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Abstract

Pulse reactions of CH O, and mixed gas (Cky O, = 2) over fresh, partially reduced and well reduce@MM , O3 catalysts
have been carried out at 923 and 1023 K to study the mechanismod€idation and the catalytic partial oxidation of @H
The fresh catalyst showed high activity for the dissociation of,Giid CO rather than CQvas the main carbon-containing
gaseous product whiledbeing detected for the first GHbulse, suggesting that GHtan be partially oxidized to CO andH
by the lattice oxygen of NiO. The bond strength of Ni-O seems to be favorable to the partial oxidatio, aft@th is due
to the strong interaction between NiO afié\l ,03. The results of CH/ O, pulses indicate that both metallic nickel and NiO
(x < 1.0) are active phases for partial oxidation of £ has been demonstrated that both the reaction temperature and the
C/O ratio are critical to the selectivities to CO and £®@he mechanisms of the oxidation of ¢lver fresh and reduced
catalysts have been proposed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction many advantages such as a mild exothermicity, much
higher efficiency, and a suitablelCO ratio of 2
The reforming of natural gas to syngas is one of for methanol and Fischer—Tropsch synthg8is Per-
the important methods for the effective utilization of ovskites and supported metals have been reported as
natural gaqg1]. Particularly, much attention has been active catalysts for PONR,4—7] However, the nickel-
paid to the catalytic partial oxidation of GHPOM) based catalyst has been the most intensively investi-
[2], which can be expressed as: gated because of its low cost and high activity. The
o modification and/or characterization of the nickel-
CHs+ 302 — CO+2Hp,  H3gg = —36kJmol™ based catalysts and mechanistic studies on POM have
(1) become one of the most active topics in catalysis.
In comparison with steam reforming of methane Both theoretical and experimental works have been

(SRM), which is a currently industrialized process C&ried outto disclose the mechanism of PGM11]

for the production of hydrogen and syngas, POM has TW0 mechanisms have been proposed for POM: (1)
the combustion-reforming mechaniga®], in which

* Corresponding author. Fax:82-42-8607388. CHg is completely oxidized to C9+ H20,and CO is
E-mail address: kwjun@krict.re.kr (K.-W. Jun). a result of CQ and HO reforming with the residual
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CHg; (2) the pyrolysis mechanisif], in which CH,

is pyrolyzed on the catalyst to produce CO directly
without the preformation of C® To understand the
POM mechanism better, GHactivation over different
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ration of the catalyst was described elsewhere
[23].

Pulse experiments using GHO,, and/or CH/O»
with a molar ratio of 2 were performed in a quartz

catalysts or model catalysts was studied extensively micro-reactor with an inner diameter of 4 mm. Prior

[13-16] However, to date, the mechanism of POM
is still debatable although nickel-based catalysts with
high activity and stability have been reporfdd,18]
Regarding the active catalytic phase for POM, some

researchers believe that metallic nickel is responsi-

ble for POM over nickel-based catalyditks7,19,20]
Lu et al. [21] have claimed that the catalyst surface
on which both metallic nickel and NiQOspecies (re-

ducible at 793-833 K) are coexistent is active and se-

lective for POM. However, Dissanayake et f2]
have suggested that Gldomplete oxidation occurs in
the region of NiAbO4 and/or NiO+ Al,03 and that
the reforming of CQ and/or HO with CH, occurs
over Ni/Al,03 by analyzing the used Ni/ADs cata-
lyst for POM in different bed locations.

to each reaction, 30 mg of each catalyst (20—45 mesh)
was loaded in the reactor and treated at the desired
temperature in He (30 ml/min) for 90 min to remove
any residual gases in the system, then exposed to
pulses of CH, Oy, and/or mixed gas of CHO, (1 ml
pulse, 15-18 min interval). Here, we designate the
fresh catalyst as NifAl O3 (F), partially reduced cat-
alyst as Ni#-Al,O3 (P) which was reduced in situ
from room temperature to 923K at a 10 K/min rate in
5% Hp/N2, and well reduced catalyst as BHAI>,O3

(R) which was reduced in situ in 5%HN, at 973 K

for 2 h. During each pulse, the exit gas was analyzed
on-line by a Shimadzu GC-8A gas chromatograph
equipped with TCD (carbosphere column, 353 K; he-
lium as carrier gas). The conversion and selectivity

Pulse technique is one of the most effective methods were calculated on the basis of carbon contents in the

for probing the mechanism of POM without the “hot
spot” problem. Both Chlactivation and the mechanis-
tic studies on POM over different catalysts were
intensively investigated by using the pulse method
combined with other techniques. It was reported that
the only carbon-containing product is g@hen CH,

is pulsed for the first time over the fresh catalyst

products assuming 100% carbon and oxygen balances.

