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Abstract

In situ time-resolved FTIR spectroscopy was used to study the reaction mechanism of partial oxidation of methane to
synthesis gas and the interaction of £Eh/He (2/1/45) gas mixture with adsorbed CO species ovep Si@l y-Al,03
supported Rh and Ru catalysts at 500-€D0t was found that CO is the primary product for the reaction ofi/CH/He
(2/1/45) gas mixture over ftreduced and working state Rh/SiCatalyst. Direct oxidation of methane is the main pathway of
synthesis gas formation over Rh/Si€atalyst. CQ is the primary product for the reaction of GiD,/He (2/1/45) gas mixture
over Ruf-Al,03 and Ru/SiQ catalysts. The dominant reaction pathway of CO formation oveyflifO3 and Ru/SiQ
catalysts is via the reforming reactions of £iith CO, and HO. The effect of space velocity on the partial oxidation of
methane over SiPandy-Al,03 supported Rh and Ru catalysts is consistent with the above mechanisms. It is also found
that consecutive oxidation of surface CO species is an important pathway-ofo@®@ation during the partial oxidation of
methane to synthesis gas over Rh/S#dd Ruk-Al,03 catalysts. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction tion pathway over noble metals. Some people claim
that direct oxidation of methane to carbon monoxide
Synthesis gas is the feedstock for large volume pro- and hydrogen (direct route) is the main pathway over
cess such as methanol and Fischer-Tropsch synthesupported Ru [3], Rh [4-6], Pd [7] and Pt [8] cata-
sis [1,2]. The partial oxidation of methane (POM) to lysts. However, other researchers concluded that for-
synthesis gas is a promising alternative to the con- mation of synthesis gas over the same metals mainly
ventional stream reforming process due to its mild proceeded via the sequential combustion and reform-
exothermicity and the more favorable@O ratio in ing of methane (indirect route) [9-11]. In the industrial
the gas obtained. A unified mechanism for partial oxi- process, if the combustion—reforming mechanism pre-
dation of methane to synthesis gas over metal catalystsdominantly contributes to the conversion of methane
has not been reached so far, especially for the reac-to synthesis gas, severe heat management problems
have to be taken into account. Therefore, the elu-

* Corresponding author. cidation of the reaction pathway is of vital impor-
E-mail addresshhiwan@xmu.edu.cn (H.L. Wan). tance.

0920-5861/00/$ — see front matter © 2000 Elsevier Science B.V. All rights reserved.
Pll: S0920-5861(00)00475-2



318 W.Z. Weng et al./Catalysis Today 63 (2000) 317-326

In this paper, in situ time-resolved FTIR (in in situ TR-FTIR experiments were performed using a
situ TR-FTIR) spectroscopy was used to followed home-built high temperature in situ IR cell with quartz
the POM reaction over Rh/Si) Ruk-Al,O3 and lining and Cak windows which could be heated from
Ru/SIG, catalysts, to take aim at contributing to a room temperature to 70C. The schematic diagram
better understanding of the reaction mechanism over of the IR cell is shown in Fig. 1. The internal volume
supported noble metal catalysts. The advantage ofof the IR cell is ca. 25ml. The gas inlet and outlet
using TR-FTIR to study the reaction is that both gas of the IR cell were connected to gas line and vacuum
phase and surface species formed during the reactionsystem (103 torr), respectively, through a three-way
of methane with oxygen can be followed at same valve and a two-way valve. By proper switching these
time. Therefore, the experiments can provide useful valves, the catalyst sample in the IR cell can be evac-
information to the understanding of the reaction path- uated or introduced to different gas atmospheres.
way. The results of catalytic performance of Rh/giO To study the reaction of CHO>/He (2/1/45, mo-
RhA-Al203, RU/SIQ and Ru#-Al,0Os catalysts for lar ratio) gas mixture over the oxidized or reduced
partial oxidation of methane under different space catalyst, the sample in the IR cell was first oxidized
velocity are also presented. with Oy (99.995%) or reduced with H(99.999%)

at 500C for 60 min followed by evacuation at 500

or 600C for ~5min to remove the gas phase O
2. Experimental or Ha. To study the reaction of CHO2/He gas mix-

