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Abstract

Partial oxidation of methane to hydrogen and carbon monoxide (POM) over a Ni¢hi@lyst has been investigated using a fixed-bed
reactor. Ni/TiQ catalyst has high initial activity but undergoes deactivation during POM. Activation of methane on Nivastudied by
employing a pulse reaction technique in the absence of gas phase oxygen. Methane pulse reactions demonstrate that the methane oxidatio
mechanism changes as the nickel oxidation state changes over Nidi) is efficiently oxidized into CO and Hvia a direct oxidation
mechanism when Ni/Ti@is reduced; while Chimay be converted by a non-selective oxidation process over oxidized Ni/TiO
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Mallens et al[4,5] found differences using Rh versus Pt
catalysts, in the selectivity toward CO and Huring POM.
Many studies on partial oxidation of methane (POM) have These differences were attributed to the lower activation en-
beendone and various viewpoints about it have been reportedergy for methane decomposition on Rh versus that on Pt.
POM has been interpreted to proceed via a two-step reac-Mallens et al. suggested that the catalyst's ability to acti-
tion pathway[1,2]. The complete oxidation of a part of the vate methane determines (1) the product distribution and (2)
methane to carbon dioxide and steam occurs at first, and therthe concentration of active surface species of oxygen, carbon
comes the second step of reforming of the remaining methaneand hydrogen. Fathi et d6] studied the partial oxidation of
with carbon dioxide and steam to syngas. However, direct par-methane to syngas over platinum catalysts and proposed that
tial oxidation of methane to syngas has also been suggestedhe product distribution is determined by both the concen-
by Hickman and SchmidB]. They proposed a mechanism trations and the types of surface oxygen species present at
where methane was converted into carbon species on the catthe catalyst surface. Qin et §f] suggested that the support
alyst surface via a catalytical pyrolysis followed by oxidation might also influence the concentration of adsorbed oxygen
of the surface carbon and hydrogen desorption. So the mechand, as a consequence, the activation of methane and the
anism of POM remains controversial. Therefore, a better un- product distribution. Li et al[8] studied the effect of gas
derstanding of the reaction mechanism and of the nature ofphase Q, reversibly adsorbed oxygen and oxidation state of
the active catalytic sites is required. the nickel in the Ni/AyO3 catalyst on ClHH decomposition
and partial oxidation using transient response techniques at
* Corresponding author. Tel.: +86 5792283907; fax: +86 5792282595. 700°C. They Condu{jed that.the surface state (.:)f the catalyst
E-mail addresseswth3907@163.com (T. W), affects the reaction mechanism and plays an important role
hiwan@xmu.edu.cn (H. Wan). in POM conversions and selectivities. Li et[8] also argued
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that direct oxidation is the major POM route, and that the in- 110°C and calcination in air at 70@ for 6 h. The nickel
direct oxidation mechanism cannot become dominant underloading was 8 wt.%.
their experimental conditions.

TiO, is a reducible metal oxide with several crystal 2.2. Reactivity test of catalyst
structures. Titanium possesses a variety of oxidation states. . , , )
Titania-supported metal catalysts have also been used forcon- _Catalytic performance tests were carried out in a fixed

verting methane into syngas. Ruckenstein ef%L0] used tubular quartz micro-reactor (200 mm length, 6 mm i.d.). A
13.6 Wt.% Ni/TiO» for POM and 1 wt.% Rh/Ti@for reform- 500 mg catalyst s_ampl_e was used for all runs. The reactor sys-
ing methane with carbon dioxide to syngas. They found that tem was purged first with nitrogen for 0.5 h, and then the _cata-
the 13.6wt.% Ni/TiQ catalyst was deactivated during the YStwas reduced at70C under pure hydrogen (10 mL/min)
for 1 h. The reactant (CHO, (2/1)) was then introduced

POM. Zhang et al[11] studied the reforming methane with )
carbon dioxide to produce syngas over Rh catalysts Supporteoto the reactor. Analyses of reactant/product mixtures were

on TiOy, y-Al,03, MgO, SiQ, and La0s, and found that the achieved by a gas g:hromatograph (model 103G) with a TC
participation of TiG via a strong metal-support interaction detector. Acarbonsieve TDX-01 (packed column, 2 mlength,
contributed to catalyst deactivation. Direct partial oxidation 4Mm i.d.) column was used in order to separate hydrogen,
of the methane to syngas occurs with the proper choice of thecaron monoxide, carbon dioxide, oxygen and methane. The
RU/TiO; catalys{12] according to transient experiments us- amount of ca.rbon deposited on the catalyst was determined
ing isotope-labeled molecules. Braford and Vantjic®14] by TG analysis.

suggested that the metal-Ti@hteraction promotes the cat-
alyst activity.

