20 g surface
oxidized catalyst at 823 K and in which the time between
the oxygen and the methane pulse was varied. The oxygen
and methane pulse sizes composed respectively 5× 1016 and

1014 molecules. The oxidized catalyst was kept under vac-
uum for 2 h at 823 K prior to the experiment. The decrease in
D FROMENT

FIG. 7. Decrease of the methane absorption activity of the sites l10 s at
823 K (r), 773 K (j), and 723 K (m) observed on 0.20 g of surface-oxidized
catalyst, expressed as εcρB ka L2

c D−1
c , as a function of the time interval

between the oxygen and the methane pulse. (—) Modeled according to
Section 3.4.2.c.

the adsorption rate coefficient was calculated using Eq. [1]
and was corrected for the decrease due to the decay in ac-
tivity of the sites l100 s and l1000 s. The latter was done using
the model for the activity for l100 s and l1000 s described in
Section 3.4.2.b. Figure 7 shows the corrected decay in ac-
tivity for methane adsorption. The time constant for this
decay is of the order of 10 s.

The results presented above show that a second type
of adsorbed oxygen species which interact with gas-phase
methane is adsorbed on the surface. Again, it can be as-
sumed that this chemisorbed oxygen is O− or O2− (31–33).
The lifetime of this adsorbed oxygen is of the order of 10 s
at 823 K. This second oxygen species can occupy l100 s sites
or a third type of site. Studying the adsorption of oxygen
on the oxidized catalyst will show that the latter is true
(Section 3.5). The active sites that are responsible for
this third methane adsorption pathway will be represented
by l10 s.

3.4.2. Modeling

(a) Model equations. The adsorption rate of methane
ra,i (mol kg−1

c s−1) on the different sites l10 s, l100 s, and l1000 s

can be expressed as

ra,i = εcka,i θi CCH4 . [2]

The subscript i stands for sites with either 10, 100, or 1000 s
lifetime, ka,i (m3

r kg−1
c s−1) the adsorption rate coefficient on

site l i , θi the coverage of site l i with oxygen or the fraction
of the sites l i still active for methane dissociation, and CCH4

the gas-phase concentration methane (mol m−3
g ).

−1
The total adsorption rate of methane ra (mol kg c
s−1) and the corresponding adsorption rate coefficient
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ka (m3
r kg−1

c s−1) can be represented as in Eqs. [3] and [4]:

ra = εckaCCH4

= εc(ka,10 sθ10 s + ka,100 sθ100 s + ka,1000 sθ1000 s)CCH4 [3]

ka = ka,10 sθ10 s + ka,100 sθ100 s + ka,1000 sθ1000 s. [4]

The rate of decay, rd,10 s and rd,100 s (mol kg−1
c s−1), by des-

orption of oxygen from the sites l10 s and l100 s, or the rate of
decay of l1000 s, rd,1000 s (mol kg−1

c s−1), is written

rd,i = kd,i θ
ni
i Ct,i , [5]

with kd,i (s−1) the oxygen desorption or decay rate coeffi-
cient for the site l i , ni the order of rd,i in θ i and Ct,i (mol
kg−1

c ) the concentration sites l i .
During the experiments in the absence of gas-phase

oxygen, small methane pulse sizes were applied, so that the
decay in activity is only caused by desorption of oxygen or
by deactivation. This results in the following differential
equation

dθi

dt
= −kd,i θ

ni
i , [6]

in which θ i represents the fractional coverage by oxygen
of either the sites l10 s and l100 s or the fraction of sites l1000 s

which are still active.
Values of 1 and 2 for the order ni of rd,i in θ i were consid-

ered corresponding to first- or second-order deactivation
or desorption of the adsorbed oxygen species. Integration
of Eq. [6] with θ i equal to 1 as the intial condition results
in the Eqs. [7] and [8] for θ i as a function of time following
oxidation in the case of l1000 s and after feeding oxygen in
the case of l10 s and l100 s.

