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The reaction behaviors of CH4 and CH4/O; (2/1) with reduced
(Rh/Si0O,) and oxidized (Rh(0)/SiO,) SiO,-supported rhodium cata-
lysts were investigated at temperatures ranging from 600 to 800°C
over a pulse microreactor. The interaction of methane with Rh/SiO;
led to CO, H, and surface carbon formation. The conversion of
methane increased with the increase in rhodium loading. During the
interaction of methane with Rh(O)/SiO, catalysts having rhodium
loading >0.5%, besides CO, Hy, and surface carbon, CO, and H,0
were formed. Total oxidation of methane occurred over rhodium
oxide together with the simultaneous reduction of Rh®* to RhC.
The partial oxidation of methane as well as the decomposition of
methane took place over the resulting metallic rhodium. Within
the first pulse of CH4/O5 (2/1), rhodium oxide in the oxidized cata-
lysts was reduced to metallic rhodium. From the second pulse on-
ward, both methane conversion and CO selectivity were similar to
those observed over the reduced catalysts. The results indicate that
metallic rhodium is the active site for methane partial oxidation
and chemisorbed oxygen species have participated in the methane
oxidation reaction. We suggest that OH groups and/or certain low
coordinated oxygens of SiO, were also involved in the oxidation of
methane, especially at low rhodium loadings. Deuterium isotope ef-
fects in the methane partial oxidation reaction were investigated at
700°C by performing CH,4 + Oz and CD4 + O3 reactions alternately
over the Rh/SiO; catalysts. Normal deuterium isotope effects of sim-
ilar magnitude were observed on the overall reaction of methane
oxidation as well as on the CO and CO, formation reactions with
insignificant change in product selectivities. The results indicate
that methane dissociation is a key step and that CO and CO, are
formed via some common intermediates, viz. surface CHy (x =0-3)
species. The activation energies for methane dissociation with or
without the involvement of chemisorbed oxygen on a Rh(111) sur-
face were calculated by means of the bond-order conservation
Morse-potential approach.  © 1997 Academic Press

1. INTRODUCTION

The conversion of methane to syngas is an important way
to utilize methane. The steam reforming of methane over
supported nickel catalysts operated above 800°C and 15atm
is the dominant commercialized method for syngas produc-

1 To whom correspondence should be addressed. Fax: H.K. 23397348,

tion (1,2). The reactionis highly endothermic, and a mixture
of CO and H; with a H/CO ratio of >3 is produced. Re-
cently, the direct oxidation of methane to syngas has been
investigated with renewed interest (3-19). The reaction is
mildly exothermic and produces syngas with a H,/CO ra-
tio of about 2, a composition more suitable for methanol
and Fischer-Tropsch syntheses. Thus, the direct oxidation of
methane is more energy efficient and can produce a H,/CO
ratio more desirable than that obtained in steam reforming.
Conversions close to equilibrium values can be achieved for
the direct oxidation reaction over supported noble metals
suchas Rh, Ru, Pd, Pt, and supported Ni catalysts. Rhodium
is supposed to be the only metal which gives high and stable
syngas yield (13).

Concerning the reaction pathway for methane partial ox-
idation to syngas, several reaction schemes have been sug-
gested. Many researchers (3, 4, 10, 12, 14) favored the idea
of Prettre et al. (20), who proposed that two stages are in-
volved: (i) complete oxidation of methane to CO, and H;0,
and (ii) reforming of the remaining methane by H,O and/or
CO, formed in the first stage. Schmidt and co-workers (7, 8,
11, 13) suggested that syngas is formed directly in methane
oxidation without the involvement of CO,. They proposed a
mechanism of catalytic methane pyrolysis followed by sur-
face carbon oxidation and hydrogen desorption. Choud-
hary and co-workers (5, 6) also advocated the direct oxi-
dation of methane to syngas. Buyevskaya et al. (15), how-
ever, suggested that CO is formed via a fast reaction of
surface carbon species with CO,; both are primary prod-
ucts of methane interaction, respectively, with reduced and
oxidized surface rhodium sites.

