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Chemisorption of methane over NirAl O catalysts2 3
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Abstract

Adsorption of methane as well as co-adsorption of methane and O on NirAl O catalyst have been studied by in situ2 2 3

FT-IR spectroscopy. The reaction start temperature measurements indicate that the methane partial oxidation occurs at
2308C. As the reduced NirAl O was exposed to pure CH , two bands for adsorbed methane were observed at 3005 and2 3 4

2998 cmy1, respectively, which was confirmed by the appearance of two bands at 2242 and 2237 cmy1 when CD was4
Ž . Ž .used. During temperature programmed TP dynamic process in the presence of CH , the intensities of the bands at 30054

and 2998 cmy1 increased with increase in temperature, indicating that the amount of adsorbed methane increases with
Žincreasing temperature, which is indicative of chemisorption of methane. During TP dynamic process in the co-presence of

.CH and O , two forms of chemisorbed methane are observed. The amount of chemisorbed methane increased with4 2

increasing temperature. At 2508C, the intensity of the band at 3015 cmy1 for gaseous methane decreased remarkably and at
the same time, CO, H , CO and H O were detected in the gas phase, indicating that the partial oxidation of CH occurs,2 2 2 4

which is in good agreement with the reaction start temperature observed above. These results suggest that the dissociation of
chemisorbed methane in the participation of chemisorbed oxygen is a key step for methane partial oxidation. q 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

Partial oxidation of methane to syngas has
been an active subject of recent research. Unlike
the highly endothermic catalytic steam reform-

w xing of methane 1 , which is the dominant pro-
cess currently employed in industry, methane
partial oxidation is not energy intensive and also
yields syngas with H rCO mole ratio of 2.0,2
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which is suitable for the methanol and Fisher–
Tropsch synthesis processes. Thus, partial oxi-
dation of methane is a promising way of pro-
ducing syngas on alternative syngas generation
by steam reforming of methane. The mildly
exothermic partial oxidation of methane to syn-
thesis gas was first investigated in the 30s and

w x40s 2,3 and has been virtually ignored for the
last 50 years. In the recent years, industrial and
academic interest in the catalytic partial oxida-
tion of methane to synthesis gas was reawak-

w xened 4 . In methane catalytic partial oxidation,
w xsupported group VIII metal 5–20 , metal-coated
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w xmonoliths 21–29 have been used as catalysts.
Most of them gave high methane conversion
and CO and H selectivities.2

The reaction pathway of methane partial oxi-
dation to syngas is still not elucidated. There are
two possible pathways for CH partial oxida-4

Ž . Ž .tion: 1 direct oxidation to CO and H or 22

total oxidation to CO and H O followed by2 2

CO and H O reforming. Hickman and Schmidt2 2
w x w x21,25,27,29 , Torniainen et al. 22 , Schmidt

w x w xand Huff 23 , Bharadwaj and Schmidt 24 ,
w xHickman et al. 28 and Choudhary et al.

w x6,9,16–18 claimed that carbon monoxide and
hydrogen are the products of the direct and
selective oxidation of methane with oxygen on
catalyst surface. The oxidation steps are as fol-
lows: methane pyrilyzes on the catalyst surface
and H atoms dimerise to H and the carbon is2

oxidized to CO. In contrast to direct oxidation
w xpathway, other authors 6,14,15,19,30,31 main-

tain that the mechanism of methane partial oxi-
dation on catalyst surface involve total oxida-
tion of a part of the methane feed to CO and2

H O followed by steam reforming, CO re-2 2

forming and water–gas shift reactions. The de-
tails of adsorption of methane as well as the
interaction of methane with oxygen on catalyst
surface are still not clear. Ni-based catalysts
were proved to be highly effective for methane
partial oxidation to syngas and widely studied
w x5,6,10,12–18,20 . However, only a few studies
dealing with the chemisorption of CH over4

Ni-based catalyst has been made. Erkelens and
w xWosten 32 studied methane adsorption on a

