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Kinetic and isotopic tracer and exchange measurements were used to determine the identity and reversibility
of elementary steps required for Gkforming reactions on Ru-based catalyst. These studies provide a simple
mechanistic picture and a unifying kinetic treatment for,HD, and CH/H,O reforming reactions and GH
decomposition. Forward kinetic rates were measured from net rates by correcting for the approach to
equilibrium, after ruling out transport artifacts using pellet and bed dilution tests. The kinetic processes involved
are exclusively limited by €H bond activation, and CHeaction rates are unaffected by the identity or the
concentration of co-reactants 48l, CQ,). Similar normal kinetic isotopic effectkd-n/kc—p = 1.40-1.51)

were measured for G@eforming, HO reforming, and Ckldecomposition, consistent with kinetically relevant
C—H bond activation steps. The ratio of @BD, cross-exchange to methane chemical conversion rates
during the reaction of COreforming with CH—CD, mixtures was 0.05, suggesting that steps involving
C—H bond activation are essentially irreversible. Binomial D-atom distributions in dihydrogen and water
were obtained during reactions of @BO./D, mixtures, and their D-contents were identical to those expected

from complete equilibration between,@and H

-atoms from reacted GHndicating that HOH and H-H

recombination steps are quasi-equilibrated. ReactioFCoiy/2CO,/*3CO mixtures gave identicatC contents

in CO and CQ, even far away from the CQreforming equilibrium; thus, C@activation is reversible and
quasi-equilibrated during CGQeforming on Ru-based catalysts, as expected from the kinetic irrelevance of
co-reactant activation steps. These conclusions suggest that water-gas shift reactions are also equilibrated, as
confirmed by chemical analyses of reaction products. Forwargt@tdover rates increased with increasing

Ru dispersion, but they were essentially unaffected by the identity of the support. This behavior reflects the
higher reactivity of coordinatively unsaturated surface atoms, prevalent in small Ru clusters;Hadodhd

activation reactions, as previously inferred from the effect of crystal orientation oraCivation rates.

Introduction

CH, reactions with CQ@ or H,O can be used to produce

synthesis gas mixtures for ultimate conversion to desired fuels

and chemicals. Fischer and Tropkdinst showed that group
VIII metals (Ni, Ru, Rh, Pt, Pd, and Ir) catalyzed €8CH,
reactions to form these HCO mixtures. Specifically, Ru
clusters supported on AD3,2~ 13 TiO,,214 MgO,1516 La,O3,7~°
Si0,, 1217 NaY,® and carbohAl® effectively catalyze these

k(Pep, — (PHZZPCOZ/ oPco))

> 1)
1+(Peo/PPco,)
Studies of the stoichiometric activation of @&nd CH, on Ru/
Al,O; led to a proposal that CHdissociation is aided by
chemisorbed oxygen formed via @@issociation; the latter was
in turn promoted by chemisorbed H-atoms formed inHCbond
activation® CO, reforming turnover rates on Ru/TiORu/C,

reactioqs. The relevant elementary steps and the effects of metahng Ru/AO; were influenced by conversion, because reverse
dispersion and support on reaction rates have not been un-teps contributed to measured rates as reactions approached

equivocally established on supported Ru catalysts.

Bifunctional CQ reforming pathways on Ru/ADs; were
proposed to involve Cld decomposition on Ru and GO
activation on OH groups in the ADz support!! Matsui et al®
proposed a redox mechanism on Ru supported g®4.&rO,,
and Y,0s, in which CH; forms Ru-CHy species and CO
dissociates to form CO and chemisorbed oxygen atoms; Ru
CHy then reacts with chemisorbed oxygen atoms to form CO
and Ru. Mark and Maié? proposed rate-determining GH
decomposition steps to form chemisorbed carbon agdahkid
the reaction of carbon with GOn a fast process; this proposal
led to a rate equation consistent with kinetic data:
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equilibrium? After corrections for reverse reactions, forward
rates were accurately described by a simple rate equation:

— a b
r = kPcy, Peo,

where a and b are given by 0.52{£0.36) and 0.210.40),
respectively. This expression was shown to be consistent with
a sequence involving slow and reversible Qtissociation to
form CH, species and irreversible slow decomposition of,OH
species to form CO and hydrogen, but these conclusions
remained speculative because of large uncertainties in reported
reaction orders.

Rostrup-Nielsen and Hans€meported the only parallel study
of CO, and KO reforming reactions on Ru catalysts. They
proposed that C&and HO reforming mechanisms are similar

)
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on Ru/MgO, but found significantly higher reaction rates for steps and with the kinetic irrelevance of £€&hd HO activation.

H,0 reforming (80 kPa kD, 20 kPa Chj) (8.9 mol site’1 s71) These conclusions resemble those reached in our recent studies
than for CQ reforming (80 kPa C@ 20 kPa CH) (2.9 mol of CH,4 reforming and decomposition reactions on Rt 26

site 1 s71) at 823 K. These authors proposed that the replacementlr,?” and NP8 catalysts, the evidence for which is presented
of H,0 co-reactants with CQintroduced a kinetic bottleneck  elsewhere.

associated with C@ activation, which became the rate-

determining step in C@Oreforming reactions Experimental Methods

Several studies on model metal surfaces have concluded that Ru/AlLOs with 1.6 and 3.2 Wt % Ru and Ru/ZgQuith 3.2