θi = e−kd,i t ni = 1 [7]

θi = 1
1+ kd,i t

ni = 2 [8]

The rate coefficient kd,i can be related to a decay time tc,i
(s) which is the time constant for the activity decay where
the order ni equals 1 and to the half-life time in the case
where the order ni equals 2.

tc,i = 1
kd,i

[9]

(b) Model discrimination at 823 K. Expressions [1], [4],
[7], and [8] served as a basis for the simulation of the evolu-
tion of the adsorption rate coefficient of methane ka and of
the conversion x. The kinetic parameters were estimated
for several possible combinations of reaction orders ni .
The parameter optimization was always started using the
Rosenbrock search. Closer to the minimum of the objective
function the Marquardt method was more efficient. The lat-

ter routine also contained a module for the statistical tests
of the results.
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FIG. 8. Parity plot of the experimental and simulated conversion ob-
served during experiments on 0.060 g of surface-oxidized Ni catalyst at
823 K, described in Section 3.4.1.a.

The model discrimination for the adsorption of methane
on the sites l100 s and l1000 s was based upon regression of
all the results obtained with 0.060 g of surface oxidized
Ni catalyst at 823 K (Section 3.4.1.a), and that for the ad-
sorption of methane on l10 s upon regression of experimen-
tal data obtained with 0.20 g of surface-oxidized catalyst
(Section 3.4.1.b). The best fit was obtained when the rate of
decay of the activity for methane adsorption is second order
with respect to θ i for the sites l10 s and l100 s and first order for
the sites l1000 s. The fit of some experimental data at 823 K is
shown in Figs. 5 to 7. The parity plot of all experimental data
described in Section 3.4.1.a is shown in Fig. 8. Table 4 is a
summary of the kinetic parameters and the 95% confidence
intervals for the adsorption of methane on l100 s and l1000 s.
The model discrimination for the adsorption of methane on
l10 s was based upon the experiments performed at different
temperatures, described in the following section.

(c) Adsorption kinetics between 723 and 823 K. Anal-
ogous experiments as described in Section 3.4 were per-
formed at 723, 748, 773, 798, and 823 K. These experiments
were also repeated with a larger amount of catalyst, i.e.,
0.20 g of Ni catalyst. This allowed the conversion to be ac-
curately measured at temperatures below 823 K. The model
with n10 s and n100 s equal to 2 and n1000 s equal to 1 was fitted

TABLE 4

Parameter Estimates and 95% Confidence Intervals for the
Adsorption Model of Methane on l100 s and l1000 s, Determined by
Regression of the Experimental Results Obtained at 823 K on
0.060 g of Ni Catalyst (Section 3.4.1.a)

l100 s l1000 s

ni 2 1
ka,i (m3 kg−1 s−1) 0.0178± 0.002 0.0283± 0.002
r c
tc,i (s) 329± 130 6410± 900
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FIG. 9. Experimental and simulated methane conversion at 823 and
723 K on 0.20 g of surface-oxidized catalyst as a function of time following
surface oxidation. Oxygen was fed (10−6 mol s−1) for 10 min every 45 min.
(—) Modeled according to Section 3.4.2.c.

to the experimental results. Figure 7 and Fig. 9 show the fit
between the experimental and simulated conversions and
adsorption rate coefficients at different temperatures. The
parity plot of all experimental data obtained during the ex-
periments at different temperatures is shown in Fig. 10.

Table 5 shows the estimated kinetic parameters for the
adsorption of methane on l10 s, l100 s, and l1000 s in the temper-

TABLE 5

Parameter Estimates and 95% Confidence Intervals for the
Adsorption Model of Methane on l10 s, l100 s, and l1000 s Determined
by Regression of the Experimental Results Obtained between 723
and 823 K on 0.20 g of Ni Catalyst

l10 s l100 s l1000 s

ni 2 2 1
ka,i (m3

r kg−1
c s−1) at 823 K 0.031± 0.002 0.027± 0.002 0.025± 0.008

Eka,i (kJ mol−1) 103± 13 29.5± 6.4 45.0± 5.2
tc,i (s) at 823 K 4.78± 0.94 148± 36 6250± 1800