NirSiO catalyst using the low-field magnetic2

method and infrared measurements. Comparing
the initial slopes of the methane and hydrogen
isotherms, both measured at 258C, they calcu-
lated that four or five surface bonds were formed
by each methane molecule chemisorbed. But no
IR spectra of the adsorbed species were ob-
tained at y208 or 258C in their IR measure-

w xments. Kuijpers et al. 33 studied the interac-
tion of methane with a silica-supported nickel
catalyst at temperature between 308 and 3478C,
in both continuous-flow and pulse-flow experi-

ments. They found that even at 308C chemisorp-
tion of methane was observed and the activation
energy for chemisorption was estimated to be at
6 kcalrmol. The low-field magnetic method
and infrared spectroscopy were also applied to
measure the adsorption of methane on silica-
supported nickel catalyst at various constant

Ž .temperature 308C-1008C and at increasing
Ž .temperature 308C-3008C by Kuijpers et al.

w x34 . In the entire temperature range, the
chemisorbed methane was found to dissociate
according to the reaction.

CH q7Ni™Ni C ‘surface nickelycarbide’Ž .4 3

q4Ni–H.

In the infrared spectrum, no CH adsorptionx
w xbands were observed. Several authors 35,36

claimed that the chemisorption of methane on
nickel involves the direct breaking of a C–H
bond with no adsorbed molecule as precursor.
Details of how methane interacts with the sur-
face of nickel catalyst were much less known.
In this paper, adsorption of methane and co-ad-
sorption of methane with O over NirAl O2 2 3

catalyst is investigated with a hope to know the
details of the chemisorption of methane as well
as the interaction of methane with oxygen on
catalyst surface.

2. Experimental

d-Al O was obtained by treatment of g-2 3
Ž 2 .Al O 200 m rg at 9008C for 4 h and used as2 3

support for catalysts.
NirAl O catalysts was prepared by the im-2 3

Ž 2 .pregnation of d-Al O 110 m rg with a solu-2 3

tion of nickel nitrate and subsequent heating at
1008C for 3 h and calcination in air at 6008C for
3 h. The resulting catalyst contained 10 wt.%
nickel.

The determination of the reaction start tem-
perature for methane partial oxidation over
NirAl O was performed with a quartz-fixed2 3

Ž .reactor I.D. 4 mm containing 20 mg catalyst.
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Ž .A tubular furnace I.D. 8 mm was used to heat
the reactor. The catalyst was reduced in a flow
Ž 3 .40 cm rmin of H at 6008C for 4 h. The2

temperature was measured by a Chromel–
Alumel thermocouple located in the catalyst
bed. The feed and product gases were analyzed
by an on-line gas chromatograph equipped with
a thermal conductivity detector and carbon
molecular sieve column. After reducing
NirAl O in H at 6008C for 4 h, the tempera-2 3 2

ture was lowered to a certain value in H flow2

and then the H flow was switched to reaction2
Žmixture of CH and O CH rO s2:1, GHSV4 2 4 2

5 3 .s6.9=10 cm rg h . If the reaction took
place, above run with fresh catalyst is repeated
at lower temperature until the reaction start
temperature for methane partial oxidation is
confirmed.

For FT-IR studies the sample was pressed
into a self-supporting disk with a weight of
about 20 mg. An IR quartz cell with CaF2

window connected to a gas handling and a high
vacuum system was used. The sample disk in
the cell can be treated in various ways such as
degassing, oxidation, and reduction at a wide
temperature range from room temperature to
5008C. The temperature of the cell was con-
trolled by temperature programmer. The pre-
treatment of the sample disk was performed in

Ž .the cell as follows 1 the sample was reduced
Ž 3 .in flowing H 40 cm rmin at 4008C for 2 h,2

Ž .and 2 evacuated for 30 min and then cooled
down to 208C.

IR spectra of the adsorbed methane were
recorded with a Nicolet 170 SX FT-IR Spec-
trometer at experiment temperature. The param-
eters of 50 scan and 2 cmy1 resolution over the

Ž y1.total spectral range 4000–200 cm were es-
tablished by a 680-computer IR work station.