Concerning the active sites for methane partial oxidation
to syngas, Lunsford and co-workers (4) proposed that
the unreduced NiO/Al,O3; and the reduced Ni/Al,O3
were, respectively, the active sites for the initial complete
oxidation of methane and for the consecutive reforming
reactions of methane. Buyevskaya et al. (15) suggested
that reduced and oxidized surface rhodium were active
sites for methane decomposition to surface carbon and
methane complete oxidation to CO,, respectively. Mallens
et al. (17) have studied the reactivity of three different
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types of oxygen, viz. platinum oxide, dissolved oxygen,
and chemisorbed oxygen, and concluded that syngas is
produced from methane via oxygen present as platinum
oxide. In our previous studies (19), we proposed that
metallic nickel in reduced Ni/SiO; catalyst was active for
methane decomposition and syngas formation.

As reported by Dissanayake et al. (21) and by Chang
and Heinemann (10), a large thermal gradient as much as
300-600°C (or hot spots) could be created in the catalyst bed
during the oxidation of methane at high space velocities.
Thus, it is hard to identify reliably the reaction mechanism
from data obtained in conditions where hot spots might
be a problem. Boucouvalas et al. (14) heavily diluted both
the feed gas and the solid catalyst to ensure the absence
of hot spots in their mechanistic studies of methane partial
oxidation. The pulse technique has also been used by many
researchersto lessen the problem (15-19). Since the amount
of reactant(s) pulsed in each time over the catalyst is small,
the problem of hot spots can be avoided.

The aim of the present study was to investigate the re-
action mechanism and the nature of the active site for the
partial oxidation of methane over rhodium catalysts, using
the pulse and BOC-MP methods. The reaction behaviors
of CH4 and CH4/O, with reduced and oxidized rhodium
catalysts were compared in the 600 to 800°C range. Further-
more, deuterium isotope effects were investigated by per-
forming the CH4 + O, and CD,4+ O, reactions alternately
over the reduced catalysts to probe the mechanistic aspects
of methane partial oxidation to syngas.

2. EXPERIMENTAL

2.1. Catalyst Preparation

The SiO2-supported rhodium catalysts were prepared by
impregnating SiO; granules (Aldrich, 0.2-0.3 mm, 406 m%/g)
with RhCl3-3H,0 (Beijing Chemical Institute) methanol
solution, followed by drying at 110°C for 12 h and cal-
cining at 500°C for 2 h for decomposition. The catalysts
so prepared were the oxidized ones and are signified as
Rh(O)/SiO,. The catalysts further treated in H, at 500°C
for 1 hwere the reduced ones and are expressed as Rh/SiO,.
The dispersion of rhodium for Rh/SiO, catalysts was deter-
mined by means of H,—O, titration at room temperature
and the results are listed in Table 1.

2.2. Pulse Reaction

The apparatus for pulse reaction has been described pre-
viously (16), only the reactor used this time was made of
quartz tubing with 4 mm i.d. During the pulse experiments,
there was a constant flow of helium (flow rate, 17 ml/min)
through the reactor, and the reactant gas mixture was
flushed in by the carrier gas. The time interval between
pulses during the pulse experiments of CH4/O; (2/1) was
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TABLE 1

Characteristic of Catalysts

Rh loading Dispersion*  Particle diameter®  Specific metal area

(Wt%) (%) (nm) (m?-Rh/g-cat)
0.05 100° <11 0.23

0.2 96.2 1.11 0.89

0.5 85.7 1.25 1.98

1.0 67.5 1.59 3.12

2.0 49.8 2.15 4.60

4.0 32.7 3.27 6.04

8.0 26.0 4.12 9.61

@ Assuming an adsorption stiochiometry of H(O) :Rh=1:1.
b Assuming a hemispherical model for metal particles.
¢ Estimated.

12 min. For the pulse experiments of CH, over the reduced
catalysts, it was 5 min. For the pulse experiments of CH,
over the oxidized catalysts, the time interval was 12 min be-
tween the first and the second pulse and was 5 min between
pulses thereafter. For each study, 50 mg of catalyst was used,
and the pulse volumes of methane and methane/oxygen
(2/1) were 1.11 and 1.03 ml, respectively. The reactants and
products were analyzed on-line by a Shimadzu GC-8A gas
chromatograph equipped with TCD (MS5A and Porapak
Q as columns). The blank runs with CH4/O, (2/1) mixture
showed almost no activity at or below 700°C, and ca. 6.5%
of methane conversion at 800°C due to gas-phase reac-
tion. For each experiment, the conversion of methane (X)
was defined as Xcn, = (Nin,cH, — Nout,cH,)/ Nin.cH,, Where n
is the total amount of molecules (mol). Selectivities (mol%b)
were calculated on the basis of carbon contents in the
products.