Ekd,i (kJ mol−1) 0.0 (15± 39) 96± 19 −62± 39
D FROMENT

ature interval 723 to 823 K. In Section 3.5, it will be argued
that the decay of the methane adsorption rate via the sites
l10 s and l100 s under vacuum is caused by the desorption of
oxygen. The rate of desorption is proportional to the square
of the concentration of adsorbed oxygen from which it is
deduced that the rate-determining step is the recombina-
tion of dissociated oxygen. The half-life time at 823 K of
oxygen on the surface under vacuum after saturation is re-
spectively 4.8 and 148 s for l10 s and l100 s. The desorption of
oxygen adsorbed on l10 s is not activated. The activation en-
ergy of desorption of oxygen from l100 s is 96 kJ mol−1. From
their broadened-pulse experiments, Hu and Ruckenstein
(17) concluded that the adsorption of methane proceeds
via reaction with chemisorbed oxygen. They observed that
the methane, oxygen, and CO2 responses coincide with the
inert argon response. This can also be explained by a rapid
saturation of the NiO surface with oxygen and by rapid sur-
face reactions. The results shown in Section 3.6 indicate that
oxygen present in CO2 originates from the bulk and not di-
rectly from oxygen chemisorbed on the surface. The results
presented here clearly show a direct correlation between
the methane adsorption rate and the amount of adsorbed
oxygen.

The concentration of sites l1000 s decays according to a
first-order dependency with respect to the time the catalyst
is held under vacuum and is independent of the concentra-
tion of gas-phase oxygen. The time constant for the con-
centration decay is 6250 s at 823 K. Sintering of the NiO on
the alumina can explain the slow decay in concentration of
the sites l1000 s. This, however, contradicts the observation
that after saturation with oxygen the methane adsorption
rates on l10 s and l100 s are independent of the concentration
of sites l1000 s. Also, an analysis of the results of Gavalas
et al. (15, 16) shows that a decreasing exponential function
can describe the evolution of the methane conversion as a

FIG. 10. Parity plot of the experimental and simulated conversion

observed in experiments with 0.20 g of surface-oxidized Ni catalyst at 823,
798, 773, 748, and 723 K.
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function of time over both a Ni/Al2O3 catalyst and a
Ni/ZrO2 catalyst on the time scale of 1000 s. For both sup-
ports, a mean lifetime of the activity of about 2 h at 998 K is
derived. This shows that the support has no influence on the
activity decay and that sintering of the NiO particles is not
responsible for the observed activity decay of l1000 s. As has
been argued in the literature, the latter is probably caused
by the decrease in the amount of excess O2− in the NiO lat-
tice and in the corresponding decrease in concentration of
Ni3+ (15, 16). The activation energy for the decay of the rate
of the methane adsorption on l1000 s is −62 kJ mol−1. This
negative value could result from a high activation energy
for the diffusion of O2− to the surface compared to the acti-
vation energy for desorption of this oxygen, once it reaches
the surface. Consider the continuity equations for the ex-
cess oxygen in the bulk and on the surface of the NiO [10].

Dbulk
∂2Cbulk

∂r 2
= ∂Cbulk

∂t
t > 0, 0 < r < +∞

Cbulk = Ci,bulk t = 0, 0 < r < +∞

[10]∂Cbulk

∂r
= 0 t > 0, r = +∞.

∂Csurf

∂t
= Dbulk

∂Cbulk

∂r
− kdCsurf t > 0, r = 0

Csurf = Ci,surf t = 0

Equilibrium dissolution of adsorbed oxygen in the bulk
of the NiO can be written

Ci,bulk

Ci,surf
= Cbulk

Csurf
= H t ≥ 0, r = 0. [11]

Dbulk (m2
c s−1) is the diffusivity of O2− in the NiO lattice,

Cbulk and Ci,bulk (mol m−3
c ) are the bulk concentration and

the initial bulk concentration of excess O2−, while Csurf and
Ci,surf (mol m−2

c ) are the concentration and the initial con-
centration of adsorbed oxygen, and r (mc) is the depth in the
NiO lattice. H (m−1

c ) is the Henry coefficient for dissolution
of adsorbed oxygen in the NiO bulk.

Assuming that oxygen desorption is much faster than
diffusion of oxygen from the bulk to the surface, Laplace
transformation of [10] and [11] with respect to time
yields

Cs,surf

Ci,surf
≈ 1

s+ kd
+
√

H 2 Dbulk

s

1
s+ kd

, [12]

in which s is the Laplace ordinate (s−1) and Cs,surf is the
Laplace transform of the concentration adsorbed oxygen.