3. Results and discussion

3.1. Successive CH4 and Oy pulses

[11,20] Other researchers reported that both CO and 3.1.1. Ni/6-Al,03 (F)

CO, are produced although the selectivity of CO is
much lower than that of C£[19,21] In our previous
study[23], Ni/6-Al>03 catalyst showed high activity
and stability in POM. In this work, pulse reactions
of CHg, O2 and CH/O, (2/1) were systematically
conducted to investigate further the performance of
the catalyst with different surface states, e.g. fresh,
partially reduced and well reduced. We found that
CO rather than C®was the main carbon-containing
product while H was detected for the first GHpulse
over the fresh catalyst. The results allowed us to
verify the active sites or phases responsible for,CH
activation and POM.

2. Experimental

The catalyst used in this study was NiKl>O3
(12wt.% Ni). The detailed procedure for the prepa-

The results of Cl sequential pulses over
Ni/6-Al,03 (F) catalyst are shown ifrig. L It is
clear that CH conversion (77.3%) for the first pulse
was the highest. At the same time, CO was the main
gaseous product with a selectivity of about 65.3% for
the first pulse, and the selectivity to GQvas low
(12.4%). Meanwhile, hydrogen was detected in the
products, but it could not be quantified because helium
was used as carrier gas. After the second pulse, the
selectivity of CQ decreased to zero and CO selecti-
vity decreased sharply. Since there was no gas-phase
oxygen present in the system and the mobile oxygen
from the support was very scarce as shown in the fol-
lowing (Figs. 4 and } it suggests that the oxygen was
from NiO, which would be reduced to metallic nickel
to give carbon-containing products. Based on the ini-
tial weight of the catalyst and the amount of £&nd
CO formed for methane pulses, it is estimated that
above 80% of the NiO initially present on the catalyst
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Fig. 1. Sequential pulse reactions of £EHnd CH/O; over Nib-Al,O3 (F) catalyst at 1023 K (open symbols: gldulses, solid symbols:
CHy4/O, pulses; square: CHconversion, up triangle: CO selectivity, down triangle: Cslectivity, diamond: Cs selectivity).

has been reduced to metallic Ni. This was a really the first pulse of @, CO selectivity plus CQ selec-
unexpected result and different from previous inves- tivity was less than 100%, revealing that some part of
tigations[19-21,24] To the best of our knowledge, O, was consumed to oxidize the catalyst.
CO, was the main gaseous product and there was no In order to investigate the role of the oxygen species
hydrogen detected when GHvas pulsed over the involved in POM, CH was reintroduced after the,O
fresh nickel-based catalysts in the literat{@€,21] pulses. It is noticeable that GHonversion (88.3%)
The importance of this difference is that gidan be for the first pulse was the highest, and then sharply
partially oxidized to CO and by lattice oxygen of decreased for the second pulse. After that,@Hn-
NiO supported om-Al20s. version was stable for the following five pulses. From
Assuming the 100% material balance of carbon, the the sixth pulse onward, CHconversion rapidly de-
selectivity to carbonaceous material (Cs) deposited on creased again until reaching the value of 9.6% at the
the catalyst during the pulses of gias calculated.  tenth pulse, which indicates that the catalyst deacti-
The Cs selectivity increased sharply with the ordinal vated because of the carbon deposition. This can also
pulse of CH which implies that metallic nickel forms  be seen from the Cs selectivity curve kig. 2 The

the active sites for Clddecomposition to Cs. Cs selectivity was only 23.5% for the first pulse. From
the sixth pulse onward, the reaction of the pulsed,CH
3.1.2. Ni/6-Al,03 (P) ended up mainly as Cs. In combination with the results

The results of sequential pulses of gHD,, and of CHy pulses over N#-Al 03 (F), it can be seen that
CHj over Nib-Al,03 (P) catalyst at 1023 K are given carbon deposition becomes a main reaction only when
in Fig. 2 For the first pulse of Clj CO selectivity metallic nickel is present and that there is less reac-
was about 29%, and rapidly decreased with the ordinal tive oxygen species on the catalyst, which illustrates
pulse of CH. The selectivity of CQ was only 0.9% the importance of the surface state in determining the
for the first pulse and there was no g@etected by product distribution.