As pointed out by Schmidt and co-workers (7), mass
transfer limitations can be eliminated at low pressures.
Since the reactant(s) in the pulse reaction had been diluted
by the carrier gas before passing the reactor, one might ex-
pect the effects of mass transfer were not significant.

2.3. Investigation of Deuterium Isotope Effects

The experiment was carried out in such a manner that
CH4/O, (2/1) was first pulsed over the prereduced cata-
lyst to perform the CH4+ O, reaction. After the eighth
CH4/O;, pulse, CD4+ O, reaction was carried out by puls-
ing in CD4/O; instead. After the eighth pulse of CD4/O5,
the CH, 4 O, reaction was carried out again. By perform-
ing the CH,4 + O, and CD4 + O, reactions alternately in this
way, deuterium isotope effects were investigated. Average
values of methane conversion and yields of CO and CO,
in the CH4 + O, and CD4+ O, reactions were calculated
with the exclusion of the first two points in each set of
eight reaction points. The relative ratios of methane con-
version, CO and CO, yields in the CH4 + O, reaction to the
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corresponding ones in the CD4+ O, reaction are used to
express the magnitude of isotope effects.

2.4. BOC-MP Approach

The bond-order conservation Morse-potential approach
was developed by Shustorovich (22). It has been applied
successfully in the calculations of adsorption heats of re-
actants, intermediates and products as well as activation
energies for elementary processes over transition metals
(23-25). In the present case, the BOC-MP method was
used to evaluate the activation energies and reaction en-
thalpies for the elementary steps of methane dissociation
with or without the involvement of chemisorbed oxygen on
Rh(111) surface.

3. RESULTS

3.1. Interactions of CH,4 with Rh/SiO, and Rh(O)/SiO;

The interactions of methane pulses with the reduced and
the oxidized catalysts were investigated at 700°C. Over the
reduced catalysts, H, and CO were detected. When O, was
pulsed in instead after the 18th pulse of methane, CO and
CO,were detected over the Rh/SiO; catalysts with Rh load-
ings higher than 0.05%, signifying the generation of surface
carbon species during the previous interaction of methane.
The amount of surface carbon formed at each reaction point
was evaluated according to the carbon balance. Over the ox-
idized catalysts, except for the catalyst with 0.05% Rh load-
ing, CO, and H,O were formed besides CO, H, and surface
carbon during the first reaction point of methane. From the
second reaction point onward, the products formed over
the oxidized catalysts were similar to those observed over
the reduced catalysts.

In Fig. 1, the reaction behaviors of CH,4 with the reduced
and the oxidized catalysts during the first reaction point
were compared. Over the reduced catalysts, with the
increase of rhodium loading from 0.05 to 8.0%, methane
conversion increased from ca. 5 to ca. 40% and the
selectivity of surface carbon increased from 0 to ca. 84%,
whereas CO selectivity decreased from 100 to ca. 16%.
Over the oxidized catalysts, with the increase in Rh loading
from 0.05 to 8.0%, methane conversion increased from ca.
6.5 to ca. 70% and CO. selectivity increased from 0 to ca.
40%, while CO selectivity decreased from ca. 86 to ca. 26%
and the selectivity of surface carbon exhibited a maximum
value at 2.0% rhodium loading. At the first reaction point,
the molar ratios of rhodium oxide to CH, pulse size
(Rh,03/CH,) over the four oxidized catalysts with 0.05,
0.5, 2.0, and 8.0% Rh loadings were estimated to be 0.002,
0.02, 0.10, and 0.36, respectively. The yields of CO, over
these catalysts were 0, 1.3, 6.1, and 27.9%. So, there was
a parallel relation between the molar ratio of Rh,O3/CH;,
and the activity for CO, formation. From Fig. 1, it can
also be seen that methane conversion was higher over

