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of methane, namely, (a) the formation of a suitable H2/
The effects of carrier and metal particle size on the catalytic CO ratio for use in Fischer–Tropsch synthesis to liquid

performance (initial intrinsic activity and deactivation charac- hydrocarbons, (b) utilization of CO2, which is a greenhouse
teristics) of Rh in the reaction of reforming of methane with gas, and (c) better use in chemical energy transmission
carbon dioxide were investigated. The specific activity of Rh systems (3–5).
catalysts was found to strongly depend on the carrier employed The reforming reaction of methane with carbon dioxide
to disperse the metal, decreasing in the order yttria-stabilized

was first studied by Fischer and Tropsch (6) using nickel-zirconia (YSZ) . Al2O3 . TiO2 . SiO2 . La2O3 . MgO, a
and cobalt-based catalysts. Since then, a large number ofresult which correlates directly with the acidity characteristics
catalysts has been tested and it has been demonstrated thatof the carrier. The initial intrinsic activity and rate of deactiva-
most of the Group VIII metals are more or less catalyticallytion of Rh were also found to be sensitive to the metal particle

size, in the range 1 p 6 nm. Both activity and rate of deactiva- active towards this reaction. Conversions of CH4 and CO2

tion were found to decrease with increasing metal particle size. to synthesis gas approaching those defined by thermody-
However, the degree of these dependences was found to be namic equilibrium can be obtained over most of the afore-
largely affected by the nature of the carrier, suggesting that mentioned catalysts as long as contact times are kept high
the dependence of activity and rate of deactivation on metal enough (7–10). One of the major problems encountered
particle size is likely to be related to metal–support interactions.

towards application of this process is deactivation of theWhile relatively high deactivation rates were observed over Rh
catalyst by carbon deposition.supported on TiO2 and MgO, lower deactivation rates were

Although development of catalysts based on nonnobleobserved over Rh supported on YSZ, Al2O3, La2O3, and SiO2.
metals (e.g., Fe, Co, Ni) is of interest from the industrialEvidence was found that at least three kinds of factors contrib-

ute to catalyst deactivation, namely, carbon deposition, metal point of view, the results obtained so far have shown that
sintering, and poisoning of surface Rh sites by species originat- rapid deactivation is experienced over such catalysts. In
ing from the carrier. The importance of each of these factors some extreme cases the deactivation rate is so high that
was found to be determined by the nature of the carrier.  1996 catalytic activity is completely lost within a few hours of
Academic Press, Inc.

reaction. This is presumably due to the formation of stable
and inactive carbon (e.g., Ni carbide) on the surface (9).
Failure to develop a nonnoble metal catalyst with long-INTRODUCTION
term stable performance is, to a large extent, attributed to
the limited knowledge concerning activation of methaneConversion of methane and carbon dioxide, which are
and carbon dioxide over supported metal crystallites, thetwo of the most abundant carbon-containing materials, into
properties of which are significantly affected by the metaluseful products is an important area of current catalytic

research. The reforming reaction of methane with carbon particle size and the nature of the support. On the other
hand, noble metal catalysts exhibit better activity and suf-dioxide to synthesis gas (CO/H2) is a very attractive route

for the production of energy and chemicals (1, 2). As al- fer less from carbon deposition as compared to nonnoble
metal catalysts (9, 11). Recently, numerous studies (11–16)ready discussed in the literature, this reaction offers im-

portant advantages over the process of steam reforming related to the reforming reaction of methane with carbon
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dioxide have been conducted over noble metals in order Chemicals), TiO2 (Degussa, P-25), La2O3 (Alfa Products),
to develop a successful catalyst and to gain an enhanced MgO (Alfa Products), and yttria-stabilized zirconia, YSZ
understanding of the mechanisms of reaction and deacti- (CERECO). Catalysts were prepared by the method of
vation. incipient wetness impregnation using RhCl3 ? 3H2O as the

Richardson and Paripatyadar (11) have compared the precursor compound. Weighed amounts of RhCl3 ? 3H2O
catalytic performance of Rh/c-Al2O3 and Ru/c-Al2O3 cat- were dissolved in 10 ml of distilled water at 258C, while
alysts for the reforming reaction of CH4 with CO2. They 5 p 10 g of the carrier were added to the solution under
found that the two catalysts have comparable activities, continuous stirring at 258C. The resulting suspension was
while the Rh/c-Al2O3 catalyst exhibits better stability than then heated at 808C to evaporate the water and the solid
the Ru/c-Al2O3. Ashcroft et al. (12) have tested various material was dried in an oven at 1108C for 24 h. The
noble metals for the CO2 reforming and found that activity resulting material was subsequently treated with hydrogen
decreases in the order Ir . Rh . Ru . Pd. However, a at 2008C for 2 h and stored until further use. For catalytic
somewhat different activity order was reported by Soly- studies, the fresh sample was heated under He to 5008C,
mosi et al. (13), who observed that Ru and Pd were the reduced in H2 for 2 h at the same temperature, followed
most active among Pd, Ru, Rh, Pt, and Ir. These differences by He purge and heating under He flow to the reaction tem-
among the two research groups are likely to be the result perature.
of the different basis of activity evaluation. Solymosi’s Metal dispersion of fresh catalysts, following H2 reduc-
group (13) has reported specific activities based on the tion at 4008C for 2 h, was determined by static equilibrium
exposed metal atoms, which is not the case for the other H2 adsorption at room temperature, following standard
research group (12). Rostrup-Nielsen and Hansen (14) procedures. The alteration of metal dispersion with time
have recently studied the CO2 reforming over catalysts of reaction was studied by H2 chemisorption followed by
based on Ni, Ru, Rh, Pd, Ir, and Pt. They observed that temperature-programmed desorption (TPD), before and
Ru and Rh show high selectivity for carbon-free operation. after reaction. This procedure was as follows. After the
The influence of the catalyst support on the catalytic per- catalyst was exposed to the reaction conditions, the feed
formance of CO2 reforming over Rh and Pd crystallites

was switched to He for 3 min and then to O2 for 15 minwas studied by Erdöhelyi et al. (15, 16) and Nakamura
at 6508C in order to remove any carbon accumulated duringet al. (17). The former group reported that there exists no
reaction. The catalyst sample was then rapidly cooled tocarrier effect for supported Rh catalysts (except for MgO
3008C, exposed to H2 flow for 1 h, and then cooled to 308Csupport), but a significant carrier effect occurs for sup-
and maintained for 30 min under H2 flow. The feed wasported Pd catalysts. On the other hand, the latter group
subsequently switched to He and a H2 TPD was initiated,observed that the specific activity over Rh crystallites is
measuring the desorbing H2 with on-line mass spectrome-significantly affected by the nature of the carrier.
try. A similar experiment as the one described above butThe present work reports results of an investigation of
without the 15-min oxygen treatment of the catalyst wasthe effects of support (TiO2, c-Al2O3, MgO, SiO2, La2O3,
performed over the Rh/MgO which accumulated only veryand yttria-stabilized zirconia (YSZ)) and metal crystallite
small amounts of carbon. It was found that the 15-minsize (1 p 10 nm) of Rh-supported catalysts on their meth-
oxygen treatment had only a very small effect (,5%) onane reforming activity in the temperature range 600–
H2 chemisorption. The surface carbon species formed on8008C. Parameters such as the alteration of metal disper-
the working catalyst surface were studied by temperature-sion with reaction time, the amount of active and inactive
programmed oxidation (TPO). These experiments andcarbon species formed on the working catalyst surface, and
those of H2 chemisorption/TPD described above were con-causes of catalyst deactivation were particularly studied.
ducted in a specially designed flow system which has beenIn Part 2 of this work (18), various transient isotopic tech-
described elsewhere (19). Chemical analysis of gaseousniques were used in order to obtain information on the
streams during TPD and TPO was done by an on-line masssurface coverages of adsorbed carbon- and oxygen-