ture over the working state catalyst surface, arkt

The supported Rh and Ru catalysts were preparedduced catalyst was first pretreated with a gas mixture
by the method of incipient wetness impregnation, us- of CH4/Oz/He at 500 or 60€C, followed by evacu-
ing metal chloride as the precursor compound for the ation to remove the gas phase components. To study
metal. When the solvent evaporated, the solid material the reaction of Cl/O,/He gas mixture with adsorbed
was dried at 110C and calcined at 50C for 2 h. The CO species over the catalyst under the POM reaction
catalyst was then pressed into a self-supporting disk condition, the H reduced catalyst was first treated
(ca. 10 mg for Si@ supported catalyst and ca. 16 mg with CH4/Oo/He gas mixture of3CO at 500C to
for y-Al,O3 supported catalyst) for FTIR study. The generate adsorbed C&*CO) species on the catalyst
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Fig. 1. Schematic diagram of high temperature in situ IR cell. (1) Screw cap; (2) pressing ring; (3) Kalrez O-ring; (4) copper assembly;

(5) gas inlet copper fitting; (6) inner quartz tube; (7) outside quartz tube; (8) stainless steel outside sleeve; (9,12) Legris push-in fittings
for cooling water; (10) thermal couple; (11) gas outlet copper fitting; (13) heater; (14) sample holder; (15) sample disc; (16) IR window;

(17) supporting rod; (18) bottom plate.
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500°C to remove the gas phase component. After pre-

treatment, the catalyst sample under vacuum was care-

fully switched to a gas mixture of C4##0,/He (~4 ml,

0.12MPa) at 500 or 60C. The equilibrium pres-

sure of the gaseous reactant in the IR cell is about

125torr. In most TR-FTIR experiments, the gaseous

reactant was added to the closed IR cell in a batch

mode as described above. In order to get rid of the

possible influence of diffusion (mass transfer) effect

of the gaseous reactant on the reaction, a comparative

TR-FTIR spectroscopy study on the continuous flow ,

reactions of CH/O»/He gas mixture over @and H 3500 3000 2500 2000 1500

Wavenumber / cm-1

pretreated catalysts was also performed. In these ex-

periments, the catalyst sample in the IR cell was first Fig. 2. TR-FTIR spectra of the reaction of Gi®,/He (2/1/45,

oxidized with @ or reduced with H at 500C for molar ratio) gas mixture over the ;(pretreated 1 wt.%Rh/SKO

60 min, followed by evacuation at same temperature catalyst at 500C.

for ~5min to remove the gas phase @& H,. The IR

cell with the pretreated catalyst sample was then filled

with 0.10 MPa of N (99.999%) and switched to aflow (2305, 2350 cm) was the first reaction product be-

of CH4/Oz/He gas mixture (>40 ml/min, 0.10 MPa) at ing observed (0.29s). The intensities of £60ands

500°C. increased with increasing of time. Within first 10s
The reaction of Cl/Oy/He gas mixture over the  after CHy/O»/He was introduced, no IR band of CO

catalyst was continuously followed with a Perkin species was detected. This observation is consistent

Elmer Spectrum 2000 FTIR spectrometer equipped with the pulse reaction results over the same catalyst

with a liquid-nitrogen-cooled MCT detector. The IR and indicates that fully oxidized rhodium surface is re-

spectra were recorded at the resolution of 16&m  sponsible for the formation of GCand HO [4]. After

with average of 2—4 scans. The reference spectrumabout 12s, IR band of adsorbed CO (2015 ¢jrand

was that of the catalyst prior to the admission of those of gas phase CO (2115 and 2172 &mwere

CHa/Oa/He or3CO. The time resolution of the spec- also detected. Before the appearance of CO adspecies,

trum was chosen between 0.28 and 0.6 s, dependingsignificant amount of C®has been formed in the IR

on the reaction rate. cell, indicating that part of the Rh atoms have been
Catalytic performance of Rh/S{Q RhA-Al20O3, reduced to metallic state. Over the metallic rhodium