339

B
=3
kel
4
[l
>
fo
[o]
(]
@
c
©
E=
Q
E
I T I T I
0 2 4 6 8
Rh loading , %

100

90

80

N 70
=

£ 60—

2 50
[
7]

40—

30

20

10

0 —

Rh loading, %
FIG. 1. Comparison of (a) methane conversion and (b) CO (O), sur-

face carbon (A), and CO, (<) selectivities during the first reaction point of
CH, over Rh/SiO; (open symbols) and Rh(O)/SiO; catalysts (solid sym-
bols) at 700°C. The turnover frequencies for methane conversion over the
reduced Rh/SiO, catalysts with 0.05, 0.5, 2.0, and 8.0% rhodium loadings
are 2.46,0.77,0.77, and 0.54 571, respectively.

Rh(O)/SiO; than that over Rh/SiO, for the same rhodium
loadings, indicating that rhodium oxide has higher ability
for methane conversion than metallic rhodium.

Figure 2 shows the variation of methane conversion and
the yield of surface carbon over the Rh/SiO, catalysts as
related to the number of methane pulses. During the first
six reaction points, both methane conversion and the yield
of surface carbon increased greatly with the increase in
rhodium loading from 0.05 to 8.0%. For the Rh/SiO; cata-
lysts having rhodium loading >0.5%, one can see that dur-
ing the first six reaction points, with the increase in methane
pulse number, the higher the rhodium loading was, the
faster would be the decrease in methane conversion and
the yield of surface carbon. The results indicate that the
catalysts with higher rhodium loading have higher ability
for methane dissociation and the occupancy of the active
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FIG. 2. The relationship of (a) methane conversion and (b) surface
carbon yield with the number of methane pulses over 0.05% Rh/SiO,
(@), 0.5% Rh/SiO, (M), 2.0% Rh/SiO, (#), and 8.0% Rh/SiO, (A) at
700°C. The turnover frequencies for methane conversion during the first
reaction point of methane over the reduced catalysts with 0.05, 0.5, 2.0,
and 8.0% rhodium loadings are 2.46, 0.77, 0.77, and 0.54 s7%, respectively.
The corresponding turnover frequencies for surface carbon formation are
0,0.35, 0.61, and 0.45 s, respectively.

sites by carbon species could be the reason for the de-
cline in methane conversion. Over the Rh(O)/SiO; cata-
lysts, from the second pulse of methane onward, the pat-
terns of methane conversion and the yield of surface carbon
were similar to that over the reduced catalysts, indicating
that rhodium oxide was largely reduced to metallic rhodium
during the first reaction point.

3.2. Interactions of CH4/O, with Rh/SiO; and Rh(O)/SiO,

The simultaneous interactions of methane and oxygen
with the reduced and the oxidized catalysts were investi-
gated by pulsing in CH4/O, mixture with a stoichiometric
feed ratio of 2/1. The products formed were CO, Hy, CO,,
and H,O. According to the result of carbon balance, it can
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be assumed that no carbon was deposited on the catalyst
surface after each reaction point.

In Fig. 3, the reactivities of CH4/O; over 2.0% Rh/SiO,
and over 2.0% Rh(O)/SiO, were compared at tempera-
tures ranging from 600 to 800°C. At the first reaction point,
methane conversion over the latter was higher than that
over the former and CO selectivity over the latter was
ca. 25% lower than that over the former regardless of reac-
tion temperature. From the second CH4/O; pulse onward,
CO was the primary carbon-containing product, and both
methane conversion and CO selectivity over the oxidized
catalyst were comparable with that over the reduced one.
Over catalysts with 0.5 and 8.0% rhodium loadings, sim-
ilar results were observed. Over the catalyst with 0.05%
rhodium loading, as the amount of Rh,O3 in the oxidized
catalystwas very low, the differences between methane con-
versions and between CO selectivities over the reduced and
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FIG. 3. Comparison of (a) methane conversion and (b) CO selectivity
during CH, + O, reaction over 2.0% Rh/SiO; (open symbols) and 2.0%
Rh(O)SiO, (open symbols) at 600 (O), 650 (), 700 (<>), and 800 (A)°C.
The turnover frequencies for methane conversion during the first reaction
point of CH4/O, at 600, 650, 700, and 800°C are 1.04, 1.20,1.29,and 1.68 57,
respectively.
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oxidized catalysts were not significant. In Fig. 4, the reac-
tion behaviors of CH4/O, over the reduced and the oxi-
dized catalysts during the first reaction point were com-
pared. For the reduced catalysts, no significant changes in
methane conversion and in CO selectivity were observed
when rhodium loading was increased from 0.5 to 8.0%,
whereas over the oxidized catalysts, methane conversion
increased greatly and CO selectivity decreased significantly.

