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Abstract

Kinetic and isotopic tracer methods led to a simple and unifying mechanistic proposal for reactiong wit@l€O, and KO, for its
decomposition on Rh clusters, and for water—gas shift reactionsti&nages for forward reactions were measured by correcting net rates for
approach to equilibrium and by elimating transport artifacts. Ese rates were proportional to gidressure (5—450 kPa) and independent
of CO, or HyO pressures (5—450 kPa) on all supporteddatalysts; the resulting first-ordesite constants were identical forn,8 and
CO, reforming and for Cl decomposition. Kinetic isotope effectiscty, / kcp, = 1.54-1.60) were also independent of the concentration
or identity of the co-reactantonsistent with the sole kinetic relevance of C—H bondvatibn steps. These daiadicate that o-reactant
activation and its kinetic coupling with CHactivation via scavenging of chemisorbed carbon intermediates are fast steps and lead to Rh
surfaces essentially uncovered by reactive intermediates dud@dnd CQ reforming. CO oxidation rates before and after reforming
reactions showed that Rh surfaces remain uncovered by unreactivessgadng reforming catysis under conditions relevant to industrial
practice. CH conversion rates for CHHCD,4/CO, reactant mixtures are much faster than,CKHD, formation rates, indicating that C—H
bond activation elementary steps are irreversible4/Ci®,/D, reactant mixtures led to binomial isotopomer distributions in dihydrogen and
water at all reactant conversions. Their Bntents were identical and corresponded daikbration between all H atoms in reacted gH
and all B, in the inlet stream. Thus, recombinative desorption steps of H atoms and OH groups tofamnthO are quasi-equilibrated
during CH, reforming. 12CH4/12C0,/23C0O mixtures led to identicat3C contents in CO and Cf) as expected from quasi-equilibrated
CO, activation steps. The quasi-equilibrated nataf all these steps requires that water—gas shift reactions also be at equilibrium during
CHg4 reforming, as found experimentally. GHeforming turnover rates increased as the size of Rh clusters supporte@©# @i ZrO,
decreased, suggesting that coordinatively unsaturated Rh surface atoms prevalent in smaller clusters activate C—H bonds more effective
than atoms on lower-index surfaces, as also foumdingle-crystal surfacesuihover rates do not depend the identity of the support; any
involvement of the support in the activation of co-reactants is not kinetically relevant.
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1. Introduction active debate continues about tleative intrinsic reactiv-
ities of different metals, while Rh is generally considered
CH4 reforming with CQ or HxO provides an effec- to be one of the most stable group VIII metds-10]
tive route to synthesis gas streams useful as precursors t(Rh/Al,03 [6-18], Rh/ZrO, [11,17] Rh/SIG [11,13,17,
fuels and petrochemicals. Several hundred studies have doc19-21] Rh/Mg0[9,13,14,17,22]Rh/L&03 [13,14,17,21]
umented scientific and technological progress over the pastRh/TiO, [13,14,17,23,24] Rh/NaY [25], and Rh/ZSM-5

few years, including reviews by Edwards and Maift3, [26] have also been shown to catalyze £&nd HO re-
Wang and Lu[2], and Bradford and Vannid@]. After the forming of CHj.
initial report by Fischer and Trops¢#] that group VIII met- Rigorous and unequivocal assessments of relevant el-

als (Ni, Ru, Rh, Pt, Pd, Ir) catalyze GECH, reactions,  ementary steps and of dispersion and support effects on
turnover rates remain unavail@, and many contradictory
" Corresponding author. Fax: (510)642-4778. proposals and findings are still wsolved, even after signifi-
E-mail address: iglesia@cchem.berkeley.edu (E. Iglesia). cantresearch efforts. A qualitative theoretical analysis based

0021-9517/$ — see front mattéi 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2003.09.030


http://www.elsevier.com/locate/jcat

J.Wai, E. Iglesia / Journal of Catalysis 225 (2004) 116-127 117

on bond-order bond-energy conservation led to the sugges+educible supports, CHconversions were sensitive to the
tion that both CH and CQ dissociation steps are kinetically identity of the support (Rh/Si©~ Rh/Al,03 ~ Rh/MgO >
relevant on Rh(111R7]. Rostrup-Nielsen and Bak Hansen Rh/Y203 > Rh/L&03). Bhat and Sachtlg25] also found
[5] reported that HO reforming rates are much faster than that CH; conversions during COreforming were sensitive
reforming CQ rates and that the latter depended on rate- to support effects (Rh/AD3 > Rh/SiQ; > Rh/NaZSM-5).
determining CQ activation steps on Rh/AD3. Studies of Neither study reported Rh dispersions or turnover rates.
the stoichiometric activation of COand CH; on Rh/ALO3 Thus, the observed support effects may simply arise from
led to the conclusion that both GHand CQ limit over- secondary effects of supports on Rh cluster size or on trans-
all rates, and first-order rate dependencies on @@l CH; port artifacts. In contrast, Mark and Maif®] reported that
were propose{P8]. Using phenomenological power law ki-  the support (Zr@, Al203, TiO2, Si0y) did not influence
netics of the form CO;, reforming turnover rates on Rh crystallites.

Here, we probe the identity and reversibility of elemen-
tary steps required for #0 and CQ reforming of CH, on
Rh of various dispersions on different supportsy@d and
ZrOy). In doing so, we also establish a rigorous kinetic and
mechanistic equivalence among water—gas shift, de-

(1)

Bhat and Sachtle25] reported that the CPreforming of
CHpg is first-order in CH and zero-order in C®on Rh/NaY
catalyst, indicating that C—H bond activation is the kineti-
cally relevant step in CiHreforming reactions and hydro- composition, and C®and HO reforming reactions. Kinetic
gen desorption to form $Hand that CQ reactions with and isotopic exchange measurement experiments confirmed
CHg-derived chemisorbed species to form CO are fast andthe proposed catalytic sequence and the exclusive kinetic
kinetically- invisible, in agreement with our recent findings relevance of C—H bond activation steps and the kinetic ir-
on Ru-based catalysf29]. relevance of co-reactant activation pathways on clean Rh