It has been well known that metal-support interactions
can affect both catalytic activity and stabil{s,16] TiO- TPR and pulse reaction experiments were carried out in a
supported Group VIl metal catalysts suppress carbon forma- iy e . ped tubular quartz micro-reactor with an inner diameter
tion during the reforming of methane to syngas, presumably 4t 3 ym and a length of 18 cm. Hundred milligrams catalyst
due to the decoration of metal surfaces with J&pecies. The sample was used in each run. An on-line Balzer quadrupole
TiO, presence destroys the large ensembles of metal atoms, 555 spectrometer (QMS 200) continuously monitored the
that serve as active sites for carbon depositiah18]. Inter- reactor effluent, which might contain hydrogen= 2), He
facial metal—-support sites may promote catalyst act[ti@y. (m/z= 4), methaneriz= 15 or 16), waterrfyz= 18), carbon
Reactions on Pt/TiQcatalysts have supported this hypoth- ., ooxide or nitrogenrtyz= 28), oxygen vVz=32) and car-
esis[20]. Titania-supported nickel catalysts are more active n dioxide (n/z= 44). High purity helium was used as carrier
in carbon monoxide hydrogenation than silica- or alumina- gas.
supported catalysf&1]. Suppression of hydrogen and carbon For the TPR experiment the fresh catalyst was first pre-
monoxide adsorption on Tisupported metals has been ob- - e4ted in air at 700C for 1 h and then cooled to room temper-
servgd aﬂd attributed to the strong interaction between metaly,re under a helium flow. Then, the helium flow was replaced
and titania by Moon and co-workef22]. by a flow of 3% (V) hydrogen in nitrogen (30 mL/min). After

The present work concems the perfgrmance of ,NiéTiO the concentration of effluent was stabilized, the temperature
catalysts for POM and methane activation mechanism over,, < ramped at a rate of 6/min to 1000°C. For the used

the catalyst. A key question remaining in POM is that whether catalyst, a helium flow was introduced for 20 min, and the

the oxygen initiating the reaction is directly from the metal catalyst was cooled to room temperature. Then the flow was
oxide (NiO) lattice or from the support T¥DThis question switched to a 3% KN, mixture. Temperature was then in-
was pursued by conventional pulse experiments and catalytiCoreased at a rate of &/min to 1000°C.

activity tests. Theinfluence oftemperature andtime onstream 1,4 pulse reaction experiments were performed afZ00

on the catalytic performance was also investigated. Special p gas pulse containing 1 mL CHAr (1/20) was injected

attention was given to the correlation between the nickel oxi- through a six-port valve into a helium carrier gas flow, which
dation states and the methane activation mechanism over th%ontinuously flowed through the reactor during the ’experi-

Ni/TiO, catalyst.

2.3. Temperature-programmed reductions (TPR) and
pulse reactions

ments. An unreduced Ni/Tifcatalyst sample was kept un-
der a helium flow at 700C for 30 min before methane was
pulsed. While a reduced catalyst sample was treated under
pure hydrogen (10 mL/min) at 70C for 30 min before the
pulse reaction.