TCD for the following five pulses. To study the effect of temperature on the activation

After six pulses of CH, oxygen was pulsed to in-  of CHy, the sequential pulses of GHO, and CH,
vestigate the reaction between surface carbon and oxy-were delivered at 923 K as shownfig. 3. The CH,
gen. A large amount of Cand CO was produced conversion was kept around 45%, which was much
for the first pulse of @. At the same time, even for  lower than that at 1023 K, within the initial five pulses.
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Fig. 2. Sequential pulse reactions of £HO, and CH, over Nib-Al,03 (P) catalyst at 1023K (square: GHonversion, circle: @
conversion, up triangle: CO selectivity, down triangle: Cs&lectivity, diamond: Cs selectivity).

This indicates that higher temperature favors the acti- higher temperature suppresses the formation 0f.CO
vation of CH; as reported by othefd1]. In the mean This may be in part explained in terms of the fact that
time, the selectivity of CO (18%) was lower than that the activation energy of CO (s) desorption is higher
at 1023 K (28%fFig. 2 first pulse). Moreover, COwas than that of its oxidation as suggested by Au efi)].

the main carbon-containing gaseous product at both However, the selectivity of C&became higher than
923 and 1023 K during the Gipulses. However, the  that of CO for the second £pulse at 1023 K as pre-
selectivity of CQ was much higher than that of CO sented inFig. 2 This cannot be explained in terms
at 923 K for the first @ pulse after CH pulses, which of the above viewpoint. It is most likely that the ratio
was reversed from that at 1023 K. This indicates that of the total carbonaceous materials deposited on the
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Fig. 3. Sequential pulse reactions of gHO, and CH, over Nib-Al,03 (P) catalyst at 923K (square: GHonversion, circle: @
conversion, up triangle: CO selectivity, down triangle: L£&&lectivity, diamond: Cs selectivity).
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catalyst during previous CtHpulses to the total oxygen  ble for CH; decomposition to surface Cs. As a conse-
species present both on the catalyst and reaction sys-quence, it is clearly demonstrated that thedNM 203

tem (C/O) plays also an important role in determining (R) deactivated much easier than IN&KI,O3 (P) for

the selectivities of CO and GOThe higher the C/O  the decomposition of Cldat 1023 K by comparing the
ratio is, the lower the C®selectivity will be when results shown irFigs. 2 and 4Furthermore, less CO
other operating conditions are kept the same. As the (11.34%) and C@(0.05%) were produced in compar-
pulse volume of @ and carbon species over the cata- ison with those over Ni-AI>O3 (F) and Nib-Al,03

lyst are fixed, the C@selectivity is enhanced with the  (P). Combining the above results, it is clear that the
ordinal @ pulses ascribed to the consumption of car- decrease of ClHconversion over these catalysts can be
bon on the catalyst during the previous pulses. As ascribed to both the deposition of carbon species on the
a part of carbon was consumed during the first pulse active sites for Ch decomposition and the consump-
of Oy, the C/O ratio for the second (ulse became tion of the reactive oxygen species present on the cat-
lower resulting in the increase of GQelectivity. So, alyst. Since the catalyst was well reduced before, CH
both reaction temperature and C/O ratio are responsi- pulses, the oxygen species to form CO and,@iist

ble for the product selectivities. For the first gpllse be from the support and were very scarce as shown
after G pulses, 56.2% CO selectivity and 39.2% £0 by the low selectivities of gaseous carbon-containing
selectivity at 923 K were obtained whereas 53.9% CO products.