C—H bond activation is probably the kinetically relevant step \\+ o4 Ru were prepared by incipient wetness impregnation of
in CH, conversion reactions, but these studies have measureda) 0, or zrO, with an aqueous solution of Ru(NO)(NH (Alfa,
only rates of stoichiometric CHdecomposition reactions,  cas#34513-98-9). Impregnated samples were dried at 393 K
typically at temperatures much lower than those required 10 jn ambjent air and treated in flowing dry air (Airgas, UHP, 1.2
overcome kinetic and thermodynamic hurdles duringsCH  cn/g-s) by increasing the temperature to 873 K at 0.167K s
reforming catalysig%@nd refs thereinFor these systems and reac-  and holding at 873 K for 5 h. Samples were then treatedzn H
tions, C-H bond dissociation occurs more rapidly on step and (airgas, UHP, 50 crilg-s) by heating to 873 K at 0.167 K’
kink sites than on terrace sites, apparently because of the higheiand holding at 873 K for 2 h. The 3.2 wt % Ruj8; sample
reactivity of coordinatively unsaturated surface metal at&n#4. was also treated in H{Airgas, UHP, 50 crfig-s) by increasing
Stoichiometric activation of Clappears to depend sensitively  the temperature to 1023 K at 0.167 K!sand holding at 1023
on surface structure; this structure sensitivity, by the definition K for 2 h in order to vary the size of Ru clusters..® (160

of Boudart?! should lead to strong effects of metal cluster size m2/g) was prepared by treating Al(O{)Aldrich, 21645-51-2)

on catalytic turnover rates. Yet, we have not found systematic in flowing dry air (Airgas, UHP, 1.2 cfig-s) while increasing
studies of dispersion effects on Gkeactions catalyzed by Ru  the temperature to 923 K at 0.167 K!sand holding at 923 K

or of the effects of Ru surface structure on catalytic reforming for 5 h, a procedure that leads $0Al,03.2° ZrO, (45 n?/g)
reactions. was prepared by hydrolysis of a 0.5 M aqueous solution of

The supports used to disperse Ru crystallites often influence ZrOCL8H;0 (Aldrich, >98 wt %) at a constant pH of 10,
CO, reforming rates, but concurrent effects of supports on Ru maintained by addition of controlled amounts of a 14.8 M,NH
dispersion, on transport artifacts, or on approach to equilibrium OH solution®® The precipitates were immediately filtered and
are seldom independently considered. M&témiind that CH washed repeatedly by redispersing it in a warmy®H solution
conversions in C@reforming were higher on Ru/ZrGand Ru/ (pH 10,~333 K) to remove residual Cl ions, until no Cl ions
La,Os than on Ru/AJOs, and proposed, without direct evidence, Were detected by a AgN@est (CI' < 10 ppm). The samples
that such effects arose from the different reactivities of the Were then dried at 393 K overnight in ambient air and treated
various supports in CQactivation. Ferreira-Aparicio et At in flowing dry air (Airgas, UHP, 1.2 cfifg-s) by heating to
suggested that OH groups on supports catalyzed rate-determinin _23 K at 0.167 K s* and hOId'ng at 923 K for 5 h. X-ra)_/ .
CO, activation steps. Bradford and Vanrictound higher iffraction showed the predominant presence of monoclinic
turnover rates when Ru was dispersed onTi@n on AbO3 Zr0;. ) . ) . .
or carbon, even though Ru dispersions (froacHemisorption) Ru dlsrl)ers'lon was measured by volumetrioccHemisorption
were lower on TiQ (51%) supports than on AD; (78%) or at 373 K using a Quantasorb chemisorption analyzer (Quan-

; ; : ; tachrome Corp.). Catalysts were reduced inati873 K for 2
carbon (100%) supports. This study provided infrared evidence )
for the decoration of Ru crystallites with TiGpecies during :1 an:_j' thﬁn eyacu?ted_at t8h73 Kfor 0.5 h. Afte(; EO?“ng t03373d
catalyst reduction and proposed that such sites exhibit uniqueSC') 6|1<P2 cAek:nlslc(er 'Otf.‘ IS0 ?rr]m was measure det;/veen ?n
catalytic activity because of the resulting intimate megalpport a. acksorption 1sotne€rm was measured Dy repeating

contacts. The nature of these interactions, their specific role in .th's procedure after evacuating samples at 373 K for 0.5 h. Both

kinetically relevant steps, and even the survival of these isotherms were extrapolated to zerg Hressure and their

X . - . difference used as a measure of the uptake of strongly
decoration effects_m contact with GQGand HO at high chemisorbed hydrogen. Ru dispersions were calculated by
temperatures remain unclear.

) . o assuming that one hydrogen atom chemisorbed on each surface
Here, we probe the identity and reversibility of elementary Ry 31 gispersion values are shown in Table 1 for each of the
steps required for O and CQ reforming of CH, on supported catalysts used in this study.
Ru catalysts. We provide evidence for a catalytic sequence that  catalytic rates were measured by placing samples (5 mg,
rigorously combines the kinetics and pathways for water-gas 250425 ,m) within a quartz or steel tube (8 mm inner
§h|ft, CH, d(-.:'compo'smon,'and O@nd RO reforming reac- diameter) with a type K thermocouple enclosed within a
tions. Kinetic and isotopic experiments confirmed this se- sheath in contact with the catalyst bed. Samples were diluted
quence and established the sole kinetic relevance ®HC  \jth ground, acid-washed quartz powder (500 mg, 2585
bond activation and the essentially uncovered nature of Ru ,m) to avoid temperature gradients. Transport artifacts were
surfaces during steady-state catalysis. Reaction rates wergyled out using pellet and bed dilution with the pure support
measured in the absence of transport artifacts and rigorouslywithout detectable changes in rates or selectivities, as shown
corrected for the approach to equilibrium of reforming react- in the Appendix. The effects of CHH,O, and CQ pres-
ions. Similar rate constants determined ferl€bond activation sures on Chireaction rates were measured at 82823 K and
in H2O reforming, CQ reforming, and ClH decomposition 0.1-0.5 MPa total pressure over a wide range of reactant
reactions are compared on samples with varying Ru dispersionconcentrations. Reactant mixtures were prepared using 50%
on Al,Oz; and ZrG supports. Turnover rates were strongly CH4g/Ar (Matheson) and 50% Cg@Ar (Matheson) certified
influenced by Ru dispersion but essentially insensitive to the mixtures and He (Airgas, UHP) as balance. FgOHeforming
support used and to the identity or concentration of the reactions, HO was introduced using a syringe pump (Cole-
co-reactant, consistent with GHactivation rate-determining Parmer, 74900 series). All transfer lines afteCHntroduction