ŽCH adsorption–TP in the presence of 1404
.Torr methane –IR dynamic process procedure.
Ž y2 .As 140 Torr 1 Torrs133.3 Nm of methane

was admitted into the cell, IR spectrum was
recorded after standing of 15 min at 208C. Then
the temperature was raised from 208 to 4008C at
the rate of 78Crmin while IR spectra were

recorded at 208, 1008, 2008, 2508, 3008, 3508

and 4008C, respectively.
ŽThe co-adsorption of CH with O –TP in4 2

the presence of 280 Torr of gas mixture of CH 4
.and O –IR dynamic process procedure. As gas2

Žmixture of CH and O 280 Torr, CH rO s4 2 4 2
.2:1 was admitted into the cell, IR spectrum was

recorded after standing of 15 min at 208C. Then
the temperature was raised from 208 to 4508C at
the rate of 78Crmin while IR spectra were
recorded at 208, 1008, 2008, 2508, 3008, 3508,
4008 and 4508C, respectively.

3. Results and discussion

3.1. The reaction start temperature for methane
partial oxidation oÕer reduced NirAl O2 3

Fig. 1 shows that the onset of activity for
methane partial oxidation reaction over reduced
NirAl O occurred at 2308C. Below this tem-2 3

perature, methane partial oxidation does not
proceed essentially. This result indicate that
NirAl O catalyst reduced at 6008C is very2 3

active for methane partial oxidation.

Fig. 1. The reaction start temperature of methane partial oxidation
on reduced NirAl O .2 3



( )Y. Chen et al.rJournal of Molecular Catalysis A: Chemical 152 2000 237–244240

3.2. Chemisorption of CH oÕer reduced Nir4

Al O2 3

Fig. 2 shows the results for the adsorption of
Ž .CH –TP in the presence of 140 Torr of CH –4 4

Ž .Fig. 2. IR spectra of adsorption of CH -TP in 140 Torr CH4 4

dynamic process on reduced NirAl O .2 3

IR dynamic process over NirAl O reduced at2 3

4008C. It is shown that two adsorbed methane
bands appear at 3005 and 2998 cmy1, respec-
tively, in addition to the bands at 3015 and 1305

y1 Ž y1 .cm 1305 cm is not included in Fig. 2
belonging to the bands n and d of gaseousCH CH

methane, respectively, after 140 Torr CH is4

exposed to the reduced and degassed NirAl O2 3
Žcatalyst at 258C. During TP in the presence of

. y1140 Torr CH process, the band at 3015 cm4

for free methane kept unchanged in position and
intensity over the whole temperature range from
208 to 4008C, and the bands at 3005 cmy1

increased in intensity with increasing tempera-
ture, and at 2508C, the band at 3005 cmy1 goes
through a maximum and its intensity became
almost equal with that of the band at 3015 cmy1

for free methane, and after 2508C the band at
3005 cmy1 stayed constant in intensity. The
intensity of the band at 2998 cmy1 increased
with increasing temperature and was roughly
1r3 that of the band for free methane at 2508C,
and at 4008C, the intensity of the band at 2998
cmy1 reached about half that of the band of
gaseous methane.

The result above indicates that there are two
forms of adsorbed methane at 208C on reduced
NirAl O . This is confirmed by the IR spectra2 3

of CD adsorption on NirAl O . Like in the4 2 3

case of CH , at 208C, the band for gas CD4 4
y1 Ž .appears at 2255 cm Fig. 3 and two bands

for adsorbed CD appear at 2242 and 22374

cmy1, respectively, in good agreement with the
results of CH adsorption on NirAl O . An4 2 3

increase in intensity of the bands at 3005 and
2998 cmy1 with increasing temperature during
TP process shows that the amount of the ad-
sorbed methane increased with increasing tem-
perature. In general, physical adsorption, like
liquefaction, require no activation and occur
only at temperature close to the boiling-point of
the adsorbate, and the amount of gas physical
adsorbed always decrease monotonically as
temperature is increased. While chemisorption,
like most chemical processes, require activation,
and should be capable of occurring at tempera-
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Fig. 3. IR spectrum of adsorption CD on reduced NirAl O at4 2 3

208C.

ture well above the boiling-point of the adsor-
bate. The boiling-point of methane is y1648C.

w xSheppard and Yates 37 have found that the
bands for physically adsorbed methane on
porous silica glass occurred at 3006, 2899 and
2819 cmy1 at y1838C. These bands were as-

Ž y1. Ž y1.signed to the n 2899 cm , n 3006 cm1 3
Ž y1.and n qn 2819 cm modes of adsorbed2 4

methane. On well-outgassed MgO five bands at
3008, 3000, 2900, 2890 and ;1306 cmy1 were

w xobserved at y1008C by Li et al. 38 . The bands
Ž y1.were assigned to the n 2900, 2890 cm , n1 3