Ru/SiG and Ru-Al,03 catalysts for POM reaction  sites, two possible reactions leading to the formation

was studied using C{O,/Ar = 2/1/45 (molar ra- of CO should be considered, (I) GHvas activated

tio) as reaction feed. The catalyst (0.018—-0.060ml) on RH site and dissociated to surface @i = 0-3)

was reduced with bl at 600C for 40 min before it species which was then converted to CO through a

was switched to the reaction feed at 500 or GDO series of surface reactions, including the dissociation

of H from CH, and oxidation of surface C species
by the oxygen species on the catalyst surface [12].

surface, followed by briefly evacuation (0.5-1 min) at I §§
A=0.05 Vo
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3. Results and discussion (1) CH4 reacted with C@ and/or HO by reforming
reaction to form CO [13]. However, based on the

3.1. Interaction ofCH4/0,/He with oxidized, results of TR-FTIR study and catalytic performance

reduced and working stateh/SiO, catalyst evaluation on the reaction of GHvith CO, over H,

reduced 1 wt.%Rh/Si@catalyst (see below), it can be
When an @ pretreated 1wt.%Rh/SiO sample concluded that, the reforming of GHvith CO, was
was switched to a gas mixture of GiD,/He at not the dominant reaction pathway to the formation
500°C, TR-FTIR spectra (Fig. 2) showed that €0 of CO under the experimental condition.
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Fig. 3. TR-FTIR spectra of the reaction of Gid,/He (2/1/45,

molar ratio) gas mixture over the sHreduced 1wt.%Rh/Si9 Fig. 4. TR-FTIR spectra of a continuous flow reaction of
catalyst at 500C. CH4/Oy/He (2/1/45, molar ratio) gas mixture over, Qretreated

1Wt.%Rh/SiQ catalyst at 500C. (GHSV > 140,000 I 1).

Different from the situation over the oxidized cat- s the primary product for the reaction ovep tgre-
alyst, adsorbed CO (2017 crH) was the first product  treated sample. These observations are consistent with
being detected (0.6 s) for the reaction of £ahd G the results of TR-FTIR experiments shown in Figs. 2
at 500C over the H reduced 1wt.%Rh/SiDcata- and 3 and indicate that the diffusion (mass transfer)
lyst (Fig. 3). The IR bands of C£X2308, 2348 cm?) effect of gaseous reactant has no significant influence
and that of gas phase CO (2110, 2178¢jnwere de-  on the result of TR-FTIR measurement under the ex-
tected at 1.2 and 1.8, respectively, after the catalyst perimental conditions, especially in the determination
was switched to a gas mixture of G#Do/He. It was of the primary product of the reaction.
also found that, after 3.6 s when @/,/He gas mix- To get rid of the possibility of CO forma-
ture was introduced into the IR cell, the IR bands of tjon through the reforming of CHwith CO, the
CHg, continued to decrease, while those of £k&pt
increasing. These observations suggested that the re-
forming reaction may not be a dominant pathway of
CO formation under our experimental conditions, oth-
erwise, simultaneous decrease of the IR bands of CH
and CQ should be observed, especially in the latter
period of the reaction.

Figs. 4 and 5 show, respectively, the TR-FTIR spec-
tra when a gas mixture of G4HO,/He continuously
flow over the G and H, pretreated 1 wt.%Rh/Siat-
alysts at 500C. In these experiments, the gas hourly
space velocity (GHSV) of the reactant is higher than
140,000 1. The average contact time of the reac-
tant with the catalyst is, therefore, less than 0.026 s,
which is much shorter than the time scale of repeat 3500 3000 2500 2000 1500
TR-FTIR measurements (0.3-0.6 s). As it can be seen Wavenumber / ¢m-1
f“?m Figs. 4 and 5, C® spegles (1.9-2.259) is the Fig. 5. TR-FTIR spectra of a continuous flow reaction of
primary product for the reaction over,Qretreated  cH,/O/He (2/1/45, molar ratio) gas mixture over, Heduced
1wt.%Rh/SiQ, while adsorbed CO species (0.30S) 1wt.%Rh/SiQ catalyst at 500C. (GHSV > 140,000 IT™2).