Many studies on model metal surfaces have suggestedsurfaces. Transport artifacts were ruled out using bed and
that C—H bond activation is the kinetically relevant step pellet dilution strategies, and measured rates were rigorously
in CH4 conversion to H—-CO mixtureg30, and references  corrected for the distance from equilibrium in reforming re-
therein] C—H bond dissociation occurs faster on step and actions and for the number of exposed Rh surface atoms.
kink sites than on terrace sites, apparently as a result ofSimilar rate expressions and kinetic rate constants were mea-
the greater coordinative unsaturation of surface metal atomssured for BO and CQ reforming and for Cld decomposi-

r :kPéHA,PCbOz’

on rough surface$31-33] When this step limits overall
chemical conversion rates, its@hg structure sensitivity, by
the definition of Boudarf34], is expected to cause signifi-

tion. Rate constants increased markedly with increasing Rh
dispersion, but they did not depend on the identity of the
support. These conclusions resemble those reached in par-

cant effects of metal dispersion and cluster size on catalytic allel studies of CH reforming and decomposition reactions

turnover rates. Computational studies using density func-

on supported Ru, Ni, Ir, Pt, and Pd catalysts, the evidence for

tional theory suggested that steps and kinks decrease CH which will be presented elsewhefi29,35]

dissociation barrier§33]. These barriers are estimated to
be about 30 kdmol lower on steps and kinks present on

Rh(211) surfaces than on close-packed terrace planes or2. Experimental methods

Rh(111)[33]. Wang and Ruckenstejt7] reported that C®
reforming is structure-sensitive on Rh@8ls; the turnover
rates depend significantly on Rh crystallite size (1-7 nm)
and the specific activity incread with increasing Rh dis-
persion on Rh/AIO3 catalysts, but most data were measured
near equilibrium without approfate correction. Zhang et al.
[13] have reported similar dispersion effects for @&form-
ing of CHs on Rh/AbOg3. The effects of Rh dispersion on
CH4—H>0 reactions have not been reported.

Supports are often claimed to influence £iforming

2.1. Catalyst synthesis and characterization

Rh/Al,0O3 and Rh/ZrQ catalysts with varying Rh content
(0.1,0.2,0.4, 0.8, 1.6 wt%) we prepared by incipient wet-
ness impregnation of AD3 or ZrO, with an aqueous solu-
tion of Rh(NHy)3Clg (Alfa, CAS 10294-41-4, 99.99%) and
dried at 393 K in ambient air for 12 h. These samples were
then treated in flowing dry air (Airgas, UHP, 1.2 /g s))
by increasing the temperature to 923 K at 0.167 Ks

rates on Rh crystallites, but their concomitant effects on and holding at 923 K for 5 h. A portion of each of the
Rh dispersion or on ubiquitous transport artifacts are sel- Rh/Al,O3 samples was treated in flowing dry air (Airgas,
dom rigorously excluded, and significant discrepancies exist UHP, 1.2 cni/(g s)) at higher temperatures by increasing the

among these previous reports. Wang and Ruckenfi&n
reported that C@reforming rates on Rh-based catalysts de-
pend on the reduction properties of the supportsy Coh-

temperature to 1123 K at 0.167 K’sand holding at 1123 K
for 5 h to achieve lower Rh dispersions. All samples were
ultimately treated in pure #(Airgas, UHP, 50 cri/(gs))

version was higher on Rh supported on unreducible oxidesby heating to 973 K at 0.167 K4 and holding at 973 K for

(Al203, MgO, Y203, Lap03, and SiQ) than on reducible
oxides (Zr@, CeQ, and TiQ), but no parallel measure-

3 h before catalytic and chesgrption measurements. A3
(160 n?/g) was prepared by treating Al(Okl)XAldrich,

ments of Rh dispersion were reported. Even within the less 21645-51-2) in flowing dry air (Airgas, UHP, 1.2 éit(g s))
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while increasing the temperature to 923 K at 0.167 Kand sition based on the observed linear dependence of rates on
holding at 923 K for 5 h; this procedure led:#eAl .03 [36]. CHg concentration.

ZrO, (45 n?/g) was prepared using procedures reported

elsewherg37], which led to the predominant formation of ~2.3. Isotopic exchange and tracer measurements

the monoclinic phase of Zr£J37].

Rh dispersion was measured from Vo'umetrh:dﬁlemi_ ISOtOpiC tracer studies were carried out on 0.1 wt%
sorption uptakes at 313 K using a Quantasorb chemisorptionRh/Al203 (treated in air at 1123 K before reduction) using
analyzer (Quantachrome CoypSamples were reduced in @ transient flow apparatus with short hydrodynamic delays
H, at 973 K for 2 h and then evacuated at 973 K for 0.5 h (<5 s). Chemical and isotopic compositions were measured
before chemisorption measurents. After coolingto 313K, Py online mass spectrometry (Leybold Inficon, Transpec-
a H, chemisorption isotherm was measured at 3-50 kpa H 1©OF Series). Cl (Isotgc, chemical purity- 99.0%),1?20
A backsorption isotherm wassdl measured after samples (1S0tec, chemical purity- 99.0%), and 5% B/Ar and~>CO
were evacuated at 313 K for 0.5 h. Both isotherms were (ISOt€c, chemical purity- 99.0%) were used as reactants

extrapolated to zero Hpressure and their difference was without further puification. Intensities at 15 and 17—20 amu

used to measure strongly chemisorbed hydrogen uptakeswere used to measure methane isptopomer concentrations.
from which Rh dispersions were obtained by assuming a CH, and CD, standard fragmentation patterns were mea-

1:1 stoichiometry between adsorbed H atoms and Rh sur-Sured and those for CHDCH,D;, and CHD were calcu-
face atomg38)]. lated using reported methofB9]. Intensities at 17, 19, and

20 amu were used to determine water deutero isotopomers
, _ o , and those at 28, 29, 44, and 45 amu to meas@®, 13Co,
2.2. Catal.y_tlc CO2 and H20 reformi ng and stoichiometric 1200, and3CO;, concentrations, respectively. Detailed ex-
decomposition of CH4 on Rh crystallites perimental conditions are shown with the corresponding data
in the results presented below.