selectivity and 22.7% Cg@selectivity were measured The amount of carbon deposited on the catalyst for
at 1023 K. This also supports our explanation on the the five pulses of Ckland the amount of carbon re-
co-effect of temperature and C/O ratio on the product moved from the catalyst for the five pulses of ®ere

selectivities. calculated assuming 100% carbon balance. The re-
sults are shown iffable 1 Irrespective of the state of
3.1.3. Ni/9-Al,03 (R) the catalyst, the amount of carbon deposited after five

Figs. 4 and Sshow the reaction results of sequential pulses of CH was higher at 1023 K than that at 923 K.
pulses of CH, O, and CH, over Nib-Al,03 (R) cat- At the same time, the amount of carbon deposited on
alyst at 1023 and 923 K, respectively. It is clear that Ni/9-Al>03 (R) was higher than that on Mi/Al,O3
the catalyst deactivated after three pulses of, GiH (P) at 923K due to the existence of higher amount
1023 K confirming that the metallic nickel is responsi- of reactive oxygen species over BHAlI,O3 (P).
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Fig. 4. Sequential pulse reactions of &H), and CH, over Nib-Al,O3 (R) catalyst at 1023K (square: GHonversion, circle: @
conversion, up triangle: CO selectivity, down triangle: Cslectivity, diamond: Cs selectivity).
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Fig. 5. Sequential pulse reactions of £HO, and CH, over Nib-Al,O3 (R) catalyst at 923K (square: GHconversion, circle: @
conversion, up triangle: CO selectivity, down triangle: L£&&lectivity, diamond: Cs selectivity).

Moreover, the majority of carbon~85%) deposited As mentioned above, the only source of oxygen is
on the catalyst during CHpulses could be removed from the catalyst because there is no gas-phase oxygen
by several pulses of existing in the system during Ghpulses. So, the state

of oxygen species on the catalyst must be responsible
3.2. Schemes for CH4 activation for determining the selectivities of CO and PR

results[23] indicate that three kinds of nickel species
From the above results, it can be seen that the exist over Nip-Al,O3 (F), i.e. relatively free NiO

oxygen species present on the catalyst play a very species (small peak with peak maximum at 753 K),
important role in the production of CO, G@Gnd Cs the complex NiQ species strongly interacting with
during the CH decomposition. By comparing the 6-Al,03 (large peak with peak maximum at 913 K)
CHg4 conversion for the first pulse of GHafter & and highly dispersed NiAD, species (small peak
pulses over N#-Al,03 (P) and Nip-Al,03 (R) with with peak maximum at 1073 K). By integrating the
that over Nip-Al,O3 (F), it can be concluded that the peak areas of the three species mentioned above, it is
reoxidized catalyst is more active for the decomposi- estimated that the percentages of the oxygen species
tion of CHy than Nib-Al>03 (F). At the same time, assigned to relatively free NiO, NiQand NiALO4
the selectivity of CQ over the reoxidized catalyst are 5.0, 90.1 and 4.9%, respectively. As the relatively
was higher than that over MiAI,O3 (F) for the first free NiO has higher oxidizing ability, this kind of
CH4 pulse. This is possibly caused by the oxygen oxygen species is responsible for the production of
species, which are physically adsorbed or weakly CO». Moreover, the successive oxidation of CO (s) to
chemisorbed on the surface of the reoxidized catalyst. COy, which depends on the C/O ratio and the reaction

Table 1

The results of sequential pulse reaction of &hd G over supported Ni catalysts

Catalysts Temperature (K) C deposition (mmol) C removed (mmol) C removed (%)
Ni/6-Al,03 (F) 1023 0.1107 - -

Ni/6-Al 203 (P) 923 0.0942 0.0839 89.07

Ni/6-Al203 (R) 923 0.1026 0.0891 86.84

1023 0.1218 0.1033 84.81
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temperature, also contributes to the production 0§ CO
At the same time, the complex NjGspecies, which
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when CH, was pulsed over NiFAl ,03 (F) for the first
time, NiO, was the most abundant surface species. In

are not so easily reduced, are reasonably supposedhis case reaction (3) is the main reaction. Once ,NiO

to be responsible for the partial oxidation of kb
CO and H as shown in reaction (3). It has been well

established that the existence of strong-metal-support

interactions (SMSI) influences the surface electronic
properties of metal particles. In the present case,
the bond strength of Ni—-O of NiDspecies over the
catalyst is favorable to the formation of CO when it
interacts with CH due to the SMSI-like interactions
between NiO and-Al,O3 support. Lu et al[21]
reported that the ClHconversion was very low when
CH4 was pulsed over a fresh 9wt.% NiAl>O3
catalyst at 973 K. Moreover, only highly dispersed
NiAl 204 peak at~1073 K appeared in the TPR spec-

is reduced to Ni, then reaction (4) is the most prevalent
reaction.