containing species formed during reaction over the Rh/ spectrometer (VG Quadrupoles, SXP Elite) equipped with
YSZ and Rh/Al2O3 catalysts. It is hoped that this work fast response inlet capillary and data acquisition systems.
can lead to an enhanced understanding of the reaction
mechanism of CO2 reforming and also of the effects of

(b) Catalyst Testingsupport on catalyst deactivation.
Kinetic studies under differential conditions and studies

EXPERIMENTAL under integral reactor conditions at atmospheric pressure
were conducted in a conventional flow apparatus consisting

(a) Catalyst Preparation and Characterization
of a flow measuring and control system, a mixing chamber,
a quartz fixed-bed reactor, and an on-line gas chromato-The carriers employed for the preparation of rhodium

catalysts were SiO2 (Alltech Associates), c-Al2O3 (Akzo graph. Flow rates were monitored and controlled by ther-
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mal mass flow meters (MKS Instruments). In the case of
integral reactor performance studies, significant tempera-
ture gradients along the catalyst bed and between the gas
and solid surfaces have been experienced. On the other
hand, such temperature gradients became significantly
smaller under differential reactor performance studies. In
order to minimize heat transport effects, the supported Rh
catalyst (one portion) was diluted with a-Al2O3 or SiO2

(four portions). It was estimated that under differential
reactor conditions and using a feed mixture of 20% CH4,
20% CO2, and 60% He, the temperature gradients were not
greater than 108C. Interphase and intraparticle diffusional
resistances were strictly limited under these conditions.
The temperature of the catalyst was measured by a

FIG. 1. Dependence of initial specific activity (TOF) of the CH4/chromel–alumel thermocouple placed in the middle of the
CO2 reaction on the average Rh particle size of Rh/Al2O3 , SiO2 , andcatalyst bed. TiO2 catalysts. T 5 6508C; PCH4

5 0.2 bar; CH4/CO2 5 1.0.
The quartz reactor diameter used was 3 mm i.d., the

total flow rate was varied between 50 and 400 cc STP/min,
the catalyst particle diameter was less than 0.02 mm, and

activity obtained by extrapolation of TOF vs time of reac-the catalyst bed height was between 3 and 5 mm. Analysis
tion curves to zero time. It is apparent from the resultsof the feed stream and reaction mixture was performed
shown in Fig. 1 that structure sensitivity of this catalyticusing the TC detector of the gas chromatograph. A Carbo-
system strongly depends on the carrier employed to dis-sieve S-II 100/120 column was used to separate H2, N2,
perse the metal. The Rh/TiO2 catalyst exhibits strong struc-CO, CH4, CO2, and H2O. Prior to reaction, a reduction
ture sensitivity, where the TOF decreases with increasingof all catalysts at 5008C in H2 flow for 1 h was applied,
Rh particle size in the range 1 to 5 nm. On the otherexcept for Rh/TiO2 which was reduced at 3008C so as to
hand, the Rh/Al2O3 catalyst shows a moderate structureavoid inducing the SMSI state.
sensitivity, while the Rh/SiO2 catalyst exhibits a facile be-The methane and carbon dioxide gases used were of
havior. These results are in good agreement with the factshigh purity (.99.99%), while the He gas was standard
that small metal particles are strongly amenable to metal–(99.95%). Further purification of He gas was performed
support interactions; TiO2 is considered to be one of thethrough molecular sieve and MnOx traps. Mass spectro-
most interactive carriers, while SiO2 is one of the mostmetric analysis of the 20% CH4/20% CO2/He mixture re-
inert.sulted in no detectable (,1 ppm) H2S and SO2 gas.

The influence of Rh particle size on the rate of deactiva-
tion over Rh/Al2O3, Rh/SiO2, and Rh/TiO2 catalysts wasRESULTS
also investigated at 6508C and results are shown in Fig. 2.

The results of the effects of metal particle size (d 5
1 p 10 nm) and support (TiO2, c-Al2O3, MgO, SiO2,
La2O3, and yttria-stabilized zirconia (YSZ)) on the cata-
lytic performance of Rh crystallites obtained under differ-
ential conditions are first presented, followed by results of
long-term stability testing of selected supported Rh cata-
lysts under integral reactor conditions, in the temperature
range 600–8008C.

(a) Kinetic Studies (Differential Reactor Performance)

1. Effects of metal particle size. The effect of particle
size, or degree of dispersion, on the initial intrinsic activity
of Rh for the methane reforming reaction with CO2 was
investigated over Rh/Al2O3, Rh/SiO2, and Rh/TiO2 cata-
lysts. Different dispersions were achieved by varying the
metal loading between 0.2 and 10 wt%. Figure 1 shows the FIG. 2. Dependence of deactivation rate of the CH4/CO2 reaction
variation of the turnover frequency (TOF) with the average on the average Rh particle size of Rh/Al2O3 , SiO2 , and TiO2 catalysts.

T 5 6508C; PCH4
5 0.2 bar; CH4/CO2 5 1.0.Rh particle size, at 6508C. TOF values correspond to initial
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TABLE 1 in Rh particle size. It is apparent that a strong carrier effect
on the initial activity of supported Rh crystallites exists.Effect of Support on the Initial Activity (TOF) of CH4
The apparent activation energies obtained over Rh sup-Reforming with CO2 over Supported Rh Catalysts with
ported on c-Al2O3, TiO2 and SiO2 were in the range of0.5 wt% Rh at 6508C: PCH4

5 0.2 bar, PCO2
5 0.2 Bar

85–95 kJ/mol, indicating only a weak support effect. This
Catalyst support Dispersiona d TOF E b result is in good agreement with values reported in previ-
for 0.5 wt% Rh (%) (nm) (s21) (kJ/mol) ous studies (14, 15).