Catalytic rates were measured by placing samples (5 mg,
250-425 um) in a quartz or stainless steel tube (8-mm in- 2.4. Carbon formation measurement
ner diameter) equipped with a typ€ thermocouple en-
closed within a sheath in contact with the catalyst bed. ~ Carbon formation rates were measured during reforming
Samples were diluted with ground acid-washed quartz pow- reactions at 873 K using a tapered-element quartz oscillat-
der (500 mg, 250-425 um) to avoid temperature gradients.ing microbalance (Rupprecht & Patashnick, TEOM Series
Transport artifacts were ruled out using pellet and bed dilu- 1500 pma kinetic analyzer). Catalyst treatment procedures
tion tests, which led to undetectable variations in,Geac- and reaction conditions were identical to those used in ki-
tion rates or selectivities. Kinetic effects of GH1>0, and netic measurements.
COy pressures on Ckteaction rates were measured at 823— o
1023 K and 100-1500 kPa total pressures over a wide range?->- CO oxidationrates
of reactant concentrations. React mixtures were prepared
using certified mixtures of 50% CiAr (Matheson, UHP)
and 50% CQ/Ar (Matheson, UHP) with He (Airgas, UHP)
as balance. DeionizedJ® was introduced using a syringe
pump (Cole-Parmer, 74900 series) fop® reforming re-
actions. All transfer lines were kept above 373 K after the

gg:jm ?; d':'fg égtr:gggtcrgzg;g z\é?édrﬁgggjpes dafilvci’trr]]. :Eaeisi;; concentrations were measured by gas chromatography using
P _the protocols described above for gi¢actions. Mixtures of

Packard 6890 gas chromatograph using a Carboxen. 100025% O/He (Matheson, certified mixture) and 81.5% CQ/N
ii:t)sfjlggc(t:g:umn (3.2 mmx 2 m) and a thermal conductiv- (Matheson, certified mixture) were used as reactants.

Rh/Al2O3 (0.4 or 1.6 wt%, 20 mg, treated at 1123 K
in air before reduction) diluted with 500 mg quartz powder 3 Regyltsand discussion
was used in Chland CDy decomposition kinetic measure-
ments at 873 K. Chemical and isotopic compositions were 3.1, Kinetic dependence of forward CH, reaction rate on

measured by online mass spectrometry (Leybold Inficon, partial pressures of reactants and products
Transpector Series). Reactant mixtures with 20%/@Hor

20% CDy/Ar were prepared using 50% GH\r (Matheson, The kinetic dependencies of Gleforming rates on Chj
certified mixture) or CR2 (Isotec, chemical purity 99.0%) COy, and HO concentrations were similar on Rh4&8lz and

and Ar (Airgas, UHP). Ar was used as an inert internal stan- Rh/ZrQ, catalysts with different Rh contents. We report here
dard to measure CHtonversion. Initial CH decomposition detailed kinetic data only on a 0.4 wt% Rh&8l3 sample
rates were used to estimate rate constants for d@@d¢ompo- treated at 1123 K. Rates were measured under reaction con-

Structure-insensitive CO oxidation reactions were used
to detect any changes in the number of exposed Rh atoms
during CH, reforming. Rh/ZrQ (0.8 wt%, 10 mg; 500 mg
quartz powder) was used to measure CO oxidation rates at
363 K and 0.19 kPa CO and 0.19 kPa fressures before
and after CH reforming reactions. Reactant and product
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Fig. 1. Effect of CH, (a) and CQ (b) partial pressure on forward GHeaction rate for C@reforming of CH;, on 0.4 wt% Rh/A$O3 treated at 1123 K
(37.2% Rh dispersion) (5 mg catalyst, 873 K, total flow rate 108,emin, balance He).
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Fig. 2. Effect of H (a) and CO (b) partial pressures on forward LJ#action rate for Cijreforming reactions on 1.6 wt% Rh/ADs treated at 1123 K (25.1%
Rh dispersion) (873 K, 20 kPa GH20 kPa CQ or H,O, 100 kPa total pressure, balance He).

ditions that led to stable rates without detectable carbon for- for CHs—CO, and CH,—H,0 reactions, respectively. Here,
mation. The absence of filamentous carbon was confirmed[ P;] is the average partial pressure of spegi€s atm) and
by lack of detectable changes in the mass of samples duringkKeq, andKgg, are equilibrium constants at a given temper-
parallel microbalance measurements and by the lack of vi- ature[40]. Values ofy range from 0 to 0.3 for experimental
sual evidence for carbon filamesnin transmission electron  data reported here. Measured net reaction ratgsafe used
micrographs of samples used in catalytic reactions for ex- to obtain forward rates-€) using[41]

tended periods of time.

Fig. 1shows the effects of CHand CQ pressuresonfor- "1~ ri(1—mn). (4)
ward CH, turnover rates) at 873 K and 100-1500 kPatotal ~ This equation accurately describes all observed effects of re-
pressures; these turnover rates are normalized by the numbeactor residence time and conversion on measured reaction
of exposed surface Rh atoms measured bycHemisorp- rates.
tion uptakes before catalytimeasurements. Measured net ~ Forward CQ reforming reaction rats increased linearly
rates were corrected for the approach to equilibrium for each with increasing Cl partial pressures (5-450 kPa) at tem-
CHg reaction in order to obtain rigorous forward reaction peratures between 823 and 1023 K; these rates were not
rates. Specifically, measured rates were corrected for ap-influenced, however, by COpartial pressures (5-450 kPa)
proach to equilibriums) from thermodynamic daf40] and (Fig. 1. Fig. 2shows that the addition of CO orto CHy—
the prevalent pressures of reactants and products using ~ COz and CH—H,O mixtures did not inflence forward rates

2 2 on 1.6 wt% Rh/A$O3 (treated at 1123 K, 25.1% Rh disper-

_ [PcollPH,]* 1

= , (2) sion) at 873 K. Forward rates were not influenced by CO or
[Pchy][ PH,01? KEQ, H, concentrations, whether they were varied by external ad-
[Pco][PH2]3 1 dition or by changes in residence time andQténversion.
2= (3) Once additional effects of product concentrationspyoare

[PcH,l[PH,o0] KEQ,
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bine and desorb from Rh(111) surfaces at 423-493 K, while
CO desorbs at 498-548 K; thus, chemisorbed hydrogen and
CO coverages are expected to be negligible at typicaj CH
reforming temperatures (873—-1100 K).

Fig. 3 shows the extent of water—gas shift equilibrium
under different reaction conditions on 0.4 wt% Rh/B%.
Measured concentrations ofactants and products during
CHg4 reforming reactions showed that water—gas shift (WGS)
reactions are equilibrated during @gleforming on all Rh
catalysts at 873—-973 K. The more complex rate expressions
reported in the literature appear to reflect transport artifacts
or nonrigorous corrections for approach to thermodynamic
equilibrium[16]. Our simple expression is consistent with
CH, activation as the sole kinetically relevant elementary
step and with fast and kinetically irrelevant reactions 0£,CO
with CHz-derived chemisorbed carbon to form CO; these
fast steps maintain Rh surfaces essentially uncovered by ad-
sorbed reactive intermediates during £1€0;, reactions.