Chemical Conversion of CHon Ru—Based Catalysts J. Phys. Chem. B, Vol. 108, No. 22, 2004255

TABLE 1: Forward CH 4, Turnover Rate on Supported Ru Catalysts (873 K, 20 kPa Cl 20 kPa CQ, or H,0)
Forward CH Turnover Rate (s

reduction Ru CH,

catalyst temperature (K) dispersion (%) Ci-CO; CH;—H:0 decomposition reference
1.6 wt % Rup-Al03 873 55.5 4.8 4.9 this study
3.2 wt % Rug-Al,03 873 44.2 3.1 3.3 3.1 this study
3.2 wt % Rup-Al 03 1023 33.1 2.7 2.6 this study
3.2 wt % Ru/ZrQ 873 29.8 25 2.3 2.2 this study
1.6 wt % Ru#-Al203 78.0 15.3 2
4.8 wt % Ru/C 100 14 2
1.0 wt % Rug-Al;03 55 1.2 3
0.64 wt % Ruy-Al 0z 51.0 5. 12
1.0 wt % Ru/NaY 28.0 2% 18

@ Net rates were corrected to forward rates by approach to equilibrium using eq 5, then extrapolated to our reaction conditions (873 K, 20 kPa

CH,) usingr = A exp(—E&a/RT) Pcp,
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Figure 1. Effects of CH, (a) and CQ (b) partial pressure on forward Glieaction rate for C@reforming of CH on 3.2 wt % Ru/AJO; reduced
at 873 K (5 mg catalyst, 873 K, total flow rate 100 ¥min, balance He, average pressure is the average of inlet and outlet pressures of the reactor).

were kept above 373 K to avoid condensation. Reactant andand 20 amu were used to determine water isotopomers and those

product concentrations were measured with a Hewlett-Packardat 28, 29, 44, and 45 amu to meas#€O0, 13CO, 12CO,, and

6890 gas chromatograph using a Carboxen 1000 packed columri3CO, concentrations, respectively. Detailed experimental condi-

(3.2 mm x 2 m) and thermal conductivity detection. Unless tions are shown together with the corresponding data in the

otherwise noted, catalysts were reduced at 873 K beforg CH Results section.

reforming reactions. No products were detected at-8ZXR3 Carbon formation rates were measured during reforming

K'in empty reactors. reactions at 873 K using a tapered element quartz oscillating
Ru/Al,0;3 and Ru/ZrQ catalysts (20 mg, treated inptdt 873 microbalance (Rupprecht & Patashnick, Series 1500). Catalyst

K; 3.2 wt %) diluted with 500 mg quartz powder were used for treatment procedures and reaction conditions were similar to

CH4 and CD decomposition reactions at 873 K. Chemical those used in kinetic measurements.

compositions were measured by on-line mass spectrometry

(Leybold Inficon, Transpector Series). Reactant mixtures with Resylts and Discussion

20% CHy/Ar or 20% CDy/Ar were prepared using 50% GH

Ar (Matheson, certified mixture) or Cf{Isotec, chemical purity Kinetic Dependence of Reforming Rates on Ckl CO,, and

> 99.0%) with Ar (Airgas, UHP) as an inert internal standard H20 Partial Pressures.The kinetic dependence of Glireform-

used for accurate CHconversion measurements. Initial ¢H  ing rates on Chl CO,, and HO concentrations was measured

decomposition rates were used to estimate rate constants foen 3.2 wt % Ru/AlO; treated at 873 K in Kl (44.2% Ru

CH, decomposition using the observed linear dependence ofdispersion) at conditions leading to stable rates and undetectable

rates on CH concentration. carbon formation. Filament carbon formation was not detected
Isotopic tracer studies were carried out on 3.2 wt % R@Al in parallel microbalance experiments or by transmission electron

reduced at 873 K with a 44.2% Ru dispersion using a transient microscopy analyses of catalyst samples after use.

flow apparatus with short hydrodynamic delaysx(s). Chemi- Figure 1 shows the effects of GHind CQ pressures on

cal and isotopic compositions were measured using on-line massforward CH; turnover rate 1, normalized by the number of

spectrometry (Leybold Inficon, Transpector Series),QBotec, exposed surface Ru atoms) at 873 K and-1800 kPa total

chemical purity> 99.0%), DO (Isotec, chemical purity pressure. Net rate measurements far from equilibrium require

99.0%), and 5% BAr and 13CO (Isotec, chemical purity very low CH,; conversions at low temperatures, because of

99.0%) were used as reactants without further purification. unfavorable thermodynamics, and they become impractical at

Intensities at 15 and 720 amu were used to measure methane high temperatures, because very fast reaction rates lead to

isotopomer concentrations. GEnd CDO standard fragmentation  ubiquitous temperature and concentration gradients. Measured

patterns were measured, and those for GHIM,D,, and CHD reaction rates were corrected for approach to equilibrigin (

were calculated using reported methé8ilntensities at 18, 19,  using thermodynamic datkand prevalent pressures of reactants
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Figure 2. Extent of water-gas-shift equilibrium at different reaction
temperatures as a function of space velocity on 3.2 wt % R@AI
catalysts reduced at 873 K (44.2% Ru dispersion). (Reaction condi-
tions: CQ/CH4/Ar = 1:1:2, 100 kPa total pressurgwss = ([Pcal-
[Prol)/([Pr][Peol Kwas))-

and products to give forward rates for ¢HCO, and CH—
H>O reactions:
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Forward CH—CO, reaction rates increased linearly with
increasing CH partial pressure (5125 kPa) at 873 K and were
independent of C@partial pressure (5125 kPa) (Figure 1(a,b)).
Forward rates were also insensitive to CO,, nd HO
pressures, whether these pressures were varied by adding these
species to the inlet stream or by changing residence times and
CHj, conversions. Measured concentrations during, €form-
ing corresponded to equilibrated water-gas-shift (WGS) reactions
at all temperatures between 823 and 1023 K (Figure 2,-CH
CO, reaction rates are simply described by a first-order
dependence in CHand a zero-order dependence in £LO

It = Keo, Pcr, (6)

Once reverse reaction rates are considered using-e§stBis
expression describes G@eforming rates at all temperatures
(823-1023 K).