The deactivation characteristics of Rh supported on vari-YSZ 45 2.5 60.0 —
ous carriers was also quantified by calculating the ratio ofAl2O3 100 2.4 11.5 94.5

TiO2 75 2.5 10.0 84.4 the rate of reaction after 500 min on stream over that after
SiO2 100 2.4 6.0 84.9 10 min on stream. Values of this deactivation index are
La2O3 20 5.5 6.0 — shown in Table 2. These values are relatively high when
MgO 50 2.2 0.8 —

Rh is dispersed on c-Al2O3, YSZ, La2O3, and SiO2, and
rather low when Rh is dispersed on TiO2 and MgO, reveal-a Metal dispersion was measured by H2 chemisorption at room tempera-

ture over fresh samples as described in the text (D 5 100% corresponds ing that the catalyst carrier also affects the kinetics of
to 2.2 m2 Rh/gcat ). deactivation of Rh crystallites (see also Fig. 2). It must

b Activation energy was measured in the temperature range 500–6508C. also be noted that there is no direct correlation between
specific catalytic activity and extent of deactivation (see
Table 1). In many previous studies (11, 12), catalyst deacti-

Results are presented in terms of D(TOF)/Dt, a parameter vation was attributed to surface carbon deposition due to
which was obtained from the linearly decreasing part of the Boudouard reaction, and/or methane cracking. How-
TOF vs time curves, at short reaction times (21). As a ever, sintering of the metal crystallites may also contribute
general tendency, a reduction of Rh particle size results to catalyst deactivation, given the fact that the reaction
in an enhanced rate of deactivation. It appears that the temperature is high (.6008C). Possible causes of catalyst
enhanced rate of deactivation over small metal crystallites deactivation were explored by investigating the variation
may be related to one or more of the following factors: of surface carbon and average Rh crystallite size with time
(a) increased availability of low coordination metal sites on stream.
over which carbon deposition is favored (20), (b) enhanced The quantity of adsorbed carbon-containing species (ex-
degree of Rh metal sintering, and (c) increased extent of cept that of CO and CO2) formed during the CH4/CO2
participation of the catalyst carrier, which could promote reforming reaction at 6508C, and its reactivity towards oxy-
carbon deposition on the metallic sites, and/or block metal gen and hydrogen were studied with the following method-
active sites. In a following section, these three possible ology. Following reaction for a certain period of time, t,
factors, which may be responsible for the behaviour shown the reactor was purged with He at 6508C for 10 min, and
in Fig. 2, are addressed. then was cooled quickly in He flow to 1008C. The feed was

subsequently changed to either 10% O2/He or pure H2 and2. Effects of catalyst carrier. The effect of catalyst car-
rier on the initial specific activity (TOF), which was ob- the temperature was increased at a rate of 208C/min to
tained by extrapolation of TOF vs time of reaction curves
to zero time, was investigated by varying the carrier among
c-Al2O3, TiO2, SiO2, La2O3, MgO, and YSZ. The values TABLE 2
of TOF obtained over various catalysts corresponding to

Effect of Support on the Deactivation Characteristicsa given metal particle size (d) are reported in Table 1, in
of Supported Rh Catalysts Containing 0.5 wt% Rh

which the metal dispersion of the fresh 0.5 wt% Rh-
supported catalysts, and the apparent activation energy of uc (monolayers)a

Catalyst supportreaction, obtained within the temperature range 500 to
0.5 wt% Rh r500 min/r10 min t 5 10 min t 5 2 h6508C, are also reported. It is shown that the methane

reforming activity of Rh decreases in the following order:
Al2O3 0.7 0.64 0.60

YSZ . Al2O3 $ TiO2 . SiO2 . La2O3 . MgO. The YSZ 0.7 0.003 0.03
highest initial rate observed over Rh/YSZ, is nearly 80 TiO2 0.3 0.008 0.007

SiO2 0.8 —b —btimes larger than the rate obtained over Rh/MgO. Note
La2O3 0.7 —b —bthat the average Rh particle size of the Rh/YSZ and Rh/
MgO 0.3 0.03 0.03MgO catalysts employed in these measurements does not

differ significantly, as shown in Table 1. Thus, the differ- a Equivalent amount of carbon in monolayers of surface Rh atoms
ences in the initial values of TOF obtained over these (C/RhS 5 1) as determined by TPO experiments.

b Not measured.supported Rh catalysts cannot be attributed to differences
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Figs. 4a and 4b). This result suggests that ageing of this
kind of carbon species occurs with time on stream, a result
also observed during TPO experiments. A third small CH4

peak is also obtained in the range 350–5008C (TM 5 4008C,
Fig. 4a) corresponding to a less active carbonaceous species
as compared to the ones described before. The amounts
of carbonaceous species determined by the TPH experi-
ment are found to correspond to uC of 0.4 and 0.26 after
2 min and 2 h on stream, respectively. No higher hydrocar-
bons were measured during TPH for the experiments of
Fig. 4.

Figure 5 presents results of a similar TPH experiment
performed over the 0.5 wt% Rh/YSZ catalyst following
the reforming reaction for 2 h. In addition to methane,

FIG. 3. Temperature-programmed oxidation (TPO) of carbon spe- ethane is also formed, as indicated in Fig. 5. However, the
cies formed after 10 min of reaction with CH4/CO2 over the 0.5 wt% Rh/
Al2O3 catalyst. T 5 6508C; b 5 208C/min; PCH4

5 0.2 bar; CH4/CO2 5 1.0.

carry out a temperature-programmed oxidation (TPO) or
hydrogenation (TPH) experiment.

Figure 3 shows the CO2 response obtained during TPO
over the 0.5 wt% Rh/Al2O3 catalyst after reaction at 6508C
for 10 min. At the conditions of the experiment performed,
it is possible to distinguish four peaks with maxima at
T 5 100, 180, 270, and 3308C. An approximate deconvolu-
tion of the CO2 spectrum shown in Fig. 3 provides the
amount of each of the four carbon species formed. These
carbon species are designed as Ca, Cb, Cc, and Cd, in accor-
dance with their reactivity order, and their amounts are
found to be 1.9, 5.8, 14.6, and 8.7 emol/gcat, respectively.
The total amount of carbon deduced from the TPO experi-
ment of Fig. 3 is 31.0 emol/gcat, which corresponds to an
equivalent amount of monolayers, uc, based on the Rh
surface alone, of 0.6 (assuming C/RhS 5 1). Similar TPO
experiments for different reaction times revealed that the
proportion of each type of carbon (Ca, Cb, Cc, and Cd) is
altered to a certain extent with time on stream. For in-
stance, the sharp Ca peak is reduced as reaction time in-
creases from 10 min to 2 h, suggesting that some transfor-
mation of active carbon to a less active form occurs. This
aspect is also illustrated through TPH experiments which
are described below.