Ž y1.3008, 3000 cm modes of methane. Similar
w xresults were obtained on CeO 39 , HZSM-52

w xand MorHZSM-5 40 . The above results have
Ž .two common points: 1 the bands of adsorbed

methane were observed at very low temperature
Žy1838C or y1008C and as temperature is
increased the amount of adsorbed methane al-

Ž .ways decrease monotonically. 2 The infrared
Ž y1.inactive n 2917 cm modes of gaseous1

methane became active and shifted to lower
Ž y1 w xfrequencies 2899 cm 37 , 2900 and 2890

y1 w x.cm 38 when methane was adsorbed. In the
present paper, the temperature observed the
bands of the adsorbed methane above is very
much in excess of the boiling-point of methane
and the amount of the adsorbed methane in-
creased with increasing temperature in such
large temperature range from 308 to 4008C.
These results indicate that the bands at 3005 and
2999 cmy1 for the adsorbed methane are indica-
tive of chemisorption of methane. During TP
process, the behavior of the two bands are
different. The band at 3005 cmy1 increased in
intensity and reached its maximum at 2508C
while the band at 2998 cmy1 increased in the
intensity during the whole TP process indicating
that the bands at 3005 and 2998 cmy1 are two
different types of chemisorbed methane and ex-
perience different chemical processes during TP
over the catalyst. The red shift of the bands at
3005 and 2998 cmy1 related to the bands of
free methane indicate that the C–H bonds for
chemisorbed methane have been activated in
certain degree. But the red shifts related to the
free methane band are only 10 and 17 cmy1,
respectively, indicating that chemisorbed
methane are still in molecular form. Methane
may be adsorbed on reduced Ni sites by one or
two hydrogen atoms of methane.

3.3. Co-adsorption of CH and O4 2

To explore the interaction of CH with O4 2

over reduced NirAl O , co-adsorption of CH2 3 4

and O was carried out. When 280 Torr of CH2 4
Ž .and O gas mixture CH rO s2:1 was co-2 4 2

adsorbed at 208C on the reduced NirAl O , the2 3

band for gaseous methane appeared at 3015 and
y1 Ž y11305 cm band at 1305 cm is not included
.in Fig. 4 , and two bands for adsorbed methane

were observed, one appeared at 3010 cmy1 as a
strong band whose intensity is about 2r3 that of
the band at 3015 cmy1 for gaseous methane,
and the other appeared at 3000 cmy1 as a

Žshoulder. During TP in the co-presence of CH 4
.and O gas mixture dynamic process, the in-2
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ŽFig. 4. IR spectra of co-adsorption of CH and O -TP in 2804 2
.Torr of gas mixture of CH and O , CH rO s2:1 dynamic4 2 4 2

process on reduced NirAl O .2 3

tensities of the bands at 3010 and 3000 cmy1

increased with increasing temperature. At 2008C,
the band at 3010 cmy1 became equal in inten-
sity with that of the band at 3015 cmy1 for free
methane. At 2508C, the band at 3015 cmy1 for
gaseous methane decreased in intensity and the
band at 3010 cmy1 became a main peak, and
the band at 3000 cmy1 increased in intensity, at

the same time, CO, H , CO and H O were2 2 2

detected in gas phase, indicating that methane
partial oxidation reaction has taken place. After
2508C, the 3015 cmy1 band for gaseous methane
gradually attenuated in intensity, whereas the
intensities of the 3010 and 3000 cmy1 bands for
adsorbed methane gradually increased. At
4508C, the 3015 cmy1 band lost half of its
intensity, and the bands of 3010 and 3000 cmy1

for adsorbed methane considerably increased.
From a comparison of the spectra in Figs. 2 and
4, it is clear that the co-adsorption of CH with4

O at 208C causes new bands appearing at 30102

and 3000 cmy1, respectively. The bands at 3010
and 3000 cmy1 band can be assigned to the
methane adsorbed on NirAl O from their po-2 3

sition. Because the chemisorption of O on Ni2
w xis dissociative 41 , surface sites located for the