3.3. CHy4/O; pulses

To study POM mechanism, mixed gas of g6,
with a stoichiometric ratio of 2 was pulsed over
Ni/6-Al,03 (F), Nil6-Al203 (P), Nil-Al,03 (R) cat-
alysts. The results over Mi/AlI>O3 (F) are given in
Fig. 6. The CH; conversion was about 50% during
the initial five pulses, which was much lower than
that for CH, pulses as shown ifrig. 1. Moreover,
there was no hydrogen detected until the fifth pulse

tra of the fresh catalyst. When the present results are ©f CH4/O2. This is quite different from the results

taken into account, it is reasonable to ascribe the low
CH,4 conversion over Ni-Al,O3 to the low activity

of NiAl204. Thus, it is rational to propose that the
NiAl2O4 species is very difficult to react with GH

at the present conditions. This explanation is very
well matched with the above pulse results and the
following schemes for Cllactivation were proposed.

4ANIO + CHy — CO, + 2H,0 + 4Ni @)
3)
(4)

NiOy + xCHg — xCO+ 2xHo + Ni
Ni + CHs — Ni=C(s) + 2H,

120

of pure CH, pulses, which reveals that the reaction
of CHs with lattice oxygen of NiO is more facile
than its reaction with gaseous oxygen. Moreover, the
selectivity of CQ was much higher than that of CO.
As the lattice oxygen of NiQ (large TPR peak with
peak maximum at 913 K) is favorable to the produc-

tion of CO, it is reasonable to conclude that the main

pathway for the production of GOmust be succes-
sive oxidation of CO (s), which is formed from the
interaction of CH with NiO,.

Furthermore, the pulsed oxygen was almost com-
pletely consumed with a CGselectivity of about 90%
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Fig. 6. Pulse reaction of C}0,(2/1) over Nib-Al,03 (F) catalyst at 1023 K (square: GHonversion, up triangle: CO selectivity, down

triangle: CQ selectivity).
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for the first four pulses. According to the oxygen bal-
ance, the Chl conversion should be about 25% based

on the oxygen present in the feed. This suggests that2Ni + xO2 — 2NiO,

a certain part of the oxygen must be provided from

the catalyst, e.qg. the lattice oxygen of NiO, during the
initial four pulses. So, it can be concluded that metal-
lic nickel was generated and the amount of metallic
nickel increased with the ordinal pulse number until

its steady state. This is comparable with the results
over the supported Rh cataly$#t].

3.3.1. POM mechanism over Ni/6-Al,03 (F)

Combining the above results and the mechanism
of the CH;, activation, it is reasonable to suggest the
following mechanism for POM over NifAl>O03 (F).
CH, is oxidized substantially by the lattice oxygen of
NiO, species over the catalyst to form CO (s) and H
(s), while the NiQ is reduced to metallic nickel, which

Z.-W. Liu et al./Journal of Molecular Catalysis A: Chemical 189 (2002) 283-293

COz(s) - CO(9) (10)

11)
2Ni + 0 — 2NiO (12)
xH(s) + NiOy — xHO(s) + Ni (13)
xHO(s) + xH(s) — xH20O(s) (14)