More complex rate expressions reported in previous stéitfles
may reflect transport artifacts or nonrigorous accounts of reverse
reactions. Equation 6 is consistent with £attivation on Ru
surfaces as the sole kinetically relevant elementary step and with
fast steps involving recombinative hydrogen desorption to form
H, and reactions of C@with CHs-derived chemisorbed species
to form CO. These fast steps maintain Ru surfaces essentially
uncovered by reactive intermediates during;€E80;, reactions.
Otherwise, higher C®pressure would increase the rate of
removal of adsorbed intermediates and lead to positive effects
on CH, reforming rates. These data do not preclude the presence
of completely unreactive residues during catalysis, an issue that
we address below.

The kinetic irrelevance of carbon removal by co-reactants
and the mechanistic equivalence oftHand CQ reforming
reactions were confirmed by GHH,O reaction rates measured

In these equationsP]] is the average partial pressure of species on 3.2 wt % Ru/AjOs. These rates are shown together with
j (in units of atm) in the reactor. Average pressures were usedthose for CH—CO; reactions in Figure 3 as a function of GH

in order to correct for minor depletion of reactants along the
catalyst bedKeq1 andKeq2 are equilibrium constants for each
reforming reactior2 The (1— #) values were larger than 0.8

and co-reactant pressures. Forward;€H,0 reaction rates are
proportional to CH partial pressures (525 kPa) and indepen-
dent of HO partial pressure (525 kPa). As in CH-CO;,

for all catalytic measurements reported here. Net reaction ratesreactions, rates are simply described by

(rn) are used to obtain forward reaction rates using
=0—r)=rl-mn )

wherer, is the reverse reaction rat€This equation accurately

s = Ku,o Pen, (7

Rate constants for # (ku,0) and CQ (kco,) reforming are
similar to each other at each reaction temperature (Figure 4)

described the observed effects of reactor residence time and CHand show similar activation energies. The corresponding pre-

conversion level on reforming rates.

5

Forward CH4 raection rate
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20

10

30

Average CH, pressure (kPa)

exponential factors for these rate constants are shown in Table
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Figure 3. Effects of CH, (a) and CQ or H;O (b) partial pressure on forward Glreaction rate for Chi—CO, and CH—H0 reactions on 3.2 wt
% Ru/ALO; reduced at 873 K (44.2% Ru dispersion) (5 mg of catalyst, 873 K, total flow rate 1&nam20 kPa CQ@or H,O in (a) and 10 kPa

CH, in (b), balance He).
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TABLE 2: Forward CH 4, Reaction Rate, Rate Constants, and Kinetic Isotope Effects for CiHReforming Reactions on 3.2 wt %
Ru/Al,03; Reduced at 873 K (44.2% metal dispersion) (873 K, 25 kPa CHor CD,, 25 KPa CGQ; or H,0, balance Ar, total flow

rate 100 cn®/min)

Pre-Exponential Factor

turnover rate constant kinetic isotope activation energy (s kPa)
co-reactant rate (s)2 (st kPa?) effec (kJ/mol) measured estimated
Co, 3.9 0.16 1.42 96 8.% 10 5.5x 10°
H>O 4.2 0.18 1.40 91 4.% 10 55x 10°
none 3.8 0.15 151 99 84 10 5.5x 10°

2 |nitial CH,4 turnover rate on Ru surfacten,/kep,. Calculated on the basis of transition-state theory treatments pa€ivation steps proceeding

via an immobile activated compléX.

1

CHa reaction rate constant (kPa '1s")
o

0.01 T T T T T T
1.08 110 112 1.14 116 1.18 1.20 1.22
10°KIT
Figure 4. Arrhenius plots for C@reforming @), H,O reforming ),

and CH decomposition 4) rate constants on 3.2 wt % Ruji8l;
reduced at 873 K (44.2% Ru dispersion).

Time on stream (h)
(CH, reforming)

0.0 0.5 1.0 1.5 2.0

CH, decomposition

CH, reaction rate
(moles/g-atom Surface Ru.s)

0 50 100 150 200

Time on stream (s)

(CH4 decomposition)
Figure 5. CHj, reaction rate for Ckldecomposition and reforming
reactions on 3.2 wt % Ru/AD; catalyst reduced at 873 K (44.2% Ru
dispersion) (873 K, 20 kPa CH100 kPa total pressure, total flow rate
100 cn#/min).

activation of a C-H bond catalyzed by interactions with Ru
surface atoms.

Figure 4 shows Arrhenius plots for GHeforming and
decomposition rate constants. Activation energies fop (36
kJ/mol), HO reforming (91 kJ/mol) and CHdecomposition
(99 kJ/mol) are similar (Table 2), consistent with similar
kinetically relevant steps. These activation energies resemble
those reported previously for G@eforming on 1.0 wt % Ru/
Al,O3 (92.4 kJ/molf and 1.6 wt % Ru/AlO; and 4.8 wt %
Ru/C (106 kJ/moB, but they are much larger than reported for
CHj, activation on Ru single crystdfs®” and on Ru/SiGP8 at
lower temperatures. An activation energy of65 kJ/mol was
reported for CH activation on Ru (0001) from the amount of
carbon deposited after various elapsed tiffeEven lower
values (36.1 kJ/mol) were measured by others on similar Ru
(0001) surfaces from electron energy loss measurements of
chemisorbed carbdhand on Ru/Si@(29 kJ/mol) using a pulse
microreactor?