Figure 4 presents the CH4 responses versus reaction
temperature obtained during TPH, following reforming
reaction at 6508C for 2 min (Fig. 4a) and 2 h (Fig. 4b) on
stream over the 0.5 wt% Rh/Al2O3 catalyst. Three well
resolved CH4 peaks are observed in Fig. 4a. The first sharp
peak (TM 5 1008C) corresponds to the hydrogenation of a

FIG. 4. Temperature-programmed hydrogenation (TPH) of carbonvery active carbon species. A second kind of carbonaceous
species formed during reforming reaction of CH4 with CO2 at 6508C overspecies, the most abundant one, is hydrogenated in the
the 0.5 wt% Rh/AL2O3 catalyst. Gas delivery sequence: CH4/CO2/He

range 130–3208C. As time on stream increases, the hydro- (6508C, Dt) R He (6508C, 10 min) R cool in He flow to 1008C R H2
genation of this second kind of carbon species takes place (TPH), b 5 208C/min. (a) Dt 5 2 min, (b) Dt 5 2 h. Amount of sample

used W 5 0.5 g; Q 5 30 ml/min (ambient).at higher temperatures and its quantity decreases (compare
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mixture, a rapid increase of the rate of oxidation of car-
bonaceous species to CO2 followed by a slow decay which
lasts for about 10 min is obtained (Fig. 6). Note also a
shoulder developed in the CO2 response of Fig. 6 during
the first 2 min of the transient. Integration of the CO2

response shown in Fig. 6 provides an amount of uC of 0.03.
The total amount of carbon accumulated over various

supported Rh catalysts after 10 min and 2 h of reaction
time, as determined by TPO experiments, is reported in
Table 2. Except for the Rh/Al2O3 catalyst, the amount of
carbon formed on the other catalysts is very small (uC #
0.03). It is interesting to note that the amount of carbon
accumulated on all the Rh catalysts is nearly independent
of reaction time (the amount of carbon, uC, formed on the

FIG. 5. Temperature-programmed hydrogenation (TPH) of carbon
Rh/YSZ catalyst increases from 0.003 to 0.03 as reactionspecies formed during the reforming reaction of CH4 with CO2 at 6508C
time increases from 10 min to 2 h but remains very small).over the 0.5 wt% Rh/YSZ catalyst. Gas delivery sequence: CH4/CO2/He

(6508C, 2 h) R He (6508C, 10 min) R cool in He flow to 1008C R H2 Based on these results it could be argued that catalyst
(TPH), b 5 208C/min. Amount of sample used W 5 0.5 g; Q 5 30 ml/ deactivation of Rh/TiO2, Rh/YSZ, and Rh/MgO, which
min (ambient). accumulate a very low amount of surface carbon with time

on stream, is not mainly due to carbon deposition but to
other surface processes.

hydrogenation characteristics of the carbonaceous species The process of metal sintering (variation of the average
formed after the reforming reaction over the Rh/YSZ cata- Rh crystallite size with time on stream) was investigated
lyst are very different from those observed over the Rh/ with the following methodology. After the catalyst was
Al2O3 catalyst. In the case of Rh/YSZ catalyst the reactiv- exposed to the reaction mixture at 6508C for a specific
ity of carbonaceous species towards hydrogenation is much period of time, the feed was switched to He for 3 min and
lower than that of Rh/Al2O3, since in this case, production then to O2/He for 15 min in order to remove the carbon
of CH4 and C2H6 starts above 5008C (Fig. 5). Furthermore, accumulated during reaction. The catalyst was rapidly
the amount of carbonaceous species formed after 2 h on cooled to 3008C, exposed to H2 flow for 1 h, and then
stream over the Rh/YSZ corresponds to uC of 0.03 to be cooled to 308C and maintained for 30 min under H2 flow.
compared with uC of 0.26 over the Rh/Al2O3 catalyst, both The feed was subsequently switched to He and a H2 TPD
determined by TPH. was initiated (b 5 358C/min). Before the TPD run, the

Figure 6 presents results of a transient isothermal oxida- reactor was flushed with He at 308C for 5 min, time suffi-
tion experiment at 6508C performed over the Rh/MgO cient to remove the gas phase H2 from the reactor and the
catalyst following reforming reaction for 2 h and a 10-min lines. The quantity of H2 desorbed was used to estimate
He purge at 6508C. Upon switching to the 10% O2/He the average Rh particle size. The above methodology re-

sulted in approximately the same Rh particle size for the
fresh sample (i.e., before reaction) as that obtained by
the standard static equilibrium adsorption of H2 at room
temperature (see Experimental Section). This observation
implies that the treatment which was applied in order to
remove surface carbon and reduce the catalyst prior to H2

chemisorption did not alter, to any significant extent, the
dispersion of the catalysts.

Table 3 shows the alteration of average Rh crystallite
size with time on stream, following reaction at 6508C over
Rh/Al2O3, YSZ, TiO2, and MgO catalysts. It is apparent
that a substantial reduction of Rh dispersion occurs under
the stated reaction conditions in the case of Rh/Al2O3.
The degree of sintering, however, is significantly smaller

FIG. 6. Transient isothermal gas-phase response of CO2 according for the Rh/TiO2 catalyst, and is negligible for the Rh/to the gas delivery sequence CH4/CO2/He (6508C, 2 h) R He (6508C,
YSZ and Rh/MgO catalysts. Therefore, sintering of the10 min) R 10% O2/He (6508C, t) over the 0.5 wt% Rh/MgO catalyst.

Amount of sample used W 5 0.5 g; Q 5 30 ml/min (ambient). Rh particles of the Rh/Al2O3 and Rh/TiO2 catalysts under
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TABLE 3 (H2/CO) are reducing gases. Thus, it can be stated that
participation of the catalyst carrier (TiO2) via the SMSIAlteration of Average Rh Particle Size with Reaction Time,
phenomenon also contributes to catalyst deactivation. ADt, in CH4/CO2/He Mixture at 6508C as a Function of Support
reduction of activity in the CO2/H2 reaction under thefor Various Supported Rh Catalysts Containing 0.5 wt% Rh
SMSI state has also been observed over the present Rh/

d (nm) TiO2 catalyst (24).
Catalyst support for The Rh/MgO is one of the catalysts which exhibit high

0.5 wt% Rh Dt 5 0a Dt 5 10 min Dt 5 2 h
deactivation rates (Table 2). However, neither carbon de-
position nor sintering of the metal crystallites can accountAl2O3 1.1 2.7 4.5