3010 and 3000 cmy1 bands may be Ni sites
influenced by surface oxygen species formed
from chemisorption of O . This result reveals2

that oxygen participates directly in the
chemisorption of methane over NirAl O . As2 3

the temperature was raised to 2508C, the 3015
cmy1 band for gaseous methane decreased in
intensity and became a shoulder, and the inten-
sity of the 3010 and 3000 cmy1 bands of
adsorbed methane considerably increased, and
at the same time, CO, H , CO and H O were2 2 2

detected in the gas phase indicating that methane
partial oxidation took place. This result is in
agreement with the fact that the methane partial
oxidation starts to occur at about 2308C ob-
served above. After 2508C, following methane
partial oxidation the band 3015 cmy1 for free
methane gradually decreased in intensity, in the
meantime the intensities of the bands at 3010
and 3000 cmy1 for adsorbed methane increased,

w xand no adsorbed CH species 42 were ob-3

served. The result shows that the dominant sur-
face species are the chemisorbed methane over
NirAl O and methane partial oxidation is via2 3

w xthe chemisorbed methane. Hickman et al. 28 ,
w x w xVernon et al. 30 and Choudhary et al. 16,18

suggested that the first step for CH conversion4

to syngas is the pyrolysis of CH on the catalyst4
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w xsurface CH ™C q4H . Au and Wang 114 s s

observed normal deuterium isotope effects on
the overall reaction of methane partial oxidation
as well as on the CO and CO formation reac-2

tion over RhrSiO when CD was used instead2 4

of CH to perform the methane partial oxidation4

reaction and concluded that methane dissocia-
tion is a key step and CO and CO are formed2

via the same common intermediates. Our results
obtained above show that the dominant surface
species are chemisorbed methane in the co-pres-
ence of CH and O especially over a reaction4 2

start temperature for methane partial oxidation.
It can be concluded that the dissociation of
chemisorbed methane in the participation of
adsorbed oxygen is a key step for methane
partial oxidation reaction.

4. Conclusion

The onset of activity for methane partial oxi-
dation to CO and H occurs at 2308C over2

reduced NirAl O , indicating that NirAl O2 3 2 3

is very active for methane partial oxidation. As
methane alone is exposed to reduced NirAl O ,2 3

two types of adsorbed methane were generated.
Ž .During TP dynamic process in CH , the4

amount of adsorbed methane increase with in-
creasing temperature, which is indicative of
chemisorption of methane and chemisorption of
methane appeared to be an activated process.
The results obtained from the co-adsorption of
methane with oxygen indicate that chemisorbed
oxygen species participated directly in the acti-
vation of methane and the dissociation of
chemisorbed methane in participation of
chemisorbed oxygen species is a key step for
methane partial oxidation.

Acknowledgements

We are grateful to National Natural Science
Ž .Foundation of China 29773028 and PhD Stu-

dent Training Foundation of Ministry of Educa-
tion of China for support of this research.

References

w x Ž .1 J.R. Rostrup-Nielsen, Catal. Today 18 1993 305.
w x2 C. Padovani, P. Franchetti, Giorn. Chem. Ind. Applicata 15

Ž .1933 429.
w x3 M. Prettre, C.H. Eichner, M. Perrin, Trans. Faraday Soc. 43

Ž .1946 335.
w x4 S.C. Tsang, J.B. Claridge, M.L.H. Green, Catal. Today 23

Ž .1995 3.
w x5 D. Dissanayake, M.P. Rosynek, K.C.C. Kharas, J.H.

Ž .Lunsford, J. Catal. 132 1991 117.
w x6 V.R. Choudhary, A.M. Rajput, B. Prabhakar, J. Catal. 139

Ž .1993 326.
w x7 A.K. Bhattacharya, J.A. Breach, S. Chand, D.K. Ghorai, A.

Ž .Hartridge, J. Keary, K.K. Mallick, Appl. Catal. 80 1992 L1.
w x8 J.N. Theron, J.C.Q. Fletcher, C.T. O’Connor, Catal. Today

Ž .21 1994 489.
w x9 V.R. Choudhary, Sansare, A.S. Mamman, Appl. Catal., A 90

Ž .1992 L1.
w x10 D. Dissanayake, M.P. Rosynek, J.H. Lunsford, J. Phys.