Absorbance
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TR-FTIR study on the reaction of GHwith COy
(COy/CH, = 1/1, 0.30ml, 0.10 MPa) over a K re-
duced 1 wt.%Rh/Si@catalyst was also performed. It
was found that, compared to the rate of CO formation
by direct oxidation of CH (Figs. 3 and 5), the rate
of CO formation via the reforming of CHwith CO,

321

at 500C. In general, the evolution of the IR spectra
shown in Fig. 6 is quite similar to that observed over
the H reduced catalyst discussed above (Figs. 3 and
5). The adsorbed CO (2020cH) species was the
first reaction product being observed (0.28s) on the
catalyst. The IR bands of GO(2308, 2350cm?)

was at least two times slower under the experimental and those of gaseous CO could only be detected after

conditions. Therefore, it is very unlikely that the CO
formation from the reaction of CiH02/He gas mix-
ture over the H reduced 1wt.%Rh/SiQcatalyst is
via the reforming of CH with CO». It must also be
realized that, in the early period of POM reaction, the
CO, concentration over the catalyst is much lower
than that used in the TR-FTIR study of the reforming
of CH4 with CO,. On the other hand, the surface of
Rh/SIG, catalyst is fully reduced under the reform-
ing conditions, which will offer higher rate for the
reaction CH with CO,. While under the condition
of CHy partial oxidation, the surface of the catalyst
is partially oxidized, on which the rate of reforming
reaction will be reduced. Thus, under the POM reac-
tion condition, the difference between the rates of the
direct oxidation and reforming reaction may be even

0.83 and 1.1s, respectively. These results indicate
that CO is also the primary product for the reaction
of CH4/Oy/He gas mixture over the working state
Rh/SiG surface.

The reaction mechanism of partial oxidation of
methane over supported rhodium catalysts has been
widely studied [4-6,9-11,14]. However, a common
opinion on the primary product of the reaction has not
been reached so far. Several studies concluded that
CO is the primary product of POM reaction over the
catalysts [4—6]. In contrast, Baerns and co-workers
[10,14] studied the POM reaction over RbhAI;>O3
catalyst using TAP reactor and DRIFTS spectroscopy.
In the TAP experiment, It was found that CO and
CO, appeared at the reactor outlet simultaneously
during the reaction of methane over Rl O3 cat-

larger. Based on the above results, it can be concludedalyst partially reduced by methane, and that the fast

that CO is the primary product of POM reaction over
the H, reduced Rh/Si@surface.

Fig. 6 shows the TR-FTIR spectra when a
CH4/Oy/He gas mixture pretreated 1wt.%Rh/SiO
sample was switched to a gas mixture of f0Bpb/He

2020
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Fig. 6. TR-FTIR spectra of the reaction of Gi./He (2/1/45,
molar ratio) gas mixture over the working state 1wt.%Rh/SiO
catalyst at 500C.

reaction of CQ was observed only in the presence
of carbon deposit. Based on these results, they postu-
lated that CQ is the primary product of the reaction
and that formation of CO proceeded via a fast reac-
tion between surface carbon species and (Based

on the results of TR-FTIR experiments shown in
Figs. 3, 5 and 6, however, the adsorbed CO species
was always the first reaction product being observed
for the reaction of Ci/O,/He gas mixture over §
reduced or working state Rh/SiCratalyst surface.
Since it took some time for an adsorbed CO species
to desorb from the catalyst surface, no IR bands of
gaseous CO was detected before the observation of
adsorbed CO species. Therefore, the conclusion made
on the primary product of POM reaction based sim-
ply on the analysis of the appearance of gas phase
components in the reaction system may not always
be correct. Compared to the CO species, the adsorp-
tion of CO, on the Rh surface is much weaker under
the same condition, as the @Gpecies in the IR cell
will be readily removed by evacuation. Moreover,
the results of catalytic performance evaluation of the
reaction of CQ/CHy (1/1, molar ratio) gas mixture
over H reduced 1wt.%Rh/Si®©indicated that the
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Fig. 7. TR-FTIR spectra of the reaction of Gid,/He (2/1/45, Fig. 8. TR-FTIR spectra of the reaction of GiD,/He (2/1/45,
molar ratio) gas mixture over Opretreated 2 wt.%RytAl,O3 molar ratio) gas mixture over Hreduced 2wt.%Rg>-Al,O3
catalyst at 500C. catalyst at 500C.