YSZ 2.5 2.7 2.8 entirely for the deactivation of this catalyst, as was demon-
TiO2 1.5 1.8 2.9 strated above. Thus, the possibility of participation of the
MgO 2.2 2.3 2.5 carrier in the process of deactivation was explored. Unlike

the case of reducible oxide carriers, such as TiO2, for whicha Values correspond to fresh catalyst samples before their exposure to
deactivation can be partially attributed to the SMSI phe-the reaction mixture at 6508C.
nomenon, other surface processes involving participation
of the carrier should be sought in the case of the Rh/MgO
catalyst. Figure 8 shows H2 TPD spectra over the Rh/MgOreaction conditions accounts, at least partially, for the re-

duction of methane conversion with time on stream. catalyst following H2 chemisorption after different gas pre-
treatments. In Fig. 8a, two main H2 peaks are registeredIn addition to carbon deposition and metal sintering,

participation of the catalyst carrier via solid phase reactions following H2 chemisorption at 3008C for 0.5 h, cooling in
H2 flow to 308C, and maintaining for 0.5 h, over a freshwith metallic sites to form less active centers, or migration

of species from the carrier onto the metallic surface, sample. A major peak is recorded at 2108C, and a smaller
one at 808C. A very different spectrum (Fig. 8b), however,blocking, therefore, active sites may also contribute to cata-

lyst deactivation. Concerning these aspects, the Rh/TiO2 was obtained on the sample which had been reduced in
H2 flow at 5008C for 1 h followed by the same H2 adsorptioncatalyst was of special concern since this catalyst is capable

of exhibiting the SMSI phenomenon (22). The H2 TPD procedure as for Fig. 8a. While no H2 peak is observed in
the temperature range 30–3908C, a small H2 peak evolvestechnique, as described in a previous paragraph, was ap-

plied to estimate the variation of exposed Rh surface area at higher temperatures (TM 5 5108C). The large decrease
in H2 chemisorption, upon high temperature reduction,of Rh/TiO2 catalyst with time on stream. However, unlike

the methodology described above (Table 3), the step of appears to be due to poisoning of Rh surface by species
which originate from the MgO carrier. Note that the RhO2 treatment at 6508C was not applied since this step de-

stroys the SMSI state and recovers the H2 chemisorption particle size of Rh/MgO did not significantly alter after
high temperature treatment, as shown in Table 3. Whencapacity (23). Thus, the catalyst after reaction at 6508C for

2 h was purged with He at 6508C for 3 min and was then
quickly cooled to room temperature for direct H2 chemi-
sorption. Figure 7 compares the two H2 TPD spectra with
and without the step of O2 treatment at 6508C. It is shown
that the capacity for H2 chemisorption of the catalyst not
treated with O2 at 6508C after reaction (curve (b)) is much
lower than that obtained after O2 treatment at 6508C, fol-
lowing reaction (curve (a)). A decrease of H2 chemisorp-
tion by approximately 40% is noted. Since carbon deposi-
tion on the Rh/TiO2 catalyst under the same reaction
conditions is very small (uC 5 0.007), this cannot account
for the differences in H2 uptake shown in Fig. 7. Thus, the
reduction of H2 uptake of the working catalyst surface,
which has not been exposed to O2, can be attributed to
induction of the SMSI state under reaction conditions.
After destruction of the SMSI state by oxygen treatment,

FIG. 7. Temperature-programmed desorption (TPD) of H2 from thefollowed by a low-temperature H2 reduction (at 3008C), it
0.5 wt% Rh/TiO2 catalyst following reaction with CH4/CO2 at 6508C forwas found that the capacity of the supported Rh crystallites
2 h. (a) after reaction R O2/He (6508C, 20 min) R H2 (3008C, 1 h) R

for H2 chemisorption was essentially recovered. These re- cooling in H2 at 308C and a stay for 30 min R He (308C, 5 min) R TPD;
sults seem reasonable considering that the reaction temper- (b) after reaction R He (6508C, 5 min) R H2 (3008C, 1 h) R cooling in

H2 at 308C and a stay for 30 min R He (308C, 5 min) R TPD.ature is high (6508C) and the products of the reaction
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pected at thermodynamic equilibrium were achieved in all
cases. It is of interest to note that the conversion of CO2

was always higher than the conversion of CH4, although
a feed ratio of unity was used. The difference was more
pronounced at low temperatures. Significant quantities of
water were observed when the reaction was carried out at
low temperatures, while only trace amounts were detected
at high reaction temperatures. Furthermore, the selectivity
towards CO formation was always higher than the selectiv-
ity towards H2. These observations imply that in addition
to the main CO2 reforming reaction, the reverse water–gas
shift reaction is also taking place.

It was shown in a previous section that some of the
present supported Rh catalysts deactivate substantially at

FIG. 8. Temperature-programmed desorption (TPD) of H2 from the 6508C (Table 2). However, other studies in our laboratory
0.5 wt% Rh/MgO catalyst. Gas delivery sequence: (a) fresh sample R have indicated that the degree of deactivation is reduced
30 min H2 at 3008C R 30 min H2 at 308C R 5 min He at 308C R TPD;

when the reaction takes place at higher temperatures.(b) 1 h H2 at 5008C R 30 min H2 at 3008C R 30 min H2 at 308C R 5
Therefore, attention was focused to investigate the long-min He at 308C R TPD; (c) 1 h H2 at 5008C R 30 min O2 at 4508C R

1 h H2 at 3008C R 30 min H2 at 308C R 5 min He at 308C R TPD. term stability of various supported rhodium catalysts at
temperatures higher than 6508C.

The long-term stability performance of 0.5 wt% Rh/
SiO2, c-Al2O3, TiO2 and YSZ catalysts was examined at

the Rh/MgO surface was treated in O2 flow at 4508C for 7508C. Figure 9 shows results of CH4 conversion as a func-
30 min, after the H2 TPD of Fig. 8a, followed by reduction tion of time on stream over three of the catalysts at 7508C
in H2 flow at 3008C, a complete recovery of the capacity with a feed containing 20% CH4, 20% CO2, and 60% He.
for H2 chemisorption was observed as indicated in Fig. 8c. It is apparent that the long-term stability of the Rh/SiO2
This spectrum is similar to that obtained over the fresh and Rh/YSZ catalysts are the best among the three cata-
sample (compare Figs. 8a and 8c). H2 chemisorption on lysts and exhibit essentially no deactivation under the con-
Rh/MgO catalyst has been investigated in previous studies ditions employed in this test. For the Rh/TiO2 catalyst the
(25, 26). It was found that a large decrease in H2 chemisorp- deactivation rate is initially high but becomes less signifi-
tion occurred on Rh/MgO after various temperature treat- cant after about 10 h of reaction. The difference between
ments in H2, and the initial capacity could be recovered the conversion over the fresh catalyst (after 10 min of
by oxidation at 4008C followed by H2 reduction at low reaction) and that obtained after 50 h on stream is as high
temperature (25). The decrease of H2 chemisorption was as 30 percentage units for the Rh/TiO2, while in the case of
attributed to blockage of Rh surface sites by sulfate, origi- Rh/c-Al2O3 (not shown in Fig. 9) only several percentage
nating from the MgO support which contained sulfur impu- units. The deactivation rates of these four catalysts show
rities. This attribution was supported by the fact that sup- the following order: Rh/TiO2 @ Rh/Al2O3 . Rh/SiO2 >
pression of H2 chemisorption and recovery by O2 treatment Rh/YSZ.
did not exist when ultrapure MgO support was employed The good stability of the Rh/SiO2 catalyst appears to
(25). According to these results, it appears that the reduc- be related to the inertness of the SiO2 support, which is
tion in H2 chemisorption over the present sample, reduced capable of exhibiting only a weak or no metal–support
at 5008C, is related to migration of sulfur species from the interaction. The poor stability of the Rh/TiO2 catalyst is
MgO carrier. Since the reaction temperature applied is probably due to the reducibility of the TiO2 carrier which
high (6508C) and the working catalyst is exposed to a rather is capable of exhibiting a strong metal–support interaction.
reducing atmosphere (H2, CO, and CH4), it is likely that The latter has been demonstrated in a previous section
sulfur species gradually migrate from the MgO support (see Fig. 7). A correlation between the extent of metal-
onto the Rh surface under reaction conditions leading to support interaction and deactivation rate seems to exist.
catalyst deactivation by blockage of surface Rh sites.