The above equation shows that the decay time tc is in-
versely proportional to the square of the desorption rate
coefficient kd, while it is proportional to the bulk diffusion

coefficient and to the square of the Henry coefficient for
dissolution of adsorbed oxygen in the bulk provided the
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decrease of Csurf is considered on a time scale s−1 larger
than k−1

d [13].

tc ∝ H2 Dbulk

k2
d

. [13]

From this equation, it follows that a negative activation
energy for t−1

c is obtained when the activation energy for
desorption is lower than half the activation energy for bulk
diffusion minus the heat of dissolution of adsorbed oxygen
in the NiO bulk.

3.5 Interaction of Oxygen with the
Surface-Oxidized Catalyst

In the previous sections, it was shown that several types
of active sites for the adsorption of methane exist on
NiO/Al2O3. It is proposed that the adsorption of methane
on two of these sites, l10 s and l100 s involves the reaction of
methane with chemisorbed oxygen. Most likely, the decay
of the methane adsorption rate on these sites with time
under vacuum is caused by desorption of oxygen from
these sites. The second-order dependency of the rate at
which the adsorption rate decreases shows that the desorp-
tion of oxygen is recombinative. This would mean that the
chemisorbed oxygen is dissociatively adsorbed oxygen. The
interaction of oxygen with the surface-oxidized Ni catalyst
was therefore studied in more detail.

(a) Interaction of oxygen with the surface-oxidized cata-
lyst on a time scale of 100 s. The interaction of oxygen with
the surface-oxidized Ni/Al2O3 catalyst on a time scale of
100 s was studied by means of titration experiments. In these
experiments, 0.20 g of Ni catalyst, oxidized at 823 K, was
saturated with oxygen at 823 K by means of an oxygen pulse
train. Each oxygen pulse contained 4× 1016 molecules. The
oxygen uptake of the catalyst is shown as a function of time
after saturation in Fig. 11. Based upon Eqs. [5] and [6],
the following equation can be derived for the amount of

FIG. 11. Evolution of the amount of oxygen adsorbed during pulse

titration (r) and evolution of the oxygen flux (j) as a function of time
after saturation. (— and – – –) Simulated according to Section 3.5.a.
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TABLE 6

Parameter Estimates and 95% Confidence Intervals for the
Desorption of Oxygen on a Time Scale of 100 s at 823 K

N100 s (10−8 mol) 5.28± 0.86
N10 s (10−8 mol) 2.46± 0.84
tc,100 s (s) 207± 102

oxygen Nads (mol) that can be readsorbed on the catalyst as
a function of time under vacuum after saturation with oxy-
gen. The equation is valid only for the results obtained on
a time scale of 100 s. N10 s and N100 s are the amounts of ad-
sorbed oxygen disappearing on a time scale of respectively
10 and 100 s.

Nads = N100 s

(
1− 1

1+ t
tc,100 s

)
+ N10 s. [14]

The amount of oxygen adsorbing on l10 s and l100 s and
the desorption rate constant kd,100 s or the decay time tc,100 s

can be estimated from the experimental results by means
of regression using Eq. [14]. The parameters are shown in
Table 6. The decay time tc,100 s observed here corresponds
with the decay time estimated from the methane adsorp-
tion experiments. This shows that the decay in the methane
adsorption rate is caused by a decrease in the amount of ad-
sorbed oxygen resulting from recombinative desorption of
dissociated oxygen: desorption of oxygen was indeed de-
tected on a time scale of 100 s (Fig. 11). The dotted line
in Fig. 11 is the simulated flux of oxygen at the exit of the
reactor, calculated using the kinetics estimated from the sat-
uration experiments described above. The correspondence
is reasonable. These results confirm that the adsorption of
methane on the sites l100 s proceeds via interaction of gas-
phase methane with oxygen reversibly and dissociatively
chemisorbed on the active sites. The decay of the methane
adsorption rate on these sites under vacuum is caused
by desorption of the adsorbed oxygen. The concentration
Ct,100 s (mol kg−1

c ) of active sites l100 s is 5.03× 10−4 mol kg−1
c ,

i.e., about 2% of the amount of available Ni sites on the sur-
face (Table 6).