2. Experimental

2.1. Catalyst preparation
2.4. X-ray diffraction (XRD) and nickel dispersions of
The supported nickel catalyst Ni/TiOwas prepared  Ni/TiO,
by impregnating TiQ@ (John Matthey Chemicals Limited,
70m?/g 60-80 mesh) with an aqueous solution of 0.1 M XRD patterns were obtained with a Philips PW 1840 pow-
Ni(NO3)2-6H20. This was followed by drying overnight at  der diffractometer. Co K radiation was employed, covering
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Table 1 100+
Partial oxidation of methane to syngas over 8 wt.% Ni4TiO 2 95 °
Temperature CHg conversion  Selectivity H/CO é 90 \.\. g%;:z;&son
0 (%) o)) Co) (moleraio) 2 83 \.\ —4— CO Selectivity
300 - - - - & 5] B *~
400 - - - - Q 70 l\IQIQ *—.
o = ®,
500 58.9 74.3 47.9 2.84 - 65 ’\ ~ua
c [ J
600 69.5 87.4 55.0 2.81 § 60 NN
700 76.6 935 74.6 2.13 ] N N,
800 86.3 99.7 88.2 2.09 § 50 A \.
S 50 -
Reaction conditions: CHO, =2, GHSV =1.5x 10°h™1, 1 atm. § 45 \ ~a
g 409 "~
20 between 20and 60. Nickel dispersion of the catalyst was % 354
measured by hydrogen chemisorption at room temperature.© 2(5):
The percentage dispersion of nickel metal was calculated as- 1
. . . . 20 LA LA DL DL DL R DL DL DL DL B |
suming the H/Ni atomic ratio of [23]. 0 2 4 6 8 10 12 14 16 18 20 =22
Time (h)
3. Results Fig. 1. Activity vs. reaction time for the POM reaction over 8 wt.% Ni/FiO
catalyst.
3.1. Activity of Ni/TiQ catalysts in POM
POM was tested over Ni/TiDcatalyst at temperatures
from 300 to 800C. Table 1showed that temperature af- 0.00E+000-
fected the reactivity of Ni/Ti@ significantly. Below 500C, 1 00E.011 ]
Ni/TiO2 exhibited no activity. At 500C, both methane con- ~ |
version and selectivity to carbon monoxide were very low. § 5 00e0114
However, selectivity to hydrogen was higher than thatto car- ¢ ]
bon monoxide. The catalyst showed higher activity at 700 g 3.00E-011+
and 800°C. o ]
g 4.00E-011
3.2. Effect of time on stream T 5.00E-0114
To investigate the catalyst durability, endurance tests ~ 600E-0114
were carried out at 700C and under atmospheric pressure, 7 00E-011 ]
CH4/0,=2/1, and GHSV =1.5% 10° h~1. Catalytic perfor- 100 200 300 400 500 600 700 800
mance as a function of time on stream over the NiAli@ta- (a) Temperature (°C)
lystis plotted inFig. 1. Rapid deactivation was observed after
the reaction was started. Methane conversion decreased fron | (- 041

an initial value of 76% to 43% after 20 h of reaction, while ]
CO selectivity reduced from 74% to 40% and stlectivity 2.00E-0114
from 93% to 50%.

/g 3.00E-0114
s ]
3.3. The temperature-programmed reductions (TPR) of £ 4.00E-011
Ni/TiO, £ ]
O 5.00E-0114

C
The nickel oxidation state in Ni/Ti@was investigated by 2 . 005.011-

means of TPR. Both fresh catalyst and catalysts, which had T |
been subjected to the POM reactions, were examined with 7 00E-0114
TPR in a flow of 3% (V) hydrogen in nitrogen, as presented ]
in Fig. 2a and b. At least three reduction peaks for fresh 8.00E-011
Ni/TiO, can be observed at temperatures of 280, 390 and
640°C, respectivelyFig. 2a). Unsupported NiO is reduced

atabout 280C [24]. Therefore, the small peak between 250 Fig. 2. Temperature-programmed reduction (TPR) profiles of: (a) fresh

Qnd 300C in _the fr_GSh catalyst i_S assigne_d tQ th(? reduc- g9 NifTiO, and (b) 8wt.% NifTiQ after catalyzing the POM reaction
tion of bulk NiO which does not interact with titania. The for2h at 700C.

T T T T T T T T T T T T T 1
100 200 300 400 500 600 700
) Temperature (°C)
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Fig. 3. XRD patterns of: (a) fresh 8 wt.% Ni/TiGand (b) 8 wt.% Ni/TiQ
after the POM reaction for 20 h at 70G.
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higher temperature peak (390) is assigned to the NiO that
has significant interaction with titania (NiO—Ti@nhteraction
species). The peak between 550 and @Qis assigned to
bulk NiTiO3 [25].

Two peaks were detected from Ni/Ti®y TPR after POM
(Fig. 2v). The peak located at 448 is due to the NiO-TiQ@
interacting species while the reduction peak at 860s as-
signed to bulk NiTiQ. Thus, oxidized nickel exists after
POM on Ni/TiOy. A strong interaction between NiO and O
also occurs during POMH{g. 2b).