DISCUSSION
(b) Integral Reactor Performance

(a) Support and Dispersion Effects on
The catalytic performance of Rh dispersed on SiO2, c-

Reforming Activity
Al2O3, and TiO2 carriers was investigated under integral
reactor conditions within the temperature range 600 to The present work reveals that the catalytic performance

of supported Rh catalysts for the reforming reaction of7508C. Conversions and selectivities close to those ex-
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acidity of the carriers reveals that a correlation between
TOF and surface acidity seems to exist; i.e., the higher the
acidity the higher the initial reaction rate. Recent studies
in this laboratory have shown that a similar correlation
also exists for supported Ru catalysts for the same reaction.
Although the intrinsic reason for such a correlation is pres-
ently unclear, it appears that the acidic nature of the carrier
may promote methane dissociation, probably via CH4 R
CH1

3 1 H2, on the sites at the periphery of the metal
crystallites (metal-support interface), as suggested by
Huder (27). It is known that methane activation favorably
occurs on sites with strong acidity via CH1

3 intermediate
species (28, 29).

In the cases of Rh/TiO2 and Rh/Al2O3 catalysts, the
reaction appears to be structure sensitive, i.e., the specific
activity is affected by the average Rh particle size (Fig. 1).
The extent of structure sensitivity is also found to depend
on the nature of the support. However, the reforming reac-
tion over the Rh/SiO2 catalyst appears to be facile, i.e. the
specific activity is not significantly affected by the average
Rh particle size (Fig. 1). These results tend to suggest that
indeed the reforming reaction over Rh crystallites must be
treated as a facile reaction, while the dependence of TOF
on Rh particle size, when Rh is supported on TiO2 or
Al2O3, is due to some direct or indirect interaction of the
support with the Rh crystallites. This view is supported by
the results shown in Fig. 1 which show that large alterations
of TOF occur in the particle size range 1–2.5 nm, while
for 5.0 nm Rh particle size the TOF value is more or less
the same, independent of the support. In other words,
the higher the dispersion, the higher the metal–support

FIG. 9. Variation of methane and CO2 conversion with time on interfacial area, which results in metal-support interactions
stream over (a) 0.5 wt% Rh/SiO2 , (b) 0.5 wt% Rh/YSZ, and (c) 0.5 wt% of higher intensity. In addition, in the case of the Rh/TiO2
Rh/TiO2 catalysts. T 5 7508C; mcat 5 200 mg; Ftot 5 100 ml/min; CH4/ system, the higher the Rh dispersion the larger the extentCO2/He 5 20/20/60 mol%.

of the SMSI phenomenon is expected. It should be noted
that the SMSI state could be induced prior to initiation of
the reaction, during H2 treatment or heating-up of the cat-
alyst.methane with CO2, in terms of initial specific activity and

CH4 conversion, is strongly influenced by the support em- In spite of the fact that a significant amount of carbon
is formed during reaction over the Rh/Al2O3 catalyst (Fig.ployed to disperse the active metal component. The TOF

results shown in Table 1 reveal that the methane reforming 3, Table 2), this catalyst exhibits high TOF values as com-
pared to the other supported Rh catalysts (Table 1). Thisactivity of Rh decreases in the following order: YSZ .

Al2O3 $ TiO2 . SiO2 . La2O3 . MgO. It is also shown result could be related to the amount of active carbon
species which participate in the sequence of steps to formthat the highest rate, obtained over the Rh/YSZ, is approx-

imately 80 times larger than the rate obtained over the CO. In Part 2 of this work (18), it is illustrated, through
steady-state tracing experiments, that the amount of activeRh/MgO. It must be emphasized that the results reported

in Table 1 represent initial (t 5 0) activities, free of any carbon over the Rh/Al2O3 system corresponds to a surface
coverage value of 0.2, while over the Rh/TiO2, Rh/YSZ,deactivation processes. The present results are in

agreement with those of Nakamura et al. (17), who ob- and Rh/MgO catalysts it is partically immeasurable (uC ,
0.01). The higher TOF value obtained over the Rh/YSZserved an activity order of Rh/Al2O3 . Rh/TiO2 . Rh/

SiO2. However, an earlier study by Erdöhelyi et al. (15) catalyst as compared to that of Rh/TiO2 (Table 1), for
both of which catalysts the amount of active carbon wasfailed to observe any significant carrier effect on the activity

of supported Rh for CH4 reforming with CO2 at 5008C. immeasurable (18), may be due to the larger rate constant
k of the rate-limiting step of CO formation (i.e., CHx 1A comparison of the initial activity (TOF) and of the
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The importance of each process is found to depend on the
O R

k
CO 1 xH). This rate constant is associated with the nature of the support and the size of the Rh particles.

reactivity of both CHx and O adsorbed species. Steady- In the Rh/Al2O3 catalyst, after 2 h of exposure of the
state tracing experiments reported in Part 2 of this work fresh sample to the CH4/CO2/He stream at 6508C, the
(18) over the Rh/YSZ catalyst suggested that lattice oxy- particle size of Rh is found to be about 4.5 nm, as compared
gen species of the YSZ support participate in the formation to 1.1 nm for the fresh sample (Table 3), while in the cases
of CO during reforming reaction. It is likely, then, that the of Rh/TiO2, Rh/YSZ, and Rh/MgO the Rh particle size
highest TOF value observed over Rh/YSZ as compared after 2 h of reaction at 6508C is approximately the same
to the other catalysts (Table 1) is partly due to the presence (d > 2.8 nm, Table 3) for all three catalysts. Note also that
of very active oxygen species derived from the support. over these three catalysts the amount of carbon formed

In comparing the large differences in TOF among Rh/ during the reforming reaction is negligibly small (Table 2).
YSZ and Rh/MgO, it could be stated that sulfur poisoning These results may suggest that the accumulation of carbon
might be partly responsible for the very low TOF value of in larger quantities over the Rh/Al2O3 is likely to be the
the Rh/MgO catalyst. If sulfur is indeed migrating onto result of some interaction of Rh crystallites with the alu-
the metallic sites, as the H2 chemisorption results of Fig. mina surface which influences carbon formation and re-
8 suggest, this could be taking place during reduction of moval reaction steps.
the catalyst and during heating, prior to initiation of the Transient isotopic experiments to be presented in Part
reaction. This result is strongly against the alternative ex- 2 of this work (18) indicate that the accumulated carbon
planation that H2S of less than 1 ppm (not presently de- during the reforming reaction over the Rh/Al2O3 catalyst
tected) in the feed stream could strongly affect the reaction is mainly derived from the CO2 molecule. An accepted
rate by blockage of Rh surface area within the first few mechanism for carbon deposition based on the CO2 mole-
minutes of the reaction. The phenomenon of sulphur poi- cule is via the following dissociation steps:
soning could also explain the difference in reactivity order
with respect to the carrier between the present study and CO2 1 2s R CO 2 s 1 O 2 s [1]
the work of Erdöhelyi et al. (15). The latter authors ob-

CO 2 s 1 s S C 2 s 1 O 2 s. [2]served that the Rh/MgO catalyst exhibited the highest
TOF value among other supports investigated.