conversions of C@ and CH, were less than 5% at action. IR band of adsorbed CO (1967, 2060¢)n
500°C with GHSV = 54,000h 1. Corresponding  and those of gas phase CO (2115, 2177 twas
TR-FTIR study on the reaction of GHvith CO, at detected after 162 and 174s, respectively. Simi-
500°C over H reduced 1 wt.%Rh/Sigalso indicated lar phenomenon was observed for the reaction of
that the IR band of adsorbed CO can only be detected CH4/O2/He over B reduced sample (Fig. 8). But in
after ca. 1.2-2.5s, which is slower than the rate of the later case, since the catalyst has been reduced
CO formation ¢0.3s) through the direct oxidation with Hy before it was switched to the reactant, the
of CH, (Figs. 3 and 5). So it is unlikely that the dom- bands of adsorbed CO (1981, 2055¢m appeared
inant pathway of CO formation for the POM reaction much earlier than the former one. Fig. 9 shows the
over Rh/SiQ catalyst is via the reaction of GQwith TR-FTIR spectra when a CiO,/He gas mixture
surface carbon species. A possible explanation for the pretreated 2 wt.%RytAlo,O3 sample was switched
fast formation of CQ in Bearn and co-workers’ ex-

periment is that the consecutive oxidation of surface

CO species takes place at a very fast rate under the IA:0.0S

experimental conditions. A detailed TR-FTIR study o 120s
on the reaction of CHO2/He gas mixture with ad- 60s

sorbed CO species over the catalyst will be presented 30s

3015
354
2306
2177
2115
1961

in the following section of this paper. % 19s
-g 11s
[7]
3.2. Interaction ofCH4/0O,/He with oxidized, < | o
reduced and working stateu/v-Al,03 catalyst 2.9s
1.7s
Exposure of CH/O./He to an Q pretreated T mQ:83s
2 wt.%Ruk-Al,03 at 500C led to the observation of i : : 0s
CO, (2307, 2349 cm?) as the primary reaction prod- 3sg 30'00 25'00 2000 1500
uct (Fig. 7). With the increase of time, IR band of gas Wavenumber / cm-1

1 . .
phase CH (3015 Cm— ) Contmueq to.decrease, W_hlle Fig. 9. TR-FTIR spectra of the reaction of @iD,/He (2/1/45,
the bands of C@increased only in first 190s period, molar ratio) gas mixture over the working state 2wt.%RAI 03
and remained almost unchanged in rest time of re- catalyst at 600C.
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to CH4/O2/He at 600C. As it can be seen, IR bands

of CO, were observed at 1.7 s, and their intensities
rapidly increased within first 5s period. The band of
adsorbed CO (1961 cm) and those of gas phase CO
(2115, 2177 cm?) were detected at 5.0 and 7.1s, re-
spectively. After 7.1's, both of the IR bands for £H
and CQ decreased with time, while the bands of
gaseous CO continued to increase. These experiments
clearly indicate that C®is the primary product of
POM reaction over RgtAl,O3 catalyst and that
partial oxidation of methane to synthesis gas over
the catalyst is proceeded by combustion—reforming I T T T 1
mechanism. This conclusion is also consistent with 3500 800 avenuoer 1 emet 0’ 1500

the mechanism proposed by Guerrero-Ruiz and

co-workers for the POM reaction over R/HA|203 Fig. 10. TR-FTIR spectra of the reaction of @&,/He (2/1/45,

and Ru/SiQ catalysts based on results of iSOtOpiC molar ratio) gas mixture with adsorbed CO species over
. . 1wt.%Rh/SiQ catalyst with at 500C.
tracing experiment [9].