3.3. Deuterium lIsotope Effects in Methane Partial
Oxidation Reaction

Deuterium isotope effects were investigated over the
Rh/SiO; catalysts at 700°C by performing the CH;+ O,
and CD4+ O, reactions alternately. Figure 5 shows the
variations of methane conversion, yields of CO and CO,,
and CO selectivity over a 0.5% Rh/SiO, catalyst at 700°C
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FIG. 4. Comparison of (a) methane conversion and (b) CO selectivity
during the first reaction point of CH4#/O, over Rh/SiO; catalysts (open
symbols) and Rh(O)/SiO; catalysts (solid symbols) at 600 (O), 650 ((J), 700
(<), and 800 (A)°C. The turnover frequencies for methane conversion at
800°C over the reduced Rh/SiO, catalysts with 0.5, 2.0, and 8.0% rhodium
loadings are 3.89, 1.68, and 0.87 s™%, respectively.
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TABLE 2

Activation Energies (AE*) and Reaction Enthalpies (AH) for
Methane Direct Dissociation on Rh(111) Surface (kJ/mol)

Reaction AE* AH
CHA,S e CH3,S + Hs 61 10
CH3s — CHys + Hs 103 59
CH3s — CHs + Hs 100 32
CHs — Cs + Hg 21 —146

as a function of the number of methane/oxygen pulses.
As shown in Fig. 5a, when CH,+ O, reaction was alter-
nated to CD4 + O,, methane conversion decreased notice-
ably (by ca. 6%); conversely, when CD,4 + O, was changed
to CH,4 + O,, methane conversion increased distinctly, indi-
cating the overall reaction of methane oxidation showed a
normal deuterium isotope effect. From Figs. 5b and 5c, one
can see that the yields of both CO and CO, showed the same
trend as methane conversion, indicating that both CO and
CO, formation reactions showed normal deuterium iso-
tope effects in methane partial oxidation reaction. Methane
conversion, CO and CQO; yields in the CH,; + O, reaction
were all about 1.08 times that in the CD4 + O, reaction. As
shown in Fig. 5d, with the exclusion of the first reaction
point of CH4/O; pulses where stable state has not yet been
reached, CO selectivity (CO, as well, though not shown)
stayed at almost the same level, meaning no significant
change in product selectivities occurred during the alter-
nations of CH;+ O, and CD4+ O reactions. Over other
reduced rhodium catalysts with different Rh loadings, sim-
ilar results were observed.

3.4. Activation Energies for Methane Dissociation
on Rh(111) Surface

The activation energies for methane dissociation on
Rh(111) with or without the involvement of oxygen were
calculated by means of the BOC-MP approach and the
results are presented in Tables 2 and 3. Three types of

TABLE 3

Activation Energies (AE*) and Reaction Enthalpies (AH) for
Methane Dissociation with the Involvement of Chemisorbed Oxy-
gen on Rh(111) Surface (kJ/mol)

AE* AH
Reaction On-top Bridge Hollow On-top Bridge Hollow
CHys+0Os — 0 56 7 —120 8 51
CH3.S + OHS
CH3s+0Os — 31 95 116 —71 57 100
CHZ.S + OHS
CH2s+0Os — 25 89 111 —-98 30 73
CHs + OHs
CHs + Os — 0 33 61 —276 148 —105
Cs + OH;
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FIG.5. The relationship of (a) methane conversion, (b) CO yield, (c) CO, yield, and (d) CO selectivity with the number of methane/oxygen (open
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adsorbed oxygen species located at on-top, bridge and hol-
low sites were considered. The results indicate that the di-
rect dissociation of methane on Rh(111) is strongly acti-
vated. As shown in Tables 2 and 3, in comparison with the
direct dissociation of methane, methane dissociation reac-
tions involving O; located at on-top sites have lower activa-
tion energies and reaction enthalpies, while those involving
O at hollow sites have higher activation energies and are
more endothermic.