Here (s) is a site on the Rh surface or along the metal–The effect of alkali surface promotion on catalytic rates
support interface. According to these reaction steps andis a well-known phenomenon. Small amounts of such pro-
what was mentioned in the previous paragraph, the depen-moters on the metallic surface can cause large changes in
dence of both CO2 and CO dissociation steps on the naturethe intrinsic catalytic activity. In the present work alkali
of the site (s), i.e., a site on the Rh surface versus a siteimpurities (i.e., K1 and Na1) could originate from the vari-
along the metal–support interface, could explain the differ-ous supports used, which were all commercial ones. This
ences in carbon deposition among the present supportedwork did not go into a detailed surface analysis of the fresh
Rh catalysts (see Table 2). On the other hand, other reac-and spent catalysts in order to examine the possibility of
tion steps of carbon removal may also be considered ashaving promotional effects from alkali impurities of the
sensitive to the nature of the site(s), such assupports used. Therefore, the conclusions reached con-

cerning relative specific activities of the series of supported
H2O 1 2s R OH 2 s 1 H 2 s [3]Rh catalysts investigated do not address the issue of any

surface promotional effects due to alkali impurities, if any, C 2 s 1 OH 2 s R CO 2 s 1 H 2 s. [4]
in the support used.

Che and Bennett (30) in their review paper report that
(b) Support Effects on Catalyst Deactivation

the rate of carbon deposition from the disproportionation
step of CO decreases with increasing metal particle sizeThe rates of deactivation observed over Rh crystallites

supported on various carriers are found to be largely differ- over Ni/mica, Pd/mica, Pd/SiO2 , and Fe/C catalysts. No
information is provided for supported Rh catalysts. On theent (Fig. 2, Table 2). For the case of c-Al2O3, SiO2, and

TiO2 there also exists a particle size effect on the rate of other hand, Efstathiou et al. (31) have found that over the
Rh/Al2O3 catalyst the amount of carbonaceous speciesdeactivation, which is larger in the case of Rh/TiO2 catalyst.

As has been demonstrated in the Results section, the Cx Hy formed on the Rh surface during the CO/H2 reaction
increases with increasing Rh particle size (d 5 1.5 vs 9.0causes of deactivation of Rh supported on TiO2, Al2O3,

YSZ, and MgO are different. Three types of deactivation nm); it should be noted that the CO dissociation step (2)
is responsible for the formation of these CxHy species. Itprocesses have been probed, namely, (a) carbon deposi-

tion, (b) metal sintering, and (c) poisoning of Rh active is speculated whether the latter results may support the
present results of enhanced carbon deposition over thesites by species originating from the support via spillover.
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larger Rh particles (d 5 4.5 nm) supported on Al2O3 as and hydrogenation to methane and ethane (Figs. 3, and 4,
5, respectively). On the other hand, these experiments arecompared to reduced carbon deposition on smaller Rh

particles supported on MgO, TiO2 , and YSZ (d 5 2.8 nm). not appropriate to characterize the chemical nature of
these carbonaceous species. In Part 2 of this work (18),It is also speculative whether the CO2 dissociation step

[1] might be considered as structure sensitive, where an in situ FTIR experiments and others based on mass spec-
trometry, which were designed to study the chemicalenhanced dissociation rate is found with increasing Rh

particle size. composition of intermediate surface adsorbed species
formed during reaction, will be presented. It was foundIt is found in the present work that neither significant

carbon deposition nor substantial metal sintering occurs that at 6508C only adsorbed CO on the Rh surface and
formate species on the alumina support, in the case ofover the Rh/YSZ and Rh/MgO catalysts. The deactivation

observed over these two catalysts should, therefore, be Rh/Al2O3 catalyst, are accumulated under reforming con-
ditions. No infrared bands corresponding to UCHx ad-mainly attributed to other surface processes which may

involve participation of the carrier. Evidence has been sorbed species nor to carbonate/bicarbonate species are
formed. In addition, it was found that after an Ar purgepresented that catalyst deactivation over the Rh/TiO2 and

Rh/MgO is caused by species originating from the carrier. at 6508C for 10 min, following reforming reaction, all the
adsorbed CO and formate species desorb and decompose,In the former case, surface Rh sites are partially blocked

by TiOx species which migrate from the TiO2 carrier onto respectively, from the catalyst surface. According to these
FTIR results obtained over the Rh/Al2O3 catalyst, it be-the surface, due to the occurrence of the SMSI phenome-

non. In situ FTIR experiments performed over the present comes clear that the TPO and TPH responses presented
in Figs. 3 and 4, respectively, do not correspond to oxida-Rh/TiO2 catalyst showed an infrared band at 2052 cm21,

attributed to linearly adsorbed CO, which first decreased tion or hydrogenation of surface CO and formate species,
but exclusively to carbon species, the latter not detectedand then disappeared with time on stream. This result may

suggest that the surface Rh sites are gradually covered by by FTIR (i.e., Cx Hy with y > 0). This assignment is also
in harmony with the fact that during the TPO experimentTiOx species originating from the support in agreement

with the H2 TPD results of Fig. 7. In the case of Rh/ presented in Fig. 3 only very small amounts of water are
formed in the temperature range 100–5008C.MgO, surface Rh sites may be blocked by sulfur species

originating from the MgO carrier, as has already been The active carbon species hydrogenated to CH4 at 1008C
(Fig. 4), which is also oxidized to CO2 at the same tempera-mentioned in the Results Section.