Absorbance

3.3. Interaction ofCH4/0,/He with Ru/SiO, 2 wt.%Ruf-Al 203 catalysts was studied by TR-FTIR
catalyst spectroscopy at 50C. Before the introducing of
CH4/O2/He gas mixture, the Hreduced Rh/Si@and
The POM reaction over the Heduced 2wt.%Ru/  Ruk-Al,O3 samples were pretreated with ¢/,/He
SiO, catalyst is also studied at 500 and 6Q0us- at 500C, followed by brief evacuation (0.5-1 min)
ing TR-FTIR. Compared to the Ry#Al,O3 catalyst, at same temperature to remove just the gas phase
the reaction over Ru/SiDcatalyst proceeds at much components but leave the adsorbed CO species on
slower rate. At 600C, CO, was the only reaction the catalysts. On both catalysts, €@ formed
product being observed within first 20 min period. Af- shortly after the pretreated catalysts were switched
ter this point, gaseous CO was also found. However, to CHi/O2/He. However, over Rh/Si9 (Fig. 10),
no IR band of adsorbed CO was detected. This re- no decrease in the intensity of IR band of surface
sult suggested that combustion—reforming mechanism CO (2017 cmit) species was observed, while over
is also the dominant pathway of CO formation for Ruk-Al2Oz3 (Fig. 11), the formation of C® (2310,
the POM reaction over Ru/Siatalyst. One possible 2350 cnt!) was accompanied by rapid consumption
reason for the low activity of Ru/Siis attributable of surface CO species (1983, 2057t The exper-
to a low surface area of Ru [15]. However, it was also iment using3CO as tracing molecule showed that
found that the nature of support also induced notable (Fig. 12), when a Rh/Si@catalyst with pre-adsorbed
difference in the catalysts related to the capacity of 3CO was switched to a gas mixture of @/@,/He,
decomposition of Cll [15,16]. It has been reported the surfacel®CO species was quickly oxidized to
that alumina is a support that a higher dehydrogena- 13CO,. However, since CO is the primary product of
tion ability confers to metal, followed by titania, silica, POM reaction over Rh/Si€catalyst, the reactédCO

and finally, by magnesia [16]. adspecies will be rapidly replenished by the adsorbed
12C0O species, which is formed by direct oxidation of
3.4. Interaction ofCH4/0,/He with adsorbedCO CHa. These observations indicate that consecutive ox-
species oveRh/SiO, and Ru/vy-Al,03 surfaces idation of surface CO species is an important pathway
of CO, formation for the POM reaction over Rh/SiO
To elucidate the reaction pathway of g@rma- and Ru#-Al,Os3 catalysts. The results also provide

tion through CO oxidation under POM condition, further experimental evidences for the different mech-
the interaction of C/O,/He gas mixture with ad-  anisms of partial oxidation of methane to synthesis
sorbed CO species over the 1wt.%Rh/gi@nd gas over Rh/Si@and Ru#-Al,03 catalysts.
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Fig. 11. TR-FTIR spectra of the reaction of @&,/He (2/1/45,
molar ratio) gas mixture with adsorbed CO species over
2 wt.%Ruf-Al 03 catalyst at 500C.

3.5. Effect of space velocity on the partial oxidation
of methane ove8iO, andy-Al,03 supportedRh
and Ru catalysts

In order to obtain more information on the reaction
pathway of synthesis gas production over Rh&iO
RhA-Al203, RU/SIG and Ru#-Al>Os catalysts, the
influence of gas hourly space velocity (GHSV) of the
reactant on the catalytic performance of POM reac

W.Z. Weng et al./Catalysis Today 63 (2000) 317-326

Absorbance

2000
Wavenumber / cm-1

3500 3000 2500

Fig. 12. TR-FTIR spectra of the reaction of @&y/He (2/1/45,
molar ratio) gas mixture with adsorbe#CO species over
1wt.%Rh/SiQ catalyst at 500C.

GHSV increased from 54,000 to 216,000ththe se-
lectivities to B and CQ decreased, while the se-
lectivity to CO increased. With further increasing of
GHSV from 216,000 to 360,000, the selectivi-
ties on 1wt.%Rh/SiQ catalyst is almost unchanged,
while the selectivity of CQ@ on 1wt.%Rh4-Al>O3
continues to decrease and that of CO continues to in-
crease. Over both catalysts, the variation of GHSV has
only little effect on the conversion of CH For the

- SiO; and y-Al,03 supported Ru catalysts, however,

tion over the supported Rh and Ru catalysts were stud-the conversion of methane and the selectivity of CO

ied at 500 and 60, respectively (Table 1). For the
SiO; and«y-Al,03 supported Rh catalysts, when the

decreased, while the selectivity of Gicreased with
increasing GHSV.

