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1. Introduction

ABSTRACT

The effects of reactant and product concentrations on turnover rates and isotopic tracing and kinetic iso-
tope effects have led to a sequence of elementary steps for CH,4 reactions with CO, and H,0 on supported
Pd catalysts. Rate constants for kinetically-relevant C-H bond activation steps are much larger on Pd than
on other metals (Ni, Ru, Rh, Ir, Pt). As a result, these steps become reversible during catalysis, because the
products of CH, dissociation rapidly deplete the required oxygen co-reactant formed from CO, or H,0
and co-reactant activation, and water-gas shift reactions remain irreversible in the time scale required
for CH4 conversion. H, and CO products inhibit CH, reactions via their respective effects on CH; and
CO dissociation steps. These mechanistic conclusions are consistent with the kinetic effects of reactants
and products on turnover rates, with the similar and normal CH,4/CD, kinetic isotope effects measured
with H,0 and CO, co-reactants, with the absence of H,0/D,0 isotope effects, and with the rate of isotopic
scrambling between CH, and CD,, '2C'%0 and '3C'®0, and '3CO and '2CO during CH, reforming catalysis.
This catalytic sequence, but not the reversibility of its elementary steps, is identical to that reported on
other Group VIII metals. Turnover rates are similar on Pd clusters on various supports (Al,03, ZrO-,
Zr0,—Lay03) and independent of Pd dispersion over the narrow range accessible at reforming conditions,
because kinetically-relevant C-H bond activation steps occur predominantly on Pd surfaces. ZrO, and
Zr0O,—La,03 supports, with detectable reactivity for CO, and H,0 activation, can reverse the infrequent
formation of carbon overlayers and inhibit deactivation, but do not contribute to steady-state catalytic
reforming rates. The high reactivity of Pd surfaces in C-H bond activation reflects their strong binding
for C and H and the concomitant stabilization of the transition state for kinetically-relevant C-H activa-
tion steps and causes the observed kinetic inhibition by chemisorbed carbon species formed in CH, and
CO dissociation steps.

© 2010 Elsevier Inc. All rights reserved.

ters [5,6]. Reaction rates, after being corrected for approach to
equilibrium, depend linearly on CH,4 pressure but are insensitive

CH,4 activation and reforming reactions using CO, or H,O co-
reactants provide attractive routes to synthesis gas (H,/CO) or H,
streams [1,2] and to carbon nanostructures [3] from natural gas.
Group VIII metals catalyze CH, reforming and decomposition
[1,2], but strong C-H bonds (439 k] mol~! [4]) lead to