4. DISCUSSION

4.1. Active Site for Methane Partial Oxidation to Syngas

During the first reaction point of methane with the re-
duced catalysts, at 0.05 and 0.5% rhodium loadings, CO
formation dominated, while at 2.0 and 8.0%, methane de-
composition and surface carbon accumulation prevailed
(Fig. 1). The results indicate that there were two kinds of
catalytic reactions for methane, viz. partial oxidation to CO
and decomposition to surface carbon species over the re-
duced catalysts. Since there was no oxygen in the feed, the
formation of CO indicates that OH surface groups and/or
certain low coordinated oxygens of the SiO, support had
participated in methane conversion to CO. Similar results

have been reported previously by Buyevskaya et al. (15).
They concluded that OH surface groups of the support
can be involved in the conversion of CHy to CO via re-
forming reaction over 1 wt% Rh/AI,Oj3 catalyst. Since pure
SiO, showed no activity at 700°C toward methane conver-
sion, the activation of methane by reduced rhodium sites
is required for the reaction of methane with surface OH
groups and/or low coordinated oxygens of SiO, support to
form CO.

Different from the situations over the reduced catalysts,
total oxidation products, viz. CO, and H,O were formed
during the first reaction point over the oxidized catalysts
with rhodium loadings >0.5% and CO; selectivity increased
with the increase in rhodium loading (Fig. 1). Since there
was a parallel relationship between the molar ratio of
Rh,03/CH,4 and the activity for CO, formation, it can be
inferred that rhodium oxide is responsible for the forma-
tion of CO, and H,O. As pointed out by Haber (26), total
oxidation of hydrocarbons is often observed over transition
metal oxides even in the absence of gaseous oxygen. Hence,
itisreasonable to deduce that during the first reaction point,
stoichiometric redox reaction (4Rh,O3+ 3CH,;=8Rh+
3CO; + 6H,0) between methane and rhodium oxide in the
oxidized catalysts occurred, leading to the total oxidation
of methane and the reduction of rhodium oxide. It has been
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reported elsewhere (19) that reduced Cu/SiO; was inactive
for methane decomposition and during the interaction of
methane with the oxidized CuO/SiO; catalyst, only the to-
tal oxidation products, viz. CO, and H,O were formed. In
the present work, reduced Rh/SiO, was observed to be ac-
tive for methane decomposition and besides CO, and H,O,
CO was also detected during the interaction of methane
with the Rh(O)/SiO; catalysts. The contrast between cop-
per and rhodium catalysts indicates that methane dissoci-
ation is indeed a key step for CO formation. We suggest
that CO formation proceeds via CHy (x = 0-3) species pro-
duced by methane dissociation over the Rh? sites. Thus,
during the first reaction point of methane with the oxi-
dized catalysts having rhodium loading >0.5%, there were
three kinds of reactions for methane, viz. complete oxida-
tion to CO; over rhodium oxide (simultaneous reduction
of Rh** to RhY), partial oxidation to CO and decomposi-
tion to surface carbon species over the resulting metallic
rhodium.

For the reactions of CH4/O, (2/1) over the reduced and
the oxidized catalysts, similar reactivities were observed
from the second reaction point onward (Section 3.2). Sim-
ilar to those observed during the first reaction point of
methane with Rh(O)/SiO,, CO selectivity decreased and
CO;, selectivity increased with the increase in Rh load-
ing during the first reaction point of CH4/O, over the
Rh(O)/SiO, catalysts (Fig. 4). Thus, it can be deduced
that the oxidized rhodium was almost reduced to metal-
lic rhodium by methane during the first reaction point of
CH4/O; and from the second reaction point onward, reac-
tion actually occurred on the reduced rhodium sites. The
results clearly indicate that metallic rhodium is the active
site for methane partial oxidation to syngas. This is some-
what different from the viewpoint of Buyevskaya et al. (15)
who suggested that the active sites for methane partial ox-
idation over 1% Rh/AI,O3; were surface oxygen. In their
mechanistic studies using transient pulse technique, they
concluded that the overall reaction occurred via a redox
mechanism and the role of gas-phase oxygen is to replenish
the active sites on the surface after depletion of oxygen due
to reaction with methane.