The kinetic irrelevance of carbon removal by co-reactants

action temperatures as a function of space velocity on 0.4 wt%-catalysts was confirmed by the CHH,O reaction rates shown in

treated at 1123 K (37.2% Rh dispersion) (25 kP25 kPa CQ, 100 kPa

total pressurenwes = ([Pcoll PH,0])/([PH,1[Pco,1Kwas))-

taken into account usinggs. (2)—(4) CHa reforming rates
using CQ as co-reactants becomenly first-order in CH

and zero-order in C&)

rf = kco, PcH, -

(®)

The absence of co-reactant and product concentration ef-'f

Fig. 4. These rates are identical to those measured fo-CH
COy mixtures at similar Cl partial pressures. As in the case
of COp reforming, forward CH reaction rates using 20 as

the co-reactant depddinearly on the Cl partial pressure
(5—-25kPa), but they are independent of th&®hbartial pres-
sure (5—25 kPa); thus, the rate expression is identical to that
for reactions of CH with COy,

(6)

= kn,0PcH, -

fects indicates that the state of Rh surfaces is unaffected byMoreover, the rate constants fop@ (kn,0) and CQ (kco,)

the rate at which the products of Gldctivation are removed
by kinetic coupling of CH activation steps with those re-

reactions with CH are identical within our experimental
accuracy at each reaction temperatlfg(5). Activation

quired for co-reactant actitian. These data also indicate energies are also similar for these two reaction mixturas (
that co-adsorbed products do not detectably influence theble 1).

number of surface Rh atoms available for L£hktivation
steps. Castner et g42] have shown that H atoms recom-

6

Rate constants measured during{3#actions with CQ
and HO co-reactants are also similar to those measured

3
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Fig. 4. Effect of CH, (a) and CQ or HyO (b) partial pressure on forward GHeaction rate for Ci—-CO, and CH—H,O reactions on 0.4 wt% Rh/AD3
treated at 1123 K (37.2% Rh dispersion) (5 mg catalyst, 873 K, total flow rate 1@)}Z)1u:im 20 kPa CQ or HyO in (a) and 10 kPa CHin (b), 100 kPa total
pressure, balance He).
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Table 1
Forward CH, reaction rates, rate constants, activatiorrgies, and preexponential factors for Qidactions on 0.4 wt% Rh/AD3 calcined at 1123 K (37.2%
Rh dispersion) (873 K, 20 kPa GH25 kPa CQ or H,O, 100 kPa total pressure, balance Ar)

Co-reactant Turnover réte Rate constant Activation energy Preexponential factor (& kPa 1)
(s (s~ tkPal) (ky/mol) Measured Estimaté&d
CO» 4.2 0.21 111 92 x 10° 55x 103
Ho0 41 0.22 109 73x 10° 55x 103
None 39 0.19 108 55x 10P 55x 103

@ Initial CH4 turnover rate on Rh surface.
b Calculated based on transition-state theory treatments gfaGhivation steps proceeding via an immobile activated comgigk

0 5
A
A
m -+
-0.2 L4t A
8 z 2
[
— 5 8 A
» 04 c £ 34 A
" S 2 A
o = A
x S E A
X o 2 A A
o 0.6 S ® 24
o r ° A
°© 3
S A
-0.8 é 14 %
-1 : ‘ 0 ——— % .
1.00 1.05 1.10 1.15 0 20 40 60 80 100
10°KIT Surface carbon (C*/Rh-s)
Fig. 5. Arrhenius plots for C@reforming @), H2O reforming (), and Fig. 6. CH, reaction rate for Chldecomposition on 0.4 wt% Rh/A0D3 cat-
CHy decomposition 4) rate constants on 0.4 wt% Rh/AD3 treated at alyst treated at 1123 K (37.2% Rh dispersion) (873 K, 25 kPga,@B0 kPa
1123 K (37.2% Rh dispersion). total pressure, balance Ar).

in the absence of a co-reactant during the initial stages of cular beams on Rh films and reported an activation energy
CH4 decomposition on 0.4 wt% Rh/4Ds (Fig. 6, Table 1. of 46.4 k¥mol. Density functional theory calculations gave
Clearly, the sole kinetically relevant step in catalytic reac- C—H activation energies of 67, 32, and 2Q'ikbl for CHy
tions of CH; with H2O or CO, to form H,—CO mixtures reactions on flat Rh(111), stepped Rh(211), and kinked Rh
and in stoichiometric decomposition of Gltb form C* and surfaces, respectivel83]. These theoretical estimates for
H> is the initial activation of a C—H bond in Cftatalyzed stepped and kinked Rh surfaces resemble those measured in
by interactions with surface Rh atoms. Also, the initial state molecular beam experiments on Rh fil{d8,44] but they

of Rh surfaces during CHdecomposition and that during are much lower than those for catalytic €@nd HO re-
steady-state Clireactions with HO or CQ; are remarkably ~ forming on supported Rh clusters, even though C-H bond
similar, suggesting the substantial absence of reactive or un-activation steps are the sole kinetically relevant step during
reactive co-adsorbed speciesidgrsteady-state catalysis. steady-state catalysis.

The activation energies reported heikalfle ) agree The underlying reasons for these differences remain un-
with values previously reported for GOreforming on clear, but they raise concerns about the fidelity and relevance
0.5 wt% Rh/AbO3 (94.5 k¥mol) [13], 1.0 wt% Rh/AbO3 of clean flat surfaces as models of working metal clusters
(88 kJymol) [23], 3.8 wt% Rh/SiQ (88 kJymol) [19], and during catalysis for both molecular beam experiments and
0.5 wt% Rh/ARO3 (102 kymol) [16]. In contrast, activa-  theoretical calculations. It igossible that unreactive carbon
tion energies reported for dissociative adsorption of,@H deposits form via stoichiometric GHeactions at coordina-

Rh films are significantly lowef43,44] CH, dissociative tively unsaturated edge or kink and steps on surfaces of small
adsorption on Rh films was reported to occur with an activa- Rh clusters during catalytic CHeactions with CQ or H,O.

tion energy of only 29 kdmol [43] using field emission and  This would occur as an intrinsic component of £éttiva-
molecular beam methods. Brass and Ehr[i&#] measured  tion pathways and as a natural consequence of the higher
thermally averaged dissociation probabilities for Hole- binding energy of such sites for*Cwhich also renders such
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sites more effective than those on flatter surfaces at stabi-Table 2

lizing transition states required for C—H bond activation. Forward Chy turnover rates on Rh/ADg catalysts treated at 1123 K