Density functional theory (DFT) led to 85 kJ/nidlnd 78
kJ/mol? estimates of activation energies for ¢attivation on
Ru (0001) surfaces. These estimates lie between values mea-
sured in the present study for catalytic and stoichiometrig CH
reaction (91107 kJ/mol) and those reported for stoichiometric
reactions on single crystals and supported clusters at lower
temperatures (2951 kJ/mol) studies. These differences remain
puzzling and may well reflect the contribution of minority and
catalytically irrelevant coordinatively unsaturated defects, which
do not turn over because of their strong interactions with
chemisorbed carbon formed in-& activation steps. It appears,
however, that rates and kinetic parameters measured during
steady-state catalysis, and reflecting exclusively, @ttivation
steps, are most relevant to descriptions of catalytic surfaces at
reaction conditions. It is possible that unreactive carbon deposits
form at edge or kink steps in small Ru clusters and Ru single
crystals; these sites would be most effective in stabilizing
transition states required for-@4 bond activation. If so, the
resulting carbon species must be entirely unreactive during CH
reforming reactions, because their surface density (and conse-
quently reaction rates) would otherwise depend on the concen-
tration and identity of co-reactants. They must also form very
rapidly during initial contact with Chkireactants, in view of the

2. Preexponential factors predicted from transition-state theory lack of detectable deactivation at our reaction conditions.

treatments of Cl activation steps proceeding via immobile
activated complexé%are also shown in Table 1. The measured

Differences among activation energies measured on catalysts
and on model surfaces were also observed oR°A 28 Ir,27

values are larger than theoretical estimates, but become similarand N?2 catalysts. CO oxidation rates measured or?Rpt,26

if limited mobility is assumed for activated complexes.
CH;—CO, and CH—H,0 reaction rate constants are also
similar to those measured during the early stages of, CH
decomposition in the absence of eithexdHr CQ, co-reactants
on 3.2 wt % Ru/A}O; (Figure 5, Table 2). It appears that the
sole kinetically relevant step in catalytic GHeactions with
H,0O or CG, to form H,—CO mixtures and in stoichiometric
CH,4 decomposition to form C* and Hon Ru is the initial

and I#7 before and after reforming reactions were identical,
indicating that the density and type of exposed metal atoms were
unchanged during catalytic reforming reactions. We cannot
exclude that a very small fraction of surface atoms, with
remarkable reactivity in stoichiometric Gldctivation but unable

to turn over, are initially exposed on fresh samples but become
unavailable during initial contact with CHreactants. We
conclude, however, that such sites, if present, do not turn over;
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1000 on supported Ru catalysts. Kinetic isotope effects were measured
from the relative forward rates of GHCO, and CQ—CO,

100 £ reactant mixtures at 873 K on 3.2 wt % RuBk (reduced at

873 K; 44.2% dispersion). Kinetic isotope effects fopQH
reforming reactions were obtained from forward reaction rates
with CH,—H,0, CD,—H0, or CDy—D,0 reactant mixtures also

at 873 K.

Normal kinetic isotopic effects were measured for both,€H

011 %X CO, and CH—H,0 reactions and for Crlecomposition (Table

\ 2), and their values were identical within experimental accuracy
*

-

=)
t
»

0.01 + (1.40-1.51). These similar values are consistent with equivalent
kinetically relevant G-H bond activation steps in all three

0.001 , i i . reactions. Forward reaction rates were identical fop€B,0

000 050 100 150 200 250 and CDh—D-0 reactant mixtures, indicating that activation of
10°KIT co-reactants and any reactions between adsorbed species formed

Figure 6. Arrhenius plots for CH decomposition rate constants on from co-reactants and GHlo not influence overall reaction
3.2 wt % Ru/AbO; (this study) @), 2.75 wt % Ru/SiG* (#), and Ru rates.
(0001° (a). Elmasides and Verykidd measured a kinetic isotope value
f of 1.6 for partial oxidation of C-0O, reactant mixtures at 903
K on Ru/TiQ,. This value is very similar to those reported here
for H,O and CQ reforming reactions, suggesting that partial
oxidation, probably occurring via sequential combustion and
reforming reactions, may also be limited by—& bond
activation. Kinetic isotope effects for 2@ reforming, CQ
eforming, or CH decomposition reactions on Ru have not been
previously reported. The values reported here are similar to those
]reported previously for ClHdecomposition on Ni/Si@(1.60)
at 773 K% and for CQ reforming on Ni/AbOs (1.45) at 873
K,%” as well as to those we recently have reported on Rh (1.54-
1.60)25 Pt (1.58-1.77)2% Ir (1.68—1.75)27 and Ni (1.62-
1.71)28 Another study’® however, failed to detect a kinetic
isotope effect for C@ reforming on Ni at near-equilibrium

CHa reaction rate constant (kPa™'s™)

thus, they are not relevant to the analysis and prediction o
catalytic rates of Ch-H,O and CH—CO, reactions. Indeed,
Wang et alt! examined Clkjdecomposition on stepped Pd (679)
surfaces and showed that C* preferentially forms at steps and
kinks, while (111) terraces remain largely uncovered. On Pt
surfaces, carbon also forms preferentially at step sites during
n-hexane reactions, while terrace sites remain uncovered an
active for catalytic reactiorf&.It is not certain that these findings
are relevant to Ru surfaces and to the steady-state behavior o
catalytic Ru clusters.