It should be pointed out that, in addition to the three ture (Fig. 3), might be of carbidic form, while the other
two carbon species identified in the TPH spectrum mightmajor factors described above which cause catalyst deacti-

vation, there is another important factor which could be be of some kind of carbon chains and graphitic form. Erdö-
helyi et al. (15) have studied the formation of carbonaceousconsidered as leading to catalyst deactivation. This is the

accumulation of inactive (strongly bound) adsorbed oxy- species during the reforming reaction at 5008C where a
C/Rhs ratio of 0.06 was reported after 1 h of reaction overgen species originating either from the support or from

the dissociation of CO2 and CO on the metallic surface. 1 wt% Rh/Al2O3 catalyst. On the other hand, a lower
surface carbon coverage was found over Rh supported onHowever, unlike nonnoble metals (e.g., Co, Fe, Ni) the

stability of oxygen adatoms on a noble metal, particularly TiO2 , MgO, and SiO2 . These results are consistent to the
present ones as far as the effect of support on carbonRh, is rather poor at high temperatures (32, 33). The cover-

age of oxygen adatoms on supported Rh catalysts is ex- accumulation is concerned. The higher value of C/Rhs

found in the present Rh/Al2O3 catalyst as compared topected to be small under reaction conditions (high temper-
atures and reducing atmosphere), unless there is a different that reported by Erdöhelyi et al. (15) is most probably due

to the higher reaction temperature used in the presentoxygen source such as the carrier (the case of the Rh/YSZ
catalyst) in which strongly bound oxygen could be formed study (T 5 650–7508C). A carbon species CHx (x P 0)

similar in hydrogenation activity formed over the Rh/at the periphery of the Rh surface and the YSZ support.
These views are supported by transient isotopic results Al2O3 catalyst has been reported by Efstathiou et al. (31)

for the CO/H2 reaction. Given the fact that the carbonwhich are presented in Part 2 of this work (18).
species formed over this catalyst under CH4 reforming
conditions is derived by the dissociation of CO (see Part

(c) Chemical Nature of Carbonaceous Species Measured
2, Ref. (18)), the sharp peak of CH4 shown in Fig. 7 is,

by TPO and TPH Experiments
therefore, not of surprise. Different forms of carbon species
derived by the dissociation of CO over the Rh/Al2O3 cata-Temperature-programmed oxidation (TPO) and hydro-

genation (TPH) experiments allowed the measurement of lyst have also been reported in the past (31, 36).
The CO2 response obtained during the TPO experimentcarbonaceous species formed after reforming reaction at

6508C and their characterization towards oxidation to CO2 shown in Fig. 3 reveals four distinct peaks. These peaks
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are assigned to different kinds of carbon, in terms of their and stability of catalysts based on rhodium are still affected,
to a large extent, by the nature of the carrier and theactivity to oxidation. Considering the fact that part of the

CO2 which is initially produced at 1008C could adsorb on metal particle size. These results clearly suggest that an
improvement of the catalytic performance of supportedthe alumina support and then desorb at higher tempera-

tures, the abovementioned assignment of different kinds Rh catalysts, which are considered to possess relatively
high activity and good stability, is still possible.of carbon species would then be questionable. However,

the TPH experiments shown in Fig. 4 reveal three well The reforming reaction in the temperature range 600–
7508C, PCH4

5 0.2 bar, CH4/CO2 5 1, and 1 atm totalresolved CH4 peaks and a shoulder to the left of the second
peak (Fig. 4a). Thus, there is a very good agreement be- pressure over Rh supported on SiO2 , c-Al2O3 , and TiO2

resulted in CO2 conversions higher than CH4 conversions.tween the TPH and TPO experiments concerning the num-
ber of carbon species identified based on their reactivities In addition, the difference in CH4 and CO2 conversions was

found to decrease with increasing reaction temperature.towards hydrogenation and oxidation. Adsorption of CO2

on the Al2O3 support could only alter the relative amounts These results are likely to be due to the reverse water–gas
shift reaction:of the four CO2 peaks calculated based on the observed

response in Fig. 3 but not the total quantity of CO2 pro-
CO2 1 H2 S CO 1 H2O. [5]duced from the combustion reaction of carbon species

formed under reaction conditions. The amount of carbon
As reaction temperature increases, CO2 conversion due tospecies calculated based on the TPH experiments was usu-
reforming increases, thereby shifting the equilibrium ofally smaller than the amount calculated based on the TPO
reaction [5] towards the left. This results in a smaller differ-experiments. These results suggest that part of the carbona-
ence between the CH4 and CO2 conversions obtained withceous species formed at 6508C become inactive towards
increasing reaction temperature. The same argumentshydrogenation up to 5008C but active towards oxidation.
apply for the difference in selectivities of the reformingThe TPH experiment of carbonaceous species formed
reaction to CO and H2 which were described in the Re-during the reforming reaction over the Rh/YSZ catalyst
sults section.(Fig. 5) indicates that significant amounts of ethane, as

The catalytic results of CH4 conversion vs. reaction timecompared to methane, are formed, a result which is com-
shown in Fig. 9b obtained over the Rh/Al2O3 indicate thatpletely different from that obtained over the Rh/Al2O3
over a period of 2 h of reaction the CH4 conversion doescatalyst (only CH4 is observed in Fig. 4). These results may
not drop by more than few percentage units. A similarsuggest that the chemical composition of carbonaceous
result was obtained under different conditions (21). How-species formed over the Rh/YSZ catalyst could be of some
ever, Table 3 indicates that the Rh surface area of thehydrogenated form of carbon, i.e., UCH2 , UCH3 , or
fresh sample (not exposed to the reaction mixture) as com-UCHxCHy , whose hydrogenation to ethane, in addition
pared to that after 2 h of reaction decreases by a factor ofto methane, could also be favored. The very small amount
4. One then would expect a similar drop in the activity ofof such carbonaceous species did not allow either the FTIR
the catalyst, which was not observed. This discrepancy istechnique nor the TPO technique (via the measurement
due to the fact that when the catalyst is brought to theof H2O) to investigate the true chemical nature of these
reaction temperature of 6508C (following H2 reduction atspecies. On the other hand, one cannot exclude the possi-
4008C) under He flow, the Rh surface area is already sint-bility that hydrogenation of atomic carbon to UCHx spe-
ered (as found by H2 TPD and activity measurements).cies, followed by coupling reaction of UCHx species and
The mean Rh crystallite size reported in Table 3 afterfurther hydrogenation steps, could also be favored over
10 min of reaction is indeed similar to that at the start ofthe Rh/YSZ than over the Rh/Al2O3 catalyst. It should
the reaction at 6508C. In other words, the Rh crystallite sizebe noted that YSZ is a fairly active methane oxidative
of the fresh sample is not the same as that corresponding tocoupling catalyst (35). The formation of C2H6 during
the start of the reaction (t 5 0).hydrogenation of carbon species deposited by CH4 de-

composition over supported Rh catalysts has recently
CONCLUSIONSbeen reported by Erdöhelyi et al. (15).

The following conclusions can be drawn from the results
(d) Catalytic Performance of Supported Rh Catalysts of the present investigation:

1. The performance of supported Rh catalysts underThe most pronounced advantages of catalysts based on
noble metals for the reforming reaction of methane with conditions of methane reforming with CO2 , in terms of

initial specific activity, is a strong function of the carrierCO2 are their high activity and good long-term stability,
as compared to nickel-based catalysts (9, 11, 12, 34). As employed to disperse the metal. The activity decreases in

the order YSZ . Al2O3 $ TiO2 . SiO2 . La2O3 . MgO.has been demonstrated in the present study, the activity
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