Such carbon species must be entirely unreactive during CH (873 K, 20 kPa Cl, 25 kPa CQ or H0, 100 kPa total pressure, balance
. . . . Ar

reforming reactions because otherwise their surface den- ) -

sity (and consequently the reaction rates) would vary with Rhload Rhdispersion Forward CH turnover rate (s-)

the concentration and identity of the co-reactant, leading to (%) () CH4—CQ, CH4—H0O CHy decomposition

higher CH, reaction rates as the coentration or reactivity 0.1 501 6.1 57 -

of co-reactants increases. These considerations make it un9-2 434 51 52 -

likely that intrinsic surface passivation events are responsibleog1 ggi gg g'cl) 39

for the observed discrepancies among various experimental;i:6 251 24 29 54

and theoretical findings, becsaithe expected wide range of

reactivity for chemisorbed carbon species would make a sig-

nificant subset of these species reactive toward @CQH,0O fewer Rh neighbors than those on terraces, appear to bind

as their respective concentiens increase during catalytic CHx and H more strongly and to decrease the energy re-

CHg, reactions. quired to form relevant transition states for the initial C—H
Preexponential factors for GHactivation during Ch— bond activation ste33]. Activation barriers from theo-

CO, and CH—H,0 reactions are shown ifable 1, where retical estimates were about 30/kdol lower on stepped
values calculated using transition-state theory and immo- Rh(211) surfaces than on close-packed Rh(111) surfaces
bile activated complexdd5] are also included for compari-  [33], although both are much lower than our experimental
son. Measured preexponential factors-arg00 times larger ~ values, as discussed earlier. These surface roughness effects
than predicted for immobile activated complexes, indicating have also been reported for ¢Hissociation on other metal
that the entropy of such actiwat complexes is significantly — surfaces. For example, GHlissociation barrier estimates
higher than expected from immobile species and that someon flat Pd(111) and stepped Pd surfaces gave values of 65
two-dimensional translation occurs in the timescale of C—H and 37 kJmol, respectivel\j33]. Measured thermally aver-
bond activation events. We note that significant coverages ofaged CH dissociation rates on Pd single crystals increased
Rh surface atoms by unreactive carbon species would leadwith increasing density of steps and kinj@2] and were

to lower than predicted preexponential factors. We also point 10-100 times higher on stepped Pd(679) than on hexago-
out that using the low activation energies obtained in molec- nal close-packed Pd(111) surfaces. Kinks and steps are also
ular beam and theoretical studies together with our measurednuch more active than terrace sites for alkane dissociation
catalytic turnover rates leads to absurdly large preexponen-reactions on 1{46] and Pt[47] surfaces. On supported Ni

tial factors. catalysts, Ci decomposition has been shown to occur faster
on smaller Ni crystallite$48]. Zhang et al[13] and Wang

3.2. Dispersion and support effects on turnover rates for and Ruckensteifil 7] reported that Cll turnover rates in-

CHg4 reactions creased with increasing metal dispersion for,&OH, re-

forming on Rh/AbO3. These effects of surface structure and

Supported catalysts with a wide range of Rh dispersions cluster size on Chlactivation rates are consistent with the
(25.1-69.0%) and Rh crysdlize diameters (1.4-4.0 nm)  more extensive evidence for cluster size effects reported here
were prepared by varying the Rh content (0.1-1.6 wt%) and for Rh supported on AlD3 and ZrQ. Taken together, these
the thermal treatment temperature (923-1123 K) oAl data confirm the structure sensitivity of C—H bond activation
and ZrQ supports. Rh dispersion decreased with increasing steps (by the definition of BoudgB4]) and their role as the
Rh content and treatment teevature, as expected from the sole kinetically relevant step in GQor H2O reforming of
greater sintering tendency of metal particles in both cases. CHj4 and in CH, decomposition reactions.

The effects of Rh dispersion and support identity on  The identity of the oxide surfaces on which Rh clus-
turnover rates (normalized by Rh surface atoms measured byters are supported does not influence C—H bond activation
H> chemisorption) for forward C®and HO reactions with steps or CH conversion turnover rates, but it generally in-
CH, are shown inFigs. 7a and 7hrespectively. Turnover  fluences the size of Rh clusters for a given Rh content and
rates and the effects of dispersion and support were identi-thermal treatment protocol. When this Rh dispersion is used
cal for both reactions and also during the initial stages of to obtain turnover rates, these turnover rates depend only on
CH4 decomposition on Rh clusters without the presence of a the size and structure of Rh clusters. Thus, it appears that
co-reactantTable 2, as expected from the rigorous kinetic electronic effects of the support on Rh clusters are weak
and mechanistic equivalencmang these three reactants. in the size range of the clusters studied (1.4—4.0 nm) and

Turnover rates increased monotonically with increasing that any involvement of the support in co-reactant activation,
Rh dispersion, suggesting that coordinatively unsaturated Rheven if operative, is not kinetically relevant because over-
surface atoms, prevalent in small clusters, are more activeall reaction rates are limited only by C—H bond activation
than those in low-index surface planes predominately ex- elementary steps, which anet catalyzed by the oxide sup-
posed on larger Rh crystallites. Edge and corner atoms, withports. Some previous studies reported no detectable support
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effects for CQ reforming of CH, on Rh[9,49] and Ir[9] of CO, a structure—insensitive reactif?,53], to probe the
catalysts, but others have observed significant effects, whichsurface properties of working catalysts, because chemisorp-
have been used to implicate the support in co-reactant acti-tion measurements of used catalysts are not possible on the
vation step$50,51]. Tsipouriari et al[50] reported that Ch catalyst amounts (5 mg) used for steady-state @Horm-
turnover rates for C@reforming are about two times greater ing reaction. These CO oxidatizate measurements are also
on Rh/AbO3 than on Rh/Si@, even though similar Rh dis-  helpful in ruling out artifacts in kinetic and activation en-
persions of unity were claimed for both samples based on €rgy estimates caused by effects of temperature or reactant
H, chemisorption. Nakamura et §1] proposed that C® concentrations on the exterftldockage or sintering. These
activation was the kinetically relevant step in &£@H; re- effects, if present, may contribute to the significant differ-
forming reactions on Rh and that A3 supports increase  €nces in measured activation energies fog @forming on

the rate of CQ dissociation and thus overall reaction rates. Supported Rh catalysf3,16,19]and for Chy activation on
Previous reports of support effects and of their involvement Single crystalg43,44] We note that the kinetic irrelevance

in co-reactant activation aredonsistent with the data pre-  ©f co-reactant activation stepsdicates that any adsorbed
sented in the current study and with the demonstrated kineticSPECieS are unreactive during catalysis; thus any changes in
irrelevance of co-reactant activation steps. Supports can in-RI surface availability, as measured by CO oxidation, would
fluence metal dispersion and, in this manner, affect forward indicate unreactive gesits or sintering.