3.3.2. POM mechanism over Ni/6-AloO3 (P) and
Ni/6-Al>,03 (R)

In contrast to the fresh catalyst, the gldonver-
sion and CO selectivity were very high and stable
during all the pulses of CHO, over Nib-Al,03 (F)
after five pulses of Chkl which can be seen iRig. 1
In the previous part, it has been demonstrated that
metallic nickel is produced and substantial amount
of carbonaceous materials is deposited after several

is partially replenished by the gas-phase oxygen basedpulses of CH over the fresh catalyst. From the above

on the fact that metallic nickel is accumulated with the
ordinal pulse of CH/O;. In the present case, the C/O
ratio is low, which is favorable to the successive oxi-
dation of CO (s) to C@rather than the desorption of
CO (s) to CO (g). So, the majority CO (s) is oxidized
to CO, (8), which leads to higher selectivity of GO
in the products. The alternative source for the produc-
tion of CO, is from the complete oxidation of CH
by the relatively free NiO over the catalyst according
to reaction (2) while the metallic Ni from the reduc-
tion of relatively free NiO can be reoxidized by,O
With increasing pulse of CiHO, (at present case, five
pulses of CH/O,), the accumulated metallic nickel is
sufficient to dissociate CHto surface carbon and H

so that the C/O ratio is increased, causing the desorp-

tion of CO (s) to CO(g). In this case, CO (s) would

results, we can conclude that the existence of metal-
lic nickel on the catalyst is a prerequisite for POM.
Furthermore, the carbonaceous materials deposited
on the catalyst during CHpulses are not poisons
during the following pulses of CHO,, which can be
confirmed from the high activity of the catalyst for
POM during the following CH/O2 pulses. It is be-
lieved that hydrocarbons dissociate to produce highly
reactive monatomic carbon {Zwhich can be easily
gasified through the reaction with surface oxygen
species to form CO. However, if there is an excess of
C, formed or the gasification reaction with surface
oxygen is slow, polymerization to & which is less
reactive than ¢, is favored. As a result, £may ac-
cumulate on the surfad@5]. According to the above
viewpoint and the high POM activity of the catalyst

rather desorb to produce gaseous CO than oxidize tofor the following CHi/O; pulses, it is rational to sug-

CO, (s). At the same time, H (s) may react with oxy-
gen species to form #D since there was no hydrogen
detected in the products for the initial four pulses. The
above mechanism can be expressed as follows.

xCHg + NiO, — xCO(s) + 4xH(9) + Ni (5)
xCO(s) + NiOy — xCOx(S) + Ni (6)
2CQ(s) + Oz — 2CO(s) (7)
4NiO + CH4 — COy + 2H,0 + 4Ni (8)
CO(s) — CO(g) 9)

gest that the highly reactive monatomic carbon)(C
may dominate on the catalyst after five pulses ofyCH
Fig. 7 shows the pulse results of GHD, over
Ni/6-Al,03 (P) at 1023 K. It is clear that CHcon-
version and CO selectivity were at a steady state even
for the first pulse. This suggests that POM is the
main reaction over the partially reduced catalyst when
CH4/O, was pulsed. So, here it is again confirmed
that metallic nickel forms the active sites for POM.
To study the surface state of the catalyst after
CH4/O; pulses, CH was pulsed after 15 pulses of
CH4/O2. The selectivity of CO (15.7%) was lower
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than that over N#-Al,03 (P) (29.1%,Fig. 2), which

By comparison, the results of GHD, pulses over

indicates that a certain part of the lattice oxygen was Ni/6-Al,03 (R) catalyst are shown iRig. 8 The CH,

consumed during the pulses of @B,. Here, it can
be tentatively suggested that NiGpecies are the

active phase for POM. At th
version (78.1%) was higher

(P) (69.7%,Fig. 2), which suggests that the activity
for CH4 dissociation is enhanced after @B, pulses.

e same time, theQidn-
than that overdNil O3

conversion for the initial three pulses of g/, was
slightly lower than that for the steady state. This in-
dicates that the presence of oxygen species with ap-
propriate bond strength of Ni—O is beneficial to POM.
For the CH pulses after CWO, pulse, it is worthy

to note that the CO selectivity for the first Glulse
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Fig. 8. Pulse reaction of CH#O2(2/1) over Nib-Al,03 (R) catalyst at 1023 K (solid symbols: GHD, pulses, open symbols: for GH
pulses; square: CHconversion, up triangle: CO selectivity, down triangle: £&&lectivity, diamond: Cs selectivity).
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was almost twice higher than that overN#I,03 (R) xH(s) + NiO, — xHO(s) + Ni (22)
(Fig. 4). Since the catalyst has already been well re-

duced before CHO, pulses, the higher CO selectivity ~C(S) + OH(S) — CHO(S) (23)
indicates that there was still additional oxygen species CHO(s) — CO(s) + H(9) (24)
remaining on the catalyst besides the mobile oxygen

from the support after 10 pulses of @iD,. Here, it HO(s) + H(s) — H20(s) (25)
is clear that NiQ species form the active phase for