Ž .Chem. 97 1993 3644.
w x Ž .11 C.T. Au, H.Y. Wang, J. Catal. 167 1997 337.
w x12 M.A. Goula, A.A. Lemonidou, W. Grunert, M. Baerns,¨

Ž .Catal. Today 32 1996 149.
w x13 V.R. Choudhary, V.H. Rane, A.M. Rajput, Appl. Catal., A

Ž .162 1995 235.
w x14 H. Heitnes, S. Lindberg, O.A. Rokstad, A. Holmen, Catal.

Ž .Today 24 1995 211.
w x Ž .15 F. VanLooij, J.W. Geus, J. Catal. 168 1997 154.
w x16 V.R. Choudhary, B.S. Uphade, A.S. Mamman, J. Catal. 172

Ž .1997 281.
w x17 V.R. Choudhary, A.M. Rajput, V.H. Rane, J. Phys. Chem. 96

Ž .1992 8686.
w x18 V.R. Choudhary, A.M. Rajput, B. Prabhakar, Catal. Lett. 15

Ž .1992 363.
w x Ž .19 Y.F. Chang, H. Heinemann, Catal. Lett. 21 1993 215.
w x20 F. Van Looij, J.C. Van Giezen, E.R. Stobbe, J.W. Geus,

Ž .Catal. Today 21 1994 495.
w x Ž .21 D.A. Hickman, L.D. Schmidt, Science 259 1993 343.
w x Ž .22 P.M. Torniainen, X. Chu, L.D. Schmidt, J. Catal. 146 1994

1.
w x Ž .23 L.D. Schmidt, M. Huff, Catal. Today 21 1994 443.
w x24 S.S. Bharadwaj, L.D. Schmidt, Fuel Process. Technol. 42

Ž .1995 109.
w x Ž .25 D.A. Hickman, L.D. Schmidt, J. Catal. 136 1992 300.
w x Ž .26 J.K. Hochmuth, Appl. Catal., B 1 1992 89.
w x Ž .27 D.A. Hickman, L.D. Schmidt, J. Catal. 138 1992 267.
w x28 D.A. Hickman, E.A. Haupfear, L.D. Schmidt, Catal. Lett. 17

Ž .1993 223.
w x Ž .29 D.A. Hickman, L.D. Schmidt, AlChE J. 39 1993 1164.
w x30 P.D.F. Vernon, M.L.H. Green, A.K. Cheetham, A.T.

Ž .Ashcroft, Catal. Lett. 6 1990 181.
w x31 A.T. Ashcroft, A.K. Cheethan, J.S. Foord, M.L.H. Green,

Ž .C.P. Grey, A.J. Murrell, P.D.F. Veron, Nature 344 1990
319.



( )Y. Chen et al.rJournal of Molecular Catalysis A: Chemical 152 2000 237–244244

w x Ž .32 J. Erkelens, W.J. Wosten, J. Catal. 54 1978 143.
w x33 E.G.M. Kuijpers, J.W. Jansen, A.J. Van Dillen, J.W. Geus, J.

Ž .Catal. 72 1981 75.
w x34 E.G.M. Kuijpers, A.K. Breedijk, W.J.J. Van der Wal, J.W.

Ž .Geus, J. Catal. 81 1983 429.
w x35 S.T. Ceyer, Q.Y. Yang, M.B. Lee, J.D. Beckerle, A.D.

Ž .Johnson, Stud. Surf. Sci. Catal. 36 1987 51.
w x Ž .36 I. Chorkendorff, I. Alstrup, S. Ullmann, Surf. Sci. 227 1990

291.

w x37 N. Sheppard, D.J.C. Yates, Proc. R. Soc. London, Ser. A 238
Ž .1956 69.

w x Ž .38 C. Li, G. Li, Q. Xin, J. Phys. Chem. 98 1994 1933.
w x Ž .39 C. Li, Q. Xin, J. Phys. Chem. 96 1992 7714.
w x40 C. Chen, L. Lin, Z. Xu, T. Zhang, Q. Xin, P. Ying, G. Li, C.

Ž .Li, J. Catal. 161 1996 107.
w x Ž .41 E. Myasaki, J. Catal. 65 1980 84.
w x42 A.A. Davydov, A.A. Budneva, S.M. Aliev, V.D. Sokolovskii,

Ž .React. Kinet. Catal. Lett. 36 1988 491.