turnover rates, which are themselves very sensitive to theo BCV\(,?WOQE;&Z“O” andhCIzd rgr;‘:qrméngorate% elt 363tK on
size of supported Rh clusters. . ) rQ are shown irig. oxidation rates on

CH,4—COy turnover rates on Rh-based catalysts reported fresh catalyst are similar to those measured after steady-state

by Zhang et al[13] and Mark and Maief9] are also shown CH,—CO, or CHs—H,0 reactions, indicating that exposed
N . Rh atoms are not lost by sintering or covered by unreactive
in Fig. 7a We have corrected these literature rates for ap-

- . carbon residues during GHeforming reactions. We can-
proach to equilibrium and extrapolated to our reaction con- :
ditions (873 K, 20 kPa Ck using a first-order Ci de- not rigorously rule out that some Rh surface atom$0bo)

q d,th tvati 9 ted in the literat become unavailable during the first few turnovers and that
pge;seknce aln 13 € _?_ﬁ va '?n ?nergy refodrg th I'te ! (tara U"€uch atoms exhibit uniquelgactive character for C—H bond
(94.5 kymo [d ]).b fe ne (rja es reporte '? h N ; era l:jrzi activation. We can conclude, however, that such sites can-
Were assumec .to € forwar ratgs INView o the claimed dif- o 1,1 over and are therefore catalytically inconsequential.
ferential conditions in these studi¢sg. 7ashows that these

; , These findings suggest that gldhemistry on model sur-
literature turnover rates for GOCH, reactions and the data 5065 must be extended beyond single-turnover stoichiomet-

in the current study give consistent effects of dispersion, ir- (¢ activation reactions in bbtexperimental and molecular
respective of the identity of the support. simulations.

Turnover rates reported here for gkeforming are based
on the number of exposed surface Rh atoms measured fronB 3. |sotopic evidence of kinetic relevance and reversibility
H2 chemisorption uptakes be®reforming reactions. Sin-  of proposed elementary steps
tering or blockage of Rh suates by unreactive chemisorbed
species can occur and lead to Rh dispersions lower than In this section, we first present a hypothesis for a com-
those measured before reaction. We have used the oxidatioomon mechanism for C®and HO reforming and water—gas

10 10

Forward CH, reaction rate
(moles/g-atom surface Rh-s)
»
Forward CHa4 reaction rate
(moles/g-atom surface Rh-s)

<
0 L L s 0

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Rh dispersion (%) Rh dispersion (%)

Fig. 7. Effects of Rh dispersion and support on forward;Gefaction rate for C@-CHy (a) and CQ—H,0O (b) reactions (873 K, 20 kPa GH20 kPa CQ,
100 kPa total pressure, balance Ar. Solid symbols are the results of this study, and open symbols are from literamjeRtiétd, O3 treated at 1123 K (this
study); @) Rh/Al,O3 treated at 923 K (this study)A() Rh/ZrO, treated at 923 K (this study)<¥) 5.0 wt% Rh/AbOs (Ref. [9]); (A) 0.5 wt% Rh/LaO3
(Ref.[13]); (O) Rh/Al,O3 (Ref.[13]).
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T 1 OH 4 H* 0= Hy0" + 7, 16)
1 1 1 1
HoO* &&= H,0 + *. a7)
—_— ] ] 1 2 2
0 YY" #%0e0 | _ _ _
-.3 é ! A“: : : Here, — denotes an irreversible step aw= a quasi-
| y CO2/CH. | g H20/CHy equilibrated stepk; is the rate coefficient, and; is the
o & . : '.‘ - ' equilibrium constant for step When &) is the most abun-
g g e Q* I “q 0y dant surface intermediate, only the rate constant for §tep (
5 2 ' : ' : * appears in the rate expression and the overall Céhver-
Ao + . . .
o § 4 co/0, : :00/02: : COI0, sion rates become proportional to gldoncentration and
<;> "@' 1 1 1 1 independent of the identity or concentration of (£Or
) % ' ' ' H H,0) co-reactants. In these pathways, stgii§ and (13)-
T o 5| 1 1 1 1 (17) are assumed to be reversible and quasi-equilibrated.
o g A : B : c : D : E We note that these elementary steps provide required path-
et : : : : ways to complete Ciiturnovers using either CQOor Ho0,
1 1 1 0 but also a complete mechanism for water-gas shift reac-
o ! ! ! ! tions. Thus, this mechanism provides a unifying kinetic

treatment for chemical reactions that are typically, but inap-
propriately and nonrigorously, treated as independentkinetic
Time on stream (min) processe$15,16] Mark and Maier[9] and Lercher et al.
[55] proposed a similar reaction scheme on Rh- and Pt-based
Fig. 8. CO oxidation and forward CHeforming turnover rates on 0.8 wt% catalysts, respectively, without direct evidence or rigorous

Rh/ZrQ, (A, C, E, CO oxidation turnover rates, 363 K, 0.19 kPa CO, . : .
0.19 kPa @' B, CO, reforming turnover rates, 873 K, 25 kPa G125 kPa kinetic treatment, and they did not extend the sequence to

COy; D, H,0 reforming turnover rates, 873 K, 25 kPa G125 kPa h0). include HO "Ef(?rming or water-gas S'hift reactions.
The mechanism for Cldreactions with CQ (or H>O) re-

shift reactions and place it within the context of more com- Mains controversial and priews studies have reached con-

plex previous proposals. Then, we present the results of iso-radictory conclusions. Efstathiou et #6] used isotopic.
topic tracing and exchange studies and kinetic isotope effectSWitching experiments to conclude that carbon-containing
measurements carried out to probe this mechanistic hypoth-SPecies derived from Caccumulated during CLreform-
esis for CQ and RO reactions with Chj on supported "9 0N Rh/AbO3, and proposed the elementary step

Rh catalysts. The kinetic dependence of forward,Céhc- OH* + C" —s CO* + H*. (18)

tion rates on reactants and products led us to propose a set

of elementary steps involving simple intermediates, includ- We note that the kinetic relevance of this step would require
ing chemisorbed carbon (reactio@®—(17). CH, decom- significant differences between the rates ofsGldnversion
poses to € in a series of elementary H-abstraction steps, with CO, and HO co-reactants, in contradiction with the
and rate constants for subsequent H-abstractions are greatatata presented here. This study concluded thai @i€so-
than those for the initial C—H bond activati{#¥]; this cas- ciation (step 11)) is the kinetically relevant step. GGand
cade process leads to low CHcoverages and to *Cas CH,4 activation studies on Rh/ADs led to the proposal that
the most abundant carbon-comiiaig reactive intermediate. ~ CH4 dissociation occurs via reaction with chemisorbed oxy-
These C—H bond activation steps are followed Bye@d H gen (step 19)) formed via CQ dissociation, which was in
removal via either desorption or reaction with chemisorbed turn aided by chemisorbed H atoms (st2p)j [49]:

O* derived from CQ or H,O co-reactants.