3.4. XRD patterns of Ni/Ti®

The XRD patterns of 8 wt.% Ni/Ti@catalysts are shown
in Fig. 3The XRD patterns of NiO are found in addition to
the diffraction peaks of rutile for fresh Ni/T¥(Fig. 3a).
NiO peaks become weak and new diffraction peaks char-
acteristic of NiTiQ@ emerge after the catalyst was used
for the POM for 20 h; only very tiny Ni peak is found
(Fig. 3).
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. 4. Effluent gases from methane (&K, 1/20 mole ratio) pulsing experiments at 7@over 8 wt.% Ni/TiQ oxidized in air at 700C for 6 h: (a) methane,
(b) carbon monoxide, (c) hydrogen and (d) carbon dioxide.
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3.5. Interaction between methane and Ni/JiO after as the pulse number increased. The carbon dioxide
yield increased sharply over the first five pulses, and then
Pulse reactions were conducted over oxidized Ni(O)4TiO decreased rapidlyHg. 4d). After the ninth pulse, only a
without adding oxygenKig. 4a—d). Any methane oxidation small amount of carbon dioxide was detected. After the
in these experiments must be derived from oxygen originat- 11th pulse the carbon dioxide peaks exhibited tailing. The
ing from NiO and/or TiQ in the catalyst system. Methane hydrogen evolution pattern was similar to that of carbon
diluted in argon (CH/Ar = 1/20) was pulsed (1 mL gas) over monoxide.
unreduced Ni/Ti@ at 700°C. Fig. 4a—d shows typical pulse Fig. 5a—d presents the results of the methane pulsing
reaction results. During the first pulse, small amounts of car- over the 8 wt.% Ni/TiQ catalyst, which had been reduced
bon dioxide, hydrogen and carbon monoxide were detectedat 700°C in hydrogen for 1 h. Almost all of the methane
by MS. Thus, the surface oxygen present on the catalystwas converted during the first pulse. Methane conversion de-
was responsible for the formation of both carbon monox- creased rapidly with subsequent pulsing. The yields of carbon
ide and carbon dioxide, for there is no oxygen in the feed monoxide, hydrogen and carbon dioxide were highest from
gas and the catalyst was not pre-reduced. Methane converthe first pulse, and decreased with the sequent pulses. Among
sions increased over the first seven pulses, and then dethe three products, carbon dioxide decreased most sharply.
creased. The yield of carbon monoxide increased from the Only a trace of carbon dioxide was detected after the second
first to the eighth pulse, then decreased. Substantial tail- pulse. The carbon monoxide and hydrogen peaks were found
ing of the carbon monoxide peaks was observed from the to exhibit more remarkable tailing, while no peak tailing was
ninth pulse, and the length of the tailing increased there- found for carbon dioxide.

1.80E-010 -
| 1.20E-010 -
1.60E-010 CH,
1.40E-010 1.00E-010 -
1.20E-010 - CO
o 1 £ go0e-011-
£ 1.00E-010- 8
£ ] =
€ 8.00E-011- o
o ' | § 6.00E-011
S 6.00E-011- o
© 1 5
S  4.00E-0114 L2 4.00E-011-
2.00E-011
| 2.00E-011
0.00E+000 \_uuL L{ | | L_J‘\_‘
-2.00E-011 — 777 0.00E+000 -—
0 5 10 15 20 25 30 0 5 10 15 20 25 30
(a) Time (min) (b) Time (min)
6.00E-011 —
3.00E-010
5.00E-011
2.50E-010
H, o~
—_ £ 4.00E-011
2  2.00E-010+ 8
€
S €
= O  3.00E-011
S 1.50E-010 =
g o
€ 2.00E-0114
O 4 00E-0104 o 00E-0 CcO
c 2
5 ] |
5.00E-011 1.00E-011 l l
0.00E+000 4+~ L LJ L_‘ u b U L L L_J 0.00E+000 __‘L l A l l l A
-—— 77 —
0 5 10 15 20 25 30 0 5 10 15 20 25 30
(c) Time (min) (d) Time (min)

Fig. 5. Effluent gases from methane (@Ar, 1/20 mole ratio) pulsing experiments at 7@ over 8 wt.% Ni/TiQ reduced in hydrogen, at 70C forl h: (a)
methane, (b) carbon monoxide, (c) hydrogen and (d) carbon dioxide.
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4. Discussion some mechanistic insight of methane oxidation over NisTiO
under different nickel oxidation states.
4.1. Deactivation of Ni/Ti@during POM During the first pulse over unreduced Ni/HQCH, was

negatively converted due to the absence of actieshes.

Serious deactivation was observed for the 8 wt.% NifTiO Only traces of CO, KW and CQ were detected. As the
catalyst during POM. This could be mainly due to SMSI and methane pulsing over the unreduced Ni/Ti2as continued,
solid-state reactions. Ruckenstein and [H0] observed a  the methane conversionincreased. Thisis due to the reduction
relatively small initial yield of carbon monoxide, which then of NiO to Ni® on the surface. Since there was no oxygen in
decreased with time, during their research on POM by using the feed, the formation of carbon monoxide and carbon diox-
a 13.6 wt.% Ni/TiQ catalyst. They attributed it to a strong ide demonstrates that the catalyst itself supplies the oxygen.
interaction between TiQand Ni during reduction in which ~ Surface OH groups and/or NiO lattice oxygerf{Qand/or
TiO, partially migrated onto the Ni surface. The investigation oxygen from the TiQ support participated in the oxidation of
we have done under the similar conditions to theirs. Both of methane to CQ Itis consistent with the previous conclusion
the two studies employed the Ni/Ti@atalyst and the reac- drawn by Buyevskaya et g8] that surface OH groups of
tions were examined at 70C. Thus, SMSI may be one of the support were involved in the conversion of (bl carbon
the reasons for the deactivation of 8 wt.% Ni/Bi€atalyst in monoxide. Pure Ti@did not catalyze methane conversion at
this work. SMSI can affect both catalyst activity and stability 700°C. Therefore, reduced nickel sites are required for the
[15,16] TiO2-supported Group VIl metal catalysts suppress reaction between surface OH groups and/or low coordination
carbon formation during the reforming of methane to syngas, oxygen of the TiQ support and methane to form GONiO
presumably due to the decoration of metal surfaces with TiO appears to be responsible for the formation of carbon diox-
species. Suppression of hydrogen and carbon monoxide adide and water observed in the first five pulses. HgB6t
sorption on TiQ@-supported metals has also been observed pointed out that total oxidation of hydrocarbons is often ob-
and attributed to the strong interaction between metal andserved over transition metal oxides even in the absence of
titania by Moon and co-workelf22]. But, there is a major  gaseous oxygen. Hence, a redox reaction between methane
difference between the two studies. Ruckenstein and Hu at-and nickel oxide (Cl+ 4NiO — CO, + 2H,0 + 4N{®) on the
tributed carbon deposition to the decay of overall catalytic ac- oxidized catalysts appears reasonable. According to the reac-
tivity for syngas production over a 50 h period. However, we tion above, it was estimated that 15 pulses of methane were
observed no obvious carbon deposit on the 8 wt.% NigTiO sufficient to reduce all NiO contained in 8 wt.% Ni/Ti©at-
catalyst after the reaction for 20 h. The difference may be alyst. However, the Ni dispersion of the fresh catalyst was
due to the different nickel loadings and reaction conditions. only 10.3%. Thus, NiO on the surface was completely re-
So, carbon deposit could be excluded from the reason for theduced to metallic nickel after the first five pulses of methane
deactivation of the catalyst in this work. over the fresh catalyst. Both unreduced and reduced Ni/TiO

The 8 wt.% Ni/TiQ catalyst took on a color of light yel-  catalysts were active for methane oxidation, indicating that
low after 20 h on stream in POM. This is the color of NiBilO =~ methane €H bond dissociation was indeed a key step for car-
suggesting that NiTi@was formed during POM. XRD re-  bon monoxide formation. This suggests that carbon monox-
sults proved the existence of NiTi@nd NiO in the catalyst  ide formation proceeds via GHx=0-3) species produced
after the POMFig. 3). Due to the local hot spots in the cata- by methane dissociation at Nsites. During the first five
lyst bed that can exceed 1000, NiO and TiGQ may reactin pulses of methane over the oxidized catalysts, three types of
the solid phase in the presence of oxygen gas to form NiTiO reactions occurred: (1) complete oxidation to carbon dioxide
(NiO + TiO2 — NiTiO3) whichisinertto POM. The TPRre-  over nickel oxide, (2) partial oxidation to carbon monoxide
sults also demonstrated the formation of NiO and NgliO and (3) decomposition to surface carbon species over the re-
during POM. This is in accord with the report written by Rao sulting metallic nickel:
et al.[26] that NiTiOz was formed when Ni/TiQ was cal- . 0
cined above 500C. Besides, de Bokx et §R7] also reported CHa + 4NIO — COz + 2H,0 + 4Ni
the formation of NiTiQ at the temperature of 75, which
was accompanied by a color change from gray to light yel-
low or bright yellow. So NiTiQ and NiO were formed indeed
during POM. Since both of them are inactive for POM, the
formation of NiTiOz and NiO is thought to be another cause
for the catalyst deactivation.

CHs+(5—x)Ni > --- — Ni—CH, + (4 — x)Ni—H
Ni—CH; + Ni—-O — Ni—CO + Ni—H

Ni-CO — CO(g) + Ni

4.2. Effects of nickel oxidation states on methane Ni—=CO + Ni-O — COx(g) + 2Ni
oxidation mechanism over Ni/T30 After reduction of Ni/TiQ at 700°C for 1h, the sur-
face oxygen concentration at active Ni sites was very low.
Different surface metal oxidation states can result in dif- Therefore, the TiQ support was the main source of oxy-
ferent mechanismpt,5,7]. CH, pulse experiments provide gen. Hydrogen, carbon monoxide, carbon dioxide and water
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were observed in the gas phase, when methane was pulsetion monoxide and hydrogen, via the direct surface oxida-
over freshly reduced Ni/Ti@ Methane conversion decreased tion mechanism in which adsorbed methane and oxygen
upon continued pulsing. Two factors could contribute to the species react with each othf81]. The catalytic perfor-
above phenomenon: (1) the amount of oxygen species reachmance of Ni/TiQ at 700°C under atmospheric pressure,
ing nickel sites decreased and (2) metallic sites might be- CH4/O, =2/1, GHSV = 1.5¢ 10° h~1 deactivated quickly af-
come increasingly poisoned (covered) by carbon species. Thaer the reaction was starteBi¢. 1). Methane conversion de-
methane pulse reactions reveal that lattice oxygen participatesreased from an initial value of 76% to 43% after 20 h of
in the reaction over both unreduced and reduced catalyst. Hureaction, while the selectivities to CO and Feduced sig-
and Ruckenstein also found the fact by using isotopic meth- nificantly from 74% to 40% and 93% to 50%, respectively.
ods that the lattice oxygen participated in the reaction even These results also support direct surface oxidation with re-
when the gas feed contained oxydaA]. duced Ni/TiG and non-selective oxidation over oxidized
A remarkable tailing of the carbon monoxide, hydrogen Ni/TiO2 with formation of NiO and NiTiQ, in agreement
and carbon dioxide peaks was observed from the ninth pulsewith methane oxidation mechanisms proposed based on the
onward during oxygen-free methane pulsing over unreducedpulse reaction studies.
Ni/TiO,. These peaks tailed for 1-3 min before reaching
background level, while Clbeaks lasted only 5-8 s. Further-
more, separate pulsing of carbon monoxide, carbon dioxide5. Conclusions
or hydrogen over the Ni/Ti@catalyst bed (either reduced or
oxidized) did not give any tailing. Only sharp peaks were ob-  The 8wt.% Ni/TiQ catalyst was seriously deactivated
served. These observations imply that the rate-determiningduring POM, which could mainly be due to: (1) SMSI be-
step in the syngas formation involves a carbon species reacttween nickel oxides and titania and (2) the formation of NiO
ing with oxygen species over the catalyst. The side reactionand NiTiOz in Ni/TiO,. No substantial buildup of surface car-
producing carbon dioxide from carbon monoxide and oxy- bonaceous species occurs and thus surface carbon is excluded
gen was fast. So the tailing of carbon dioxide peaks observedfrom the cause of the loss of catalyst activity. Methane pulse
was due to the original carbon monoxide tailing. This was reactions indicate that the mechanism of methane oxidation
confirmed by observing sharp carbon dioxide peaks upon changes at different stages as nickel oxidation state changes.
pulsing carbon monoxide over the catalyst. Thus, the reac-Methane is oxidized by lattice oxygen in NiO or by active
tion between CH and surface oxygen species could be the oxygen in the TiQ support via the non-selective mechanism
rate-determining step in the syngas formation over NigTiO  over oxidized Ni/TiQ, while it is efficiently converted into
Carbon monoxide and hydrogen exhibited longer tailing carbon monoxide and hydrogen via a direct oxidation mech-
responses during the pulsing of @Ar over reduced Ni/TiQ anism when Ni/TiQ is reduced or partially reduced.
(Fig. 5a—d). This indicates that CGHspecies are present on
the reduced catalyst. As GHpecies are not present on ox-
idized (NiO/TiQ,) catalyst samples, Riis responsible for Acknowledgements
their formation from methane. The carbon monoxide peaks
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