Figure 6 shows Arrhenius plots for Gidecomposition data
on 3.2 wt % Ru/AO3, from the present study, together with
CH,4 decomposition rates on Ru (0084and 2.75 wt % Ru/

SiO%8 at lower temperatures. Measured £Hecomposition . :
rates on Ru (0003 are~100 times larger than on Ru/#Ds, conversions, which led to the proposal thaiCHor CQ, co-

while CH; decomposition rates are similar on 3.2 wt % Ru/ reactan_t activation ar_1d_ chemisorbed oxygen atoms were in-
Al,05 and 2.75 wt % Ru/Si@® Thus, it appears that the type volved in rate-determining steps. These latter data are incon-
of defect sités responsible for (;Pac’tivation on large single sistent with the kinetically relevant step and the kinetic isotope

crystals are not available on small Ru metal clusters, even effects reportepl here on Ru-pasgd.catalysts; they appear to reflect
thermodynamic instead of kinetic isotope effects, because these

though surfaces of small clusters are often described as quite ; de at - h 4
rough and densely populated by coordinatively unsaturated measurements were made a Aonversions near thermody-
namic equilibrium.

sites. One possibility is that this description becomes inap- ) )
propriate at high temperatures, because of the tendency of small Bradford and Vanniceproposed that CiH-CO; reactions
metal clusters to melt, at least in near-surface regions, well belowProceed on Ru surfaces via reversible &iissociation to form
the melting temperature of the corresponding bulk niét#d. ~ adsorbed Clkiand H species, followed by quasi-equilibrated
This process leads to a liquidlike layer a few atoms thick Steps, in which C@adsorbs, dissociates, reacts with,Githd
stabilized by a crystalline metal core, which becomes appar- hydroxyl groups to form CkD species and H. In this proposal,
ent above 800 K for Pt clusters about 8 nm in diarneterl even CHXO U|t|mate|y dissociates to form adsorbed CO and H, which
though bulk Pt melts at 2042 #:*4 Smaller clusters and the  then desorb to form CO and HThis mechanism provides
presence of a support to stabilize molten structures would favor Plausible elementary steps for @E&CH, reactions, but intro-
these phenomena and lead to significant loss of coordinativeduces a level of detail that cannot be experimentally tested,
unsaturation for the supported Ru clusters of this study (bulk because these steps become kinetically irrelevant and the
Ru melts at 2607 K). Thus, catalytic reactions at high temper- corresponding reactive intermediates are spectroscopically inac-
atures, such as CHeforming, on small metal clusters may be cessible when their concentrations are low during steady-state
unable to benefit from coordinative unsaturation, even when catalysis, as inferred from our kinetic and isotopic studies. We
such unsaturated sites were able to undergo a catalytic turnoverPropose instead a set of elementary steps involving simpler
Although this explanation remains speculative at this point, it intermediates, including chemisorbed carbon, because of its
deserves additional examination in view of its marked con- likely formation reactions that lead sequentially from £td
sequences on the choice of models systems that describéC* With increasing rate as H-atoms are sequentially abstracted
faithfully the relevant features of small clusters of catalytic from CH,.*
relevance. These elementary steps are shown as Scheme 1. CH
Mechanistic Evidence from Kinetic Isotope Effects Several decomposes to C* in a series of elementary H-abstraction steps,
steady-state isotopic tracer studies and kinetic isotope effectwith the first abstraction as the kinetically relevant step because
(KIE) measurements were used to probe the role and revers-of the low prevalent concentration of all GHintermediates.
ibility of specific elementary steps involved in GHH,O and This step is followed by the removal of the fragments formed
CH4,—CO,, as well as the mechanistic relevance of co-reactants using CQ or H,O co-reactants.
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SCHEME 1: Sequence of Elementary Steps for Cil 0.10 HoD, formation 4.0
Reforming Reactions on Ru-Based Catalysts .
k % methane chemical conversion =
CH4 + 2% ! CH3*+H* 8 = 008y 2
4 —_— 3 ( ) -§_, _ | 4 3.0 3 §
CHs* + * ——> CH,*+H* 9) g3 o 2
-§ ‘; 0.06 CH;D formation g g
CHy* +* —> CH*+H* (10) g8 | t20 88
g o Sa
CH* +% ——> C*+H* (11) §8 oot 2§
2 g | . 23
CO, + 2% TE=2 CO*+0O* . 2= oHPsformation w 8
(12) g oozt =
C*+0* S, cons )
 —
k- (13) 0.00 : " " : 0.0
3 0 2 4 6 8 10
CO* K./ CO+* (14) Time on stream (min)
< @ Figure 7. Methane reaction rate and @/&D, cross-exchange rates
during the reaction of CHCD,/CO, mixture on 3.2 wt % Ru/AlO;
H* + H¥O=2 Hy*+* (15) catalyst (5 mg of catalyst, 873 K, 12.5 kPa £4hd CD, 25 kPa CQ,
balance Ar, total flow rate 80 ctmin).
Ht T2 (16) )
for the overall reaction, which rigorously requires that the rate-
H* + O0* Z=5=>O0H*+* (17) determining step become exactly as reversible as the overall

reaction. C-H bond activation steps on Ru crystallites at 873

* *Z©j Kk
OH* +H HO%+ (18) K are irreversible, except as required by the approach of the

H,0* TE&=H,0+* (19) overall reaction to thermodynamic equilibrium.
The H/D ratio in the dihydrogen formed from equimolar
In this scheme;~ denotes an irreversible step, aada quasi- CH;—CD,4 mixtures was greater than one (1.50), and dihydrogen
equilibrated step, andk is the rate coefficient and; the molecules show a binomial isotopomer distribution. This H/D