POM. CO(s) — CO(g) (26)

Comparing the results shown Figs. 1 and 6—8

one can conclude that GHtonversion and the selec- CO(9) — COA9) (27)
tivities of CO and CQ@ can reach almost the same 2H(s) — Hx(g) (28)
steady state irrespective of the initial state of the cata-

lyst during CH/O» pulses at 1023 K. Moreover, POM  H20(s) — H20(g) (29)

1was the ovenwhelming reaction oceurting at the steady companying the dissociation of Gidver the metal-
state. This Implies thal Iné same surtace state can be. nickel, some part of the nickel is oxidized to NjO

reached during pulses of C_il‘(Dz although the initial and relatively free NiO by the gas-phase oxygen. In
state; of the catalyst are dlfferent. As a matter of fact, the following step, surface carbon from GHissocia-
the Nib-Al20s (P) catalyst with the coexistence of .ot with NiQ to form CO (s) and give metal-
NiO, and metallic nickel showed hlgher'actmty to- lic nickel. In this case, the metallic nickel is recycled
ward POM than both Ni-Al>0s (F) and Nif-Al20s by dissociation of Clj and ended up by the reduction
(R). Thus, it is reasonable to propose that Ni®also of NiO,, which can be replenished by gaseous oxy-

an daé:_tlve Shecies for POM. rrgmt;hfba?ﬁ\éﬁ reﬁults gen. The CO (s) may desorb from the surface of the
and discussion, one can conciude that bo € pnase catalyst or react successively with oxygen species to

of metallic nickel and NiQ with appropriate bond form CO, according to the temperature and C/O ra-
strength of Ni—O are responsible for POM. As the re- tio in the system. A small part of GOmay also be

action of CH, with the lattice oxygen of NiQis more from the interaction of Chl with relatively free NiO

fe:cnte ghag Its re_::lgnontyvnh lgtaseous O)iﬁ%e?’tﬁs dem(r)]n— through reaction (21), which can be reoxidized by O
strated above, it is rational to suggest that the mec a'through reaction (17).

nism of POM mainly follows the surface reactions of
the dissociated Cldand the lattice oxygen. Because of
the existence of a small part of relatively free NiO over
the fresh catalyst, alternatively, a part of £€@ay be
from the complete oxidation of Ctby the relatively
free NiO over the catalyst. This can be expressed as

4, Conclusion

Based on the above results and discussion, conclu-
sions can be drawn as follows:

follows:
) 1. Irrespective of the reduction degree of thedNi/
CHs + Ni — C(s) + 4H(9) (15) Al,03, the catalyst exhibits a high activity for GH
. : dissociation.
2Ni+x0z — 2NIO; (16) 2. CHy can be partially oxidized to CO anchHby the
; - lattice oxygen of NiQ present on the N#tAI>O3
2Ni+ O 2NiO 17
o2 (7 (F); the selectivity is enhanced by the existence
xC(9) + NiO, — xCO(S) + Ni (18) of the SMSI-like interaction between NiO and
6-Al203 support.
xCO(s) + NiO, — xCOu(s) + Ni (19) 3. The metallic nickel is the active sites for ¢H
dissociation to surface carbon species, and its
2CQO(s) + Oy — 2COx(9) (20) existence is a prerequisite for POM.

. . 4. Both the reaction temperature and C/O ratio are
4NiO 4 CHg — COz + 2H20 + 4Ni (21) critical to determining the selectivities of CO and
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CQOu. The higher the reaction temperature and the
C/O ratio are, the higher the CO selectivity.

5. Not only the metallic nickel but also NiGspecies
with suitable bond strength of Ni-O plays an im-

portant role in POM. The carbon species deposited

on the catalyst for Chl dissociation react with
NiO, to form adsorbed CO (s) with the reduction
of NiO, to metallic nickel, which is replenished by

the gaseous oxygen. The CO (s) either desorbs to

form gaseous CO or reacts further to form £de-
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