Mallens et al. (17) have reported that no significant
amount of CO formation was observed during pulse ex-
periment of CH4/O, with stoichiometric feed ratio over
reduced platinum catalyst and deduced that oxygen was
incorporated into the catalyst. They considered the obser-
vation as an indication that platinum oxide must be present
for the formation of syngas. In the present work, however,
we find that metallic rhodium is needed for syngas forma-
tion. According to Fig. 1, rhodium oxide has higher ability
for methane conversion than metallic rhodium. So if in-
deed certain amount of metallic rhodium was oxidized to
rhodium oxide during a reaction point of CH4/O,, CO se-
lectivity would have to decrease in the next reaction point
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due to methane total oxidation over rhodium oxide. But
this was not the case. As shown in Fig. 3, over a 2.0%
Rh/SiO; catalyst, CO was formed as the primary carbon
containing product and both methane conversion and CO
selectivity were fairly constant as a function of the number
of CH4/O;, pulses. Over other Rh/SiO, catalysts, similar re-
sults were observed. Thus, we conclude that rhodium can
keep its original reduced state during methane partial oxi-
dation reaction and metallic rhodium is actually the active
site for syngas formation. In view of this, it can also be as-
sumed that chemisorbed oxygen species are involved in the
oxidation of methane. As observed in Section 3.1, during
the interaction of methane with the reduced Rh/SiO, cata-
lysts, CO can be formed via the reaction of methane with
OH groups and/or some low coordinated oxygens of SiOs.
Hence the role of SiO, oxygen sites in the CH;+ O re-
action should also be taken into account, especially when
rhodium loading is low.

4.2. Reaction Mechanism of Methane Partial
Oxidation to Syngas

Asdiscussed in the Introduction, a unified mechanism for
methane partial oxidation has not been reached so far. The
main controversy on the mechanism is whether syngas is di-
rectly formed or is formed via the involvement of CO,. CO,
was believed to be formed in the total oxidation reaction
of methane (3, 4, 10, 12, 14, 15). It was also regarded as the
secondary product of CO further oxidation in the methane
pyrolysis mechanism proposed by Schmidt and co-workers
(7,8, 11, 13). Hu and Ruckenstein (27) have observed delay
in CO; generation in comparison to CO generation in the
transient response curves of the products in a CH4/O, pulse
at 500°C over the reduced 20% Ni/La,O3 catalyst. They
concluded that CO is the primary product and CO; is only
subsequently generated from CO. In the present work, the
pathways for the formation of CO and CO, are discussed
based on the results of deuterium isotope experiments.

The overall reaction of methane oxidation as well as
the CO and CO; formation reactions were observed to
show normal deuterium isotope effects of similar magni-
tude when CD4 was used instead of CH,4 to perform the
methane partial oxidation reaction (Figs. 5a-5¢). Generally
speaking (28), when a bond to hydrogen is broken in the
rate-determining step of areaction, anormal deuterium iso-
tope effect will be expected. Thus, it can be concluded that
methane dissociation is a key step and that CO and CO; are
formed via some common intermediates, whose formations
are subject to deuterium isotope effect. Obviously, these
common intermediates are surface CHy (x=0-3) species
originated from methane decomposition. These conclu-
sions are compatible with the methane pyrolysis mecha-
nism. In addition, the pattern of the change in product se-
lectivities observed during the alternations of CH4 + Oz and
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CD4+ O, reactions can be reasonably explained based on
the following methane pyrolysis mechanism:

Os
CH; g —CHy s — COs —COy

los

COZ,S —>00qu

According to the above mechanism, CO and CO; selectiv-
ities are mainly governed by the following two competitive
reactions, viz. the desorption of COs to COq4 and the fur-
ther oxidation of CO; to CO,, 5. When CDy is used instead
of CHy, the dissociation rate of methane and the forma-
tion rates of surface CHy species decrease simultaneously
due to deuterium isotope effect, leading to the decrease in
the formation rates of COs and CO;, 5. On the other hand,
the relative rate of COs desorption to COs further oxida-
tion is free from deuterium isotope effect and remains al-
most unchanged, resulting in similar product selectivities
(Fig. 5d). Therefore, the methane pyrolysis mechanism is
upheld in the present work. The investigations of deuterium
isotope effects reported so far should be seen as a qual-
itatively approach as the partial oxidation reactions were
conducted close to thermodynamic equilibrium conditions
(Xch, ~90%, 700°C). Under such conditions, the extent of
the reverse reaction, viz. CO + H, (or D) to CH,4 (or CDy),
should be reckoned as significant. Thus, the influence of
deuterium isotope effects on the reverse reaction should be
taken into account. Qualitatively, while the rate of the for-
ward reaction decreases due to the normal deuterium iso-
tope effect (28), the rate of the reverse reaction increases
due to the inverse deuterium isotope effect (29). Hence
when the reaction is getting close to equilibrium, these rel-
ative rates must be viewed with caution. The counteraction
of these two opposing effects might be the reason for the
fairly small magnitude of the net deuterium isotope effects
observed in the present study. It is clear that experiments
performed at lower methane conversions under the kinetic-
controlling regime would be more desirable in this aspect.

In the process of methane partial oxidation to syngas,
C-H bonds in methane should be broken before CO for-
mation. Schmidt and co-workers (7, 8, 11, 13) believed that
methane pyrolysis was the primary pathway for methane
dissociation. As reported in Sections 3.1 and 3.2, the activ-
ity of methane dissociation increased with the increase in
rhodium loading (Fig. 2); while the activity for methane par-
tial oxidation to syngas was almost unaffected by the load-
ing of rhodium (Fig. 4). Schmidt and co-workers (8) have
also reported that for rhodium catalysts, the selectivities and
activities were almost identical for Rh loadings between 1
and 15%. As disclosed in the investigation of deuterium
isotope effects, methane dissociation is a key step for syn-
gas formation in the process of methane partial oxidation.
Hence, it can be inferred that direct dissociation is not the
only pathway for methane dissociation. Solymosi and co-
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workers (30) have observed that the addition of CO,to CH;,
greatly promoted the dissociation of CH,4 over supported
Rh catalysts. They assumed that the dissociation of CH,4
was facilitated by adsorbed O generated in the decomposi-
tion of CO,. In other words, besides the direct dissociation
of methane, oxygen-assisted dissociation could be another
pathway for methane dissociation.

The results of Tables 2 and 3 indicate that methane disso-
ciation reactions involving Os located at on-top sites have
lower activation energies and reaction enthalpies, while
those involving O; at hollow sites have higher activation
energies and are more endothermic in comparison with the
direct dissociation of methane. The results suggest that the
oxygen species at on-top sites can promote methane dehy-
drogenation while those at bridge and hollow sites are not
beneficial for methane dissociation on Rh surface.

As shown in Table 1, rhodium dispersion decreased with
the increase in rhodium loading. It can be reckoned that the
relative ratio of the amount of adsorbed oxygen at the on-
top sites to the amount of that at the hollow sites decreases
with the increase in rhodium loading. We suggest that over
the Rh/SiO; catalysts with low rhodium loadings (e.g., 0.05
and 0.5%), oxygen-assisted dissociation of methane domi-
nates; while over the catalysts with high rhodium loadings
(e.g., 2.0 and 8.0%), methane dissociation can be direct as
well as oxygen-assisted.

5. SUMMARY

Based on the reaction behaviors of CH4and CH4/O; (2/1)
with reduced and oxidized SiO,-supported rhodium cata-
lysts, one can conclude that metallic rhodium is the active
site for methane dissociation and syngas formation. The
dissociation of methane is a key step for methane partial
oxidation to syngas. In the reaction of CH4/O, (2/1) over
Rh/SiO,, methane decomposition leads to the formation
of CHy (x=0-3) species and the partial oxidation of CHjy
would result in CO generation. The chemisorbed oxygen
species are involved in the oxidation of methane. The re-
sults of deuterium isotope effect studies lead to the conclu-
sion that both CO and CO, were formed via some common
intermediates, viz. CHy species (x =0-3). In other words,
the results of the present studies prove that the partial oxi-
dation of methane to syngas over SiO,-supported rhodium
catalysts follows the pyrolysis mechanism under the condi-
tions studied.
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