equilibrium constant for step CH, irreversibly decomposes  ratio reflects the higher reactivity of GHelative to CD, as
in a sequence of elementary steps to form chemisorbed carborshown from independent reaction rates for these two methane
and hydrogen atoms. When (*) is the most abundant surfaceisotopomers (1.42). The binomial distribution of dihydrogen
intermediate, only the rate constant for step (8) appears in theisotopomers indicates that recombinative hydrogen desorption
rate expression and the rate becomes proportional tpaDid steps are quasi-equilibrated during £HCO, reactions on Ru
independent of the presence or concentration of GOH,O at 873 K.
co-reactants. Steps (12), and (24)9) are assumed to be Reactions of CHCO,/D; (1:1:0.2) mixtures at 873 Kon 3.2
reversible and quasi-equilibrated. We note that these elementarywt % Ru/AlL,O; were used to probe the reversibility of
steps provide pathways for reactions of Ohith either CQ elementary steps leading to the formation of water and dihy-
or H>O and also for water-gas shift reactions, which have been drogen. Here, water was not removed before mass spectrometric
frequently, but inappropriately and nonrigorously, treated as a analysis, and all transfer lines were kept above 373 K to prevent
separate independent kinetic process in many previous studiesvater condensation. No deuterated methane isotopomers were
of CH,4 reforming reactions. detected, as expected from the irreversible nature-efi®ond
Isotopic Tracer and Exchange Evidence for the Revers-  activation steps; as a result, water isotopomer measurements
ibility of Specific Elementary Steps.The reversibility of some  were unaffected by mass fragments from deuterated methane
of the elementary steps shown in Scheme 1 was probed usingnolecules. The H/D fraction expected if all H-atoms in the
isotopic tracer and exchange methods. The reversibility of CH converted CiHmolecules and all D-atoms in the inleg Btream
activation steps was determined from measurements of the ratecontributed to surface intermediates is 0.76. The water molecules
of formation of CHD4—x (0 < x < 4) isotopomers during  formed during reaction and the dihydrogen molecules in the
chemical conversion of CHCD4#/CO, mixtures. A CH/CD4/ effluent stream both contained identical H/D ratios of 0.74. Thus,
CO, (1:1:2) mixture was allowed to react at 873 K on 3.2 wt dihydrogen and water molecules and their corresponding
% Ru/AlLO3 (treated at 873 K; 44.2% dispersion). Chemical precursors in the chemisorbed phase are in quasi-equilibrium.
conversion and isotopic scrambling rates were measured usingTable 3 shows the isotopomer distribution in water molecules
on-line mass spectrometry after removingDid O in a trap formed from CH/CGO,/D, reactant mixtures. The isotopomer
held at 218 K (to avoid interference between fragments #@,H distribution is binomial with a D-content identical to that in
HDO, and DO and for CHD4—y). The rates of CkD4—x (0 < the available reactant pool; this is consistent with fast and quasi-
x < 4) formation and of methane chemical conversion are shown equilibrated recombination of H* and OH* in step (18) in
in Figure 7. The CHCD, cross-exchange turnover rate, defined Scheme 1. Binomial distributions were also observed for
as the sum of the rates of formation of CEOCH,D, (taken dihydrogen isotopomers, as expected from reversible and quasi-
twice), and CHD, is 0.18 s'. The turnover rate for Cii equilibrated recombinative hydrogen desorption steps (step (15)
chemical conversion (3.3°Y was about 19 times greater than and (16) in Scheme 1) during GKLO, reactions on Ru-based
for isotopic cross-exchange. The approach to equilibrium for catalysts. In view of the kinetic equivalence of elementary steps
this reactiony, estimated from the prevalent concentrations of involved in CH, reactions with C@and HO, we consider these
all reactants and products is 0.04, corresponding to the ratio of conclusions to be also valid for GHH,O reactions on Ru-
the forward overall reaction rate to the reverse reaction rate of based catalysts.
25, indicating that formation of traces of CHDCH,D,, and The reversibility of CQ activation steps (step (12) in Scheme
CH;3D isotopomers is merely due to some slight reversibility 1) was probed using?CH4/2CO,/13CO (1:1:0.4) reactant
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TABLE 3: Distribution of Water Isotopomers during
Reactions of CH/CO,/D, Mixtures on 3.2 wt % Ru/Al ,03
Reduced at 873 K (873 K, 16.7 kPa Cl 16.7 kPa CQ, 3.3
kPa D,, balance Ar, total flow rate 150 cn#/min)

Distribution (%)

measured binomial
isotopomer (H/D=0.74) (H/D2=0.76)
H.O 0.19 0.19
HDO 0.48 0.49
DO 0.33 0.32

@ (H/D) ratio predicted from H in reacted methane andrbambient
stream if complete mixing between the two isotopes occurred during
reaction.

mixtures at 873 K on 3.2 wt % Ru/ADs. The13C fraction in
CO (0.275) and C&(0.256) molecules in the effluent are similar

Wei and Iglesia

Forward CHa4 reaction rate
(moles/g-atom surface Ru.s)

0 T T
20 40

60
Ru dispersion (%)
Figure 8. Forward CH reaction rate for C@reforming of CH vs

to each other at all reaction temperatures, even though the inletyetal dispersion on different Ru-based catalysts (873 K, 20 kPa CH

reactant mixture contained isotopically pdf€0, and13CO.
The!3C content corresponds to complete chemical and isotopic
equilibration between CO and GQeven at CH chemical
conversion levels (6.4%) far from equilibrium € 0.06). These
data indicate that Cfactivation steps are much faster than
kinetically relevant ChH dissociation steps, and that steps (12)
and (14) occur in both directions many times in the time required
for a CH; chemical conversion turnover. Thus, géxtivation
steps are reversible and quasi-equilibrated during-6E0D,
reactions and by kinetic analogy also during £#i,0O reactions
at similar reaction conditions. Only trace amount$3aH, were
detected during reactions 8fCH,/*2CO,/13CO mixtures, as
expected from the low value of (0.06) during these experi-
ments, which lead to essentially irreversible conversion of CH
to Hy and CO.

Steps (12) and (14)(19) in Scheme 1 describe the reverse
water-gas shift reaction, which must, in view of the equilibrated

(#)1.0 wt % Rug-Al,O; (ref 3), (C) 1.0 wt % Ru/NaY (ref 18)4)3.2
wt % Ru/ZrG (this study), @) 3.2 wt % Rujp-Al0; reduced at 1023
K (this study), ©) 1.6, 3.2 wt % Ruy-Al,O3 reduced at 873 K, (*)
0.64 wt % Rup-Al,O; (ref (12)).

all® and Ferreria-Aparicio et &F did not report activation
energies; therefore, we have used our value of the activation
energy (96 kJ/mol) in extrapolating their data to our reaction
conditions. Forward CHl reaction rates were reported by
Bradford et af and Portugal et al® but the net rates reported
by Solymosi et af and Ferreria-Aparicio et &F were converted

to forward rates, using values of 0.05 and 0.1, respectively,
based on their respective @ldonversion levels.