0 50 100 150 200 250 300

. CHy* + O" — CH3z* + OH*, (29)
kK1 * *
CH CH H*, 8 . .
3* + . — i + . ®) This proposal would lead to more complex pathways than in
CHo* + * —> CH* + H*, (9 steps(7)-(17)and to reaction rates sensitive to the surface
CH* + * — C* + H¥, (10) concentration of ®, which would depend in turn on the re-
. Ko . activity and concentratioof the co-reactants.
COp + 2" &&= CO* + O, (11) Kinetic isotope effects were measured from relative for-
ks ward rates of CH-CO; and CD—CO;, reactant mixtures
—_—
c*+0" . co, (12) at 873 K. For HO reforming, kinetic isotope effects were
-3 measured from forward reaction rates with £&#H,0, CDs—
CO* =6 CO+ . (13) H20, and CD-D20 mixtures at 873 KFig. 9 shows for-
N . . s ward methane reaction rates for various isotopic reaction
H™ + H'=e=H" + 7, (14) " mixtures on 0.1 wt% Rh/AIO; (treated at 1123 K; 50.1%

H* + O* #5= OH* + *, (15) dispersion). Normal kinetic isotopic effects were measured
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Fig. 9. Kinetic isotopic effects during the exchanges of4830, (A) —
CD4/CO, (O) and CHy/H20 (A) — CDy4/H2O (H) — CD4/D20O (®) on
0.1 wt% Rh/AbO3 (5 mg catalyst, 873 K, 25 kPa G@r H,0, 25 kPa CH
or CDy, 100 kPa total pressure, balance Ar).

Table 3
Kinetic isotope effects for Ciireactions on Rh/AlO3 (873 K, 25 kPa CH
or CDy, 25 kPa CQ or HpO, 100 kPa total pressure, balance Ar)

Co-reactants (61)) H>0 None
kcH,/kcp, 1.56 154 160

for both CH,—CQO, (1.56) and CH-H,O (1.54) reactions
and also for CHH decomposition (1.60)Table 3; their val-

Table 4

Methane reaction rate and GKCD,4 cross-exchange rates during the re-
action of CH;/CD4/CO, mixture on 0.1 wt% Rh/AlO3 catalyst (873 K,
12.5 kPa CH and CLy, 25 kPa CQ®, 100 kPa total pressure, balance Ar)

Cross exchange rate (®)P  rexch/rreactio ¢

CHD3 CHyD, CHsD
6.10 009 008 007 004 003

Methane turn-
over rate (s1)2

@ Forward methane chemical conversion rate.

b Methane isotopomer formation rate.

€ The ratio of total methane isotopomers formation rate to the methane
chemical conversion rate.

4 5 = ([PcolPLPH,1%) /([Pco, ) Pery 1K)

exchange rates much lower than chemical conversion rates.
The reaction of CH/CD4/CO, (1:1:2) mixture was carried
out at 873 K on 0.1 wt% Rh/ADs3; chemical conversion
and isotopic exchange rates were measured by online mass
spectrometry, after removal of iD,_, O by cooling the ef-
fluent to 218 K. Rates of CH D, (0 < x < 4) formation

and of methane chemical conversion are showmable 4
CH4/CD4 cross-exchange rates (0.24'% are much lower
than chemical conversion rates (6.11% indicating that
C-H bond activation is essentially irreversible; the micro-
scopic reverse of C—H activation occurs, on average, once
every 25 chemical conversion turnovers. The approach to
equilibrium for CQ reforming,n, was 0.03 in this experi-
ment; thus, C—H bond activation steps are as reversible as
the overall chemical reaction, a condition that must be sat-
isfied by the sole kinetically relevant step in any reversible
chemical reaction mechanism.

The H/D ratio in the hydrogen formed from these
equimolar CH—CD4 mixtures is higher than unity (1.78)
and shows a binomial isotopomer distribution. This reflects
the higher reactivity of Chirelative to CD; this ratio is very
similar to the value of the kinetic isotope effect measured

ues are the same within our experimental accuracy (1.54—from independent CiHCO; and CD—CO, reactant mix-

1.60). This normal kinetic isotopic effect for GHctivation

tures. The binomial distribution of dihydrogen isotopomers

is consistent with kinetically relevant C—H bond activation provides indirect and preliminary evidence for the quasi-

steps (step?)). Replacing HO with D,O did not influence

steam reforming rate$={g. 9), indicating that steps involv-

ing water activation, reaction of*Cwith hydroxyl groups,

equilibrated nature of reconmative hydrogen desorption
steps.
Water forms during C@reforming of CH, because some

and hydrogen desorption are not kinetically relevant. ElIma- elementary steps lead to the removal ¢fformed via CQ
sides and Verykio$57] measured a kinetic isotope value dissociation by reaction with Hinstead of C in a manner

of 1.6 for partial oxidation of Ch-O, reactant mixtures

at 903 K on Ru/TiQ. This value is very similar to those
reported here for D and CQ reforming reactions on Rh-

that affects reversible wategas shift reactions. The compo-
sition of the products formed suggests that these steps are
at equilibrium during CQ reforming §ig. 3). As a result,

based catalyst, suggesting that partial oxidation reactionswater formation must involve quasi-equilibrated elemen-
may also involve C—H activation as the sole kinetically rele- tary steps. Cl/CO,/D> (1:1:0.2) mixtures were reacted on

vant elementary step.