Table 1

Catalytic performance of Siandy-Al,O3 supported Rh and Ru catalysts for partial oxidation of methane

Catalyst Temperature' €) GHSV (1) CHg conversion (%) Selectivity (%) #CO

CcO H COo,

1wt.%Rh/SiQ 500 54000 55.4 62.6 86.3 37.4 2.76
216000 55.8 72.3 76.4 27.7 2.11
360000 53.4 71.5 75.1 28.5 2.10

1 wt.%RhA-Al203 500 54000 47.5 47.7 83.7 52.3 3.51
216000 46.0 55.0 78.1 45.0 2.84
360000 47.6 60.4 77.2 39.6 2.55

4 wt.%Ru/SiIQ 600 54000 83.9 90.9 89.6 9.1 1.97
216000 79.1 88.4 88.8 11.6 2.01
360000 77.3 87.0 87.3 13.0 2.01

4 wt.%Ruk-Al 2,03 600 54000 83.6 89.3 89.3 10.7 2.00
216000 73.6 85.6 88.2 14.4 2.06

a8Feed: CH/O,/Ar = 2/1/45 (molar ratio); data were obtained after 15min on stream.
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Fig. 13. Influence of catalyst volume on the POM performance of 1wt.%Rhb/&#talyst at 600C. Feed: CH/O,/Ar = 2/1/45 (molar
ratio). Data were obtained after 30 min on stream.
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Fig. 14. Influence of catalyst volume on the POM performance of 4 wt.%Ru/8#talyst at 600C. Feed: CH/O,/Ar = 2/1/45 (molar
ratio). Data were obtained after 30 min on stream.

In another experiment, the flow rate of the reactant alyst at 500C. Over the Ru/Si@ however, Raman
was remained at 300 ml/min. The variation of GHSV bands attributable to ruthenium oxide (489, 609¢jn
was achieved by changing the volume of catalysts. It can even be detected at 6@ These observations
was found that, when the volume of catalyst was re- suggest that Ru/Sifcatalyst has a much higher ten-
duced from 0.06 to 0.018 ml (Figs. 13 and 14), the CO dency to be oxidized than Rh/Si@atalyst. Therefore,
selectivity over 1 wt.%Rh/Si@catalyst remained al-  the significant difference in the mechanisms of POM
most unchanged, while that over 4 wt.%Ru/gitata- reaction over the supported Rh and Ru catalysts may
lyst gradually decreased from 88.1 to 81.7%, although have resulted from the difference in the concentration
the conversion of Cklover both catalysts decreased of surface of oxygen species $O) over two catalyst
significantly. All of these results are in support of the systems under the reaction conditions.
mechanisms proposed based on the TR-FTIR studies
for the POM reaction over SigDand y-Al,O3 sup-
ported Rh and Ru catalysts. The significant differ- 4. Conclusions
ence in the reaction mechanisms of partial oxidation
of methane to synthesis gas over supported Rh and Based on the results of TR-FTIR study and the
Ru catalysts may be ascribed to the higher affinity catalytic performance evaluation over Rh/$jO
for oxygen on Ru compared to Rh. The results of RhA-AlI;O3, Ru/SIQ and Ru#-Al,Os catalysts,
in situ microprobe Raman spectroscopic characteriza- following conclusions can be made:
tion indicated that, during the simultaneous interaction 1. CO is the primary product of POM reaction over
of CH4/O2/Ar gas mixture with 4 wt.%Rh/Si®and the H, reduced and working state Rh/Si@ata-

4 wt.%Ru/SiQ catalysts, no Raman band of rhodium lyst. Direct oxidation of CH to synthesis gas is
oxide (491 cm!) was detected over the Rh/Si®@at- the main pathway of POM reaction over Rh/3iO
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catalyst. Compared to the direct oxidation of £H
to CO, the reforming of Chkl with CO, is not
the dominant route of CO formation over the
catalyst.

2. CO is the primary product of POM reaction over
Ruk-Al,03 and Ru/SiQ catalysts. The dom-
inant reaction pathway for CO formation over
RuA-Al20O3 catalyst is via the reforming reac-
tions of CH; with CO, and HO. Significant
difference in the mechanisms of partial oxidation
of methane over the supported Rh and Ru cat-
alysts may have resulted from the difference in
the concentration of surface of oxygen species
(O%") over two catalyst systems under the reaction
conditions.

3. Forthe POM reaction over Rh/Si@nd Ru#-Al 203
catalysts, consecutive oxidation of surface CO
species is an important pathway of €O
formation.
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