(b) Interaction of oxygen with the surface-oxidized cata-
lyst on a time scale of 10 s. Single pulse experiments on a
time scale of 10 s were performed to check if there is also
oxygen reversibly chemisorbed on the catalyst and desorb-
ing on a time scale of 10 s. Oxygen pulses were injected
over 0.21 g of surface-oxidized Ni/Al2O3 at 823 K. The Ni
catalyst was oxidized at 823 K. The oxygen pulse contained
1.0× 1015 or 2.6× 1015 molecules of oxygen. Oxygen was
found to strongly adsorb on the catalyst (Fig. 12). The pulse

frequency was too low to accurately measure the responses.
The results, however, show that oxygen desorbs from the
D FROMENT

catalyst on a time scale similar to the scale at which the ac-
tivity of the sites l10 s decays under vacuum after saturation
of the catalyst with oxygen. The amount of active sites can
be calculated from the parameters presented in Table 6. The
concentration of active sites l10 s is estimated from N10 s to be
about 2.34× 10−4 mol kg−1

c , i.e., about 1% of the amount
of available Ni sites on the surface. The concentration of
sites l100 s and l10 s do not differ more than a factor of 2,
so that they can be considered as two different sites. In-
deed, if two oxygen species would exist on the same type
of site, a much larger difference in concentration would be
expected, considering the large difference in lifetime on the
surface.

3.6. Reaction of Methane and Oxygen on the
Surface-Oxidized Catalyst

The oxidation of methane on the Ni catalyst surface oxi-
dized at 823 K was studied by means of experiments which
mainly consisted of step experiments with CH4 and isotopi-
cally labeled oxygen. Only water and CO2 were detected
as products. Step experiments with CH4 over the Ni cata-
lyst oxidized with 16O2 show that both l10 s and l100 s acti-
vate the transformation of methane to water and CO2. The
step responses depend on the time elapsed between feed-
ing oxygen over the oxidized catalyst and feeding methane.
The results of Gavalas et al. (15, 16) show that the ac-
tivation of methane on l1000 s leads to the production of
CO2 and H2O. The amount of water produced is very low
during the methane step in the absence of gas-phase oxy-
gen. When a CH4 step is fed over the oxidized catalyst in
the presence of gas-phase oxygen, a much higher methane
conversion and an important water response is observed
(Fig. 13). The strong increase of the water response in
the presence of oxygen seems to be caused by the higher

FIG. 12. Normalized periodic oxygen and argon pulse responses on

O2/Ar pulses at 823 K on 0.21 g of surface-oxidized Ni catalyst. (A) Agon;
(B) O2, 2.6× 1015 molecules; (C) O2, 1.0× 1015 molecules.
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FIG. 13. Responses of a methane step (1.1× 10−8 mol s−1) in an oxy-
gen flow (10−7 mol s−1) at 823 K on 0.21 g of surface-oxidized Ni cata-
lyst.

methane conversion. This is an indication that recombi-
nation of hydroxyl groups on the NiO surface is a kinet-
ically significant step in the production of water. Further
insight in the mechanism of the combustion of methane
on NiO/Al2O3 was obtained from step experiments of
CH4/16O2 over the Ni catalyst surface oxidized at 823 K with
18O2. The results are shown in Fig. 14. The C18O2 response
rapidly breaks through. It is followed by a slow decay which
correlates with the decrease of 18O in the oxygen flow at the
exit of the reactor. The C16O2 breakthrough requires much
more time and the increase is much slower. This shows that
the lattice oxygen is involved in the C–O bond formation.
The water responses have the same shape, independent of
the isotopic composition. Chemisorbed oxygen would be
active in the abstraction of hydrogen from methane and
adsorbed CHx species, resulting in the formation of water
through the condensation of the produced hydroxyl groups.
This means that water is a primary product on NiO. A mech-
anism for the combustion of methane on the oxidized Ni
catalyst in agreement with the results presented above is
shown in Fig. 15. OS represents oxygen adsorbed on l10 s

or l100 s or excess lattice oxygen at the surface, correspond-
ing to l1000 s. OL is lattice oxygen. The subscript s is used to
denote intermediates on the surface. Combining this mech-
anism with the reforming mechanism on a reduced Ni cata-
lyst proposed by Xu and Froment (10) results in a complete
mechanism for the catalytic partial oxidation of methane to
synthesis gas on Ni catalysts.