Identical dispersion effects and turnover rate values were
obtained for CH—H,0, CH,—CO,, and CH, decomposition
reaction rates (Table 1), as expected from their rigorous
mechanistic equivalence. Turnover rates increased monoton-

nature of its component steps, also be quasi-equilibrated duringically with increasing Ru dispersion for both reactions, sug-

CH, reforming reactions on Ru-based catalyst (Figure 2). Indeed,
we find that the approach to equilibrium for this reaction,

gesting that coordinatively unsaturated Ru surface atoms,
likely to be prevalent in small crystallites even if they become

estimated from the prevalent concentrations of all reactants andmobile at high temperatures, are more active than those in low-

products, is near unity at all conditions (Figure 2).
These isotopic studies were carried out on a 3.2 wt % Ru/
Al,O; and predominately at 873 K, but the similar rate

index planes predominately exposed on large Ru crystallites.
Edge and corner atoms, with fewer Ru neighbors than those on
terraces, bind Ckand H more strongly and apparently decrease

expressions obtained at all temperatures and on all catalysts déhe energy required to form the relevant transition state feHC

not indicate any mechanistic shifts with changes in reaction

bond activatior?® No previous literature reported systematic Ru

temperature or catalyst composition and thus support the generaplispersion effects on CHeaction rates, but similar effects of
relevance of the proposed elementary steps. We note that thes€oordinative unsaturation were previously reported on other

elementary steps also provide a rigorous basis for kinetic
treatments of carbon filament formation during Qtdforming
reactions by defining a concentration or thermodynamic activity

metal surfaced* 285051 Klier et al?* found that CH dis-
sociation rates on a Pd single crystal increased with increas-
ing density of steps and kinks. These coordinative unsaturated

for chemisorbed carbon as a function of prevalent pressures andurface atoms showed reaction rates-100 times larger than
of rate constants and equilibrium constants for elementary stepson hexagonal closed-packed Pd(111) surfaces. Johnson and

as we discuss in detail elsewhépe?8

Dispersion and Support Effects on HO and CO, Reform-
ing on Ru. Ru clusters with a range of dispersion were prepared
by varying the metal content, the reduction temperature, and
the identity of the support. Turnover rates were calculated from
forward rates normalized by the number of exposed Ru atoms;
they are shown for Ci+-CO,, CH;—H0, and CH decomposi-
tion reactions in Table 1. CHCO, turnover rates reported by
Bradford and Vannicé, Ferreria-Aparicio et a2 Portugal et
al.*® and Solymosi et al.on Ru-based catalysts are also shown

Weinberg® reported that defects sites on Ir surfaces were much
more active than terrace sites for alkane dissociation react-
ions. Molecular beam studies by Weaver et'adhowed that
surface defects in Pt(111) markedly increased alkane dissociation
rates.

The identity of the support did not directly influence turnover
rates (Table 1, Figure 8), but it can influence Ru dispersion
and, in this manner, also turnover rates. Matsui €t lzve
reported much higher CHconversions on Ru/X0; and Ru/
ZrO; (25—29%) than on Ru/Si©(12%) and attributed these

in Table 1. We have corrected these literature rates for approacheffects to CQ activation on the supports, but neither Ru

to equilibrium and extrapolated to our reaction conditions (873
K, 20 kPa CH) using a first-order Chidependence and the
activation energies reported in each literature report (92.5 kJ/
mol, Solymosi et af; 106 kJ/mol, Bradford et &).. Portugal et

dispersions nor turnover rates were reported. These support
effects are inconsistent with our findings on @ and ZrG
supports and with the kinetic irrelevance of co-reactant activation
during CH, reforming reactions on Ru-based catalysts.
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Figure 8 shows that literature turnover rates show a consistent 5
effect of dispersion, irrespective of the identity of the support,
except for the data Bradford et.@lon Ruk-Al,Os, which 7,
showed higher turnover rates and Ru/C, which showed lower g & .
turnover rate. Once Ru dispersions are used to normalize c § ‘6.‘_
reaction rates, turnover rates increased monotonically with 2 § 3 A
increasing Ru dispersion. These dispersion effects, and the S e ”
measured turnover rates, are identical for,CGelctions with £ *3 2l
either HO or CQ; co-reactants and also for Gldecomposition $ 2
on supported Ru catalysts (Table 1). z é \
Conclusions
0 T T -
Isotopic studies and forward reaction rate measurements led 0.0 0.5 1.0 15 2.0
to a simple mechanistic picture and to a unifying kinetic (10°cm®g-h)/GHSV

treatment of Clg—CO,, CHs—H0, and CH decomposition  Figyre 9. Net CH, tumnover rates versus residence time for,£H

reactions and of water-gas shift on Ru-based catalysts, CH H,0 reaction on 3.2 wt % Ru/ADs at 873 K(@) 10 mg of catalyst

reactions are limited by €H bond activation and unaffected  diluted with 100 mg of AJO; within pellets, then diluted with 500 mg

by the identity or concentration of co-reactants or of the presence of ground quartz, pellet size 25@25um; (A) 10 mg of catalyst diluted

of reaction products. Turnover rates were identical for,CH With 50 mg of ALOs within pellets, then diluted with 500 mg of ground

decomposiion, Coreforming, and HO reforming reacions, %A1 pele sse 250425um: (4 10 g of claet dted it <0

and activation energies were similar for the latter two reactions. pe%et si22e3631062m). ’ gorg g '

The kinetic relevance of €H bond activation was confirmed

i%);r':t'ir(‘:‘ztl'(;O'rscgoHpecgeacgdmgasuﬁrgegza';%‘gF;ide‘:;erchweretransport artifacts. Extrapolating the net reaction rate to zero
_ —Hy . ; ) .

decomposition. Cross-exchange rates are much smaller thanrESIdence time gives forward Gdeaction rates.
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