0.1 wt% Rh/AbO3 at 873 K. No deuterated methane iso-

The reversibility of C—H bond activation steps was topomers were detected in the effluent, as expected from

probed by measuring the rate of formation of £KD,
isotopomers during reactions of G D4/CO, mixtures.

irreversible C—H bond activation and the low values
(< 0.05) in these experiments. The H/D fraction expected in

Reversible C—H bond activation would lead to comparable water and dihydrogen if all H atoms in chemically converted
rates of chemical conversion and cross-exchange, becaus€Hs mixed rapidly with all D atoms in B within a pool of

the latter reflect the microscopic reverse of C—H bond acti- surface intermediates is 0.70. Water and dihydrogen in the
vation steps. Irreversible steps would lead instead to cross-effluent contained KD ratios of 0.69 and 0.71, respectively,
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Fig. 10. Distribution of water (a) and dihyalyen (b) isotopomers during reactions of £ZE80,/D, mixtures on 0.1 wt% Rh/AlO3 treated at 1123 K (50.1%
Rh dispersion) (873 K, 16.7 kPa GHL16.7 kPa CQ, 3.3 kPa B, 100 kPa total pressure, balance Ar).

indicating that complete equilibration occurs between dihy-

to be rigorously applicable also to GHH>O reactions on

drogen and water gaseous species and their correspondinfrh-based catalysts.

chemisorbed precursors and intermediakég. 10ashows
the binomial isotopomer distribution detected in the water
formed from CH/CO,/D2 mixtures, consistent with fast and
quasi-equilibrated recombination of H* and OH* (stéj)).
Similar binomial distributions were observed for dihydrogen
isotopomersKig. 10b, indicating that recombinative hydro-
gen desorption (sted)) is also quasi-equilibrated during
CH4/CO, reactions on Rh/AIO3 at 873 K.

The reversibility of CQ activation steps (sted1)) was
probed using'?CHs/*2C0,/13CO (1:1:0.2) reactant mix-
tures on 0.1 wt% Rh/A0; at 873 K. Thel3C fraction
was similar in the CO (0.148) and G(0.138) present
in the reactor effluent underonditions far from equilib-
rium (n < 0.05), even though reactant mixtures consisted
of pure12C0O, and3CO. This!3C content corresponds to
complete chemical and isotopic equilibration between CO
and CQ, even at low CH chemical conversions (3.5%).
These data indicate that GQ@lissociation steps are much
faster than kinetically relevant GHlissociation steps and
that stepg11) and(13) take place (in both directions) many
times in the time required for one GHchemical conver-
sion turnover. Thus, C@activation steps are reversible and
quasi-equilibrated during CHCQO;, reactions and, by in-

CHg4 reforming pathways shown in ste§g)—(17) are
consistent with rate and isotopic measurements using CO
and HO co-reactants, with the meghistic equivalence of
CHs—H20 and CH-CGQ;, reactions, and with the quasi-
equilibrated nature of steps leading to water—gas shift. The
first C—H bond activation step solely determines overall re-
action rates and it is exactly asversible as the overall CH
chemical reaction. Co-reactant activation is fast and quasi-
equilibrated and leads to Rh surfaces that are essentially
unaffected by the rate at which*Gs removed by the co-
reactant. Isotopic studies weecarried out using 0.1 wt%
Rh/Al,O3 and predominately at 873 K, but the similar rate
expressions obtained at all temperatures and on all supported
Rh catalysts indicate that these mechanistic conclusions are
valid for Rh catalysts in general. Parallel studies of4Get
actions with BO and CQ on Ru[29], Ir, Pt, and Ni[35]
have led to similar conclusions about the identity, reversibil-
ity, and kinetic relevance of the elementary steps in steps
(7)—(17) We note that these elementary steps also provide a
rigorous basis for kinetic treatments of carbon filament for-
mation during CH reforming reactions, as we discuss in
detail elsewher¢35]. For these treatments,*@oncentra-
tions and the identity and reactivity of co-reactants become
relevant for kinetic descriptions of carbon formation, even

ference from the kinetic and mechanistic equivalence of when these properties remain unimportantin determining ki-

CHs—CQO, and CH—H,O reactions, also during the lat-
ter reaction.'3CH, was not detected during reactions of
12CH4/12C0,/*3CO mixtures, because the overall reaction
is far from equilibrium ¢ < 0.05) during these experiments.
Quasi-equilibrated stepgdding to water and dihydro-
gen and to CO-Cg@interconversion, taken together with
the expected equilibration o$t CO adsorption—desorption

netic rates of Cj chemical conversion to synthesis gas.

4. Conclusions

Forward rates and activation energies for Cidform-
ing turn over rates were identical with those for £&nd

steps, require that the water—gas shift reaction must also beH,0 co-reactants and similar to values obtained during the

quasi-equilibrated during GHCO; and CH—H,O reactant
mixtures on Rh catalysts, as indeed fouRid( 3). In view of
the kinetic equivalence of elementary steps involved iy CH
reactions with C@ and HO, we consider these conclusions

initial stages of stoichiometric CHdecomposition on Rh
clusters supported on AD3 and ZrG. Reaction rates were
proportional to CH pressures and independent of the iden-
tity and concentration of co-reactants. The concentration of
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reaction products influenced net rates only by varying the
distance from equilibrium for the overall reaction; their ef-

fects disappear when these thermodynamic effects are take
into account by converting experimental net rates to forward

reaction rates. Measured kinetic isotope effects were also in-
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dependent of co-reactant, and their values are consistent with{18] H.Y. Wang, E. Ruckenstein, J. Phys. Chem. 103 (1999) 11327.

the sole kinetic relevance of C—H bond activation steps and

with fast scavenging of chemisorbed carbon intermediates

by both HO and CQ, which leads to Rh surfaces essentially
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free of adsorbed reaction intermediates. These conclusiong22] p. Qin, J. Lapszewicz, Catal. Today 21 (1994) 551.

are consistent with isotopiaacer studies, which indicate
that H and OH species reatbine rapidly to form H or
H>0 in quasi-equilibrated steps and that £&ahd HO dis-
sociations are also quasi-equilibrated duringyCeforming
reactions. Turnover rates increased monotonically with in-
creasing Rh dispersion for GHeactions with CQ@ or H,O

and for CH; decomposition reactions, suggesting that co-
ordinative unsaturation of surface Rh atoms leads to more
stable transition states for GHlissociation reactions. The
identity of the support influenced Rh dispersions, but not
CH4 reforming turn over rates; any roles of supports in co-
reactant activation cannot lead to detectable changes in CH
reforming turnover rates becsel co-reactant activation is
not kinetically relevant.
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