4. CONCLUSION

The activation of methane on an industrial Ni/Al2O3 cata-
lyst was studied in a TAP reactor. The reduced catalyst

shows a high activity for methane adsorption. The acti-
vation energy for methane adsorption is estimated to be
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54 kJ mol−1. The surface-oxidized catalyst is 10 to 20 times
less active for methane adsorption than the reduced cata-
lyst. The activity of the reduced catalyst rapidly decays as
a function of the degree of oxidation. Three different sites
for methane adsorption were observed after surface ox-
idation of the catalyst at 823 K. Methane adsorption on
two of the three active sites should proceed via hydrogen
abstraction from gas phase methane by adsorbed oxygen.
The adsorbed oxygen has a half-life time of 5 and 148 s
at 823 K. The third type of active site disappears or de-
activates according to first-order kinetics and has a mean
lifetime of 6300 s at 823 K. These sites are probably created
by over-oxidation of the reduced Ni catalyst, resulting in
the formation of Ni3+ cations. A mechanism for the com-
bustion of methane is proposed. Chemisorbed oxygen is
involved in the H abstraction from methane or from ad-
sorbed intermediates. Lattice oxygen is responsible for the
formation of the carbon-oxygen bond in CO2. The structure
of the Ni catalyst was continuously monitored by means of

FIG. 14. Responses to a CH4/16O2 step at 823 K immediately following
the disconnection of the 18O2 feed over a Ni18O/Al2O3 sample stabilized
during 3 h after surface oxidation. (A) 0.5 H2

16O+ important contribu-

tion O2; (B) H2 O; (C) C O2; (D) C O O; (E) C O2; (F) O2;
(G) 16O 18O; (H) 18O2.
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face spinel. Th
methane.
DEWAELE AND FROMENT
FIG. 15. Reaction scheme for the co

TPR. After TPR up to 1138 K, the Ni catalyst exhibits large
and small Ni crystallites on the Al2O3 support but also Ni
crystallites in the Al2O3 support. The small Ni crystallites
are not active toward methane after reduction at high tem-
peratures. This suggests that they are partially covered by
a thin layer of AlxOy which does not exclude oxygen ad-
sorption on these crystallites. Oxidation at 823 K results in
a NiO catalyst in which the large Ni crystallites are reox-
idized to NiO and the small crystallites to NiAl2O4 sur-
e spinel was found to be inactive toward
mbustion of methane on NiO/Al2O3.

APPENDIX: NOMENCLATURE

Roman Symbols

Cbulk bulk concentration of excess O2−(mol m−3
c )

Ci,bulk initial bulk concentration of excess O2−

(mol m−3
c )

CCH4 gas-phase concentration methane (mol m−3
g )

Csurf concentration of adsorbed oxygen (mol m−2
c )
Ci,surf,Ct,surf initial and maximum concentration of
adsorbed oxygen (mol m−2

c )
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Ct,i concentration sites l i (mol kg−1
c )

Dbulk diffusivity of O2− in the NiO lattice (m2
c s−1)

Dc, De Knudsen diffusion coefficient in the catalyst and
exit packing (m3

g m−1
r s−1)

i index 10 s, 100 s, or 1000 s
H Henry coefficient for dissolution of adsorbed

oxygen in the bulk NiO (m−1
c )

ka adsorption rate coefficient of methane
(m3

r kg−1
c s−1)

ka,i adsorption rate coefficient on site l i at full
coverage or presence (m3

r kg−1
c s−1)

kd desorption rate coefficient (s−1)

kd,i desorption or deactivation rate coefficient from
site l i (s−1)

Lc, Le length of the catalyst bed and the exit packed
section (mr)

ni order of rd,i with respect to θi

Nads total amount of O2 desorbed (mol)
Nis surface Ni atoms
N10 s amount of O2 desorbing on a time scale of

10 s (mol)
N100 s amount of O2 desorbing on a time scale of

100 s (mol)
r depth in the NiO lattice (mc)

ra adsorption rate of methane (mol kg−1
c s−1)

ra,i adsorption rate of methane on site l i
(mol kg−1

c s−1)

rd,i desorption rate of oxygen from l10 s and l100 s or
the disappearance rate of l1000 s (mol kg−1

c s−1)

s Laplace ordinate (s−1)

t time (s)
tc,i characteristic decay time of oxygen chemisorbed

on site l i or characteristic decay time of the
activity of the sites l i (s)

x conversion

Greek Symbols

εc void fraction of the catalyst and exit packed section
(m3

g m−3
r )

θi coverage of site l10 s or l100 s with oxygen or fraction
of the sites l1000 s still active

ρB bulk density of the catalyst bed (kgc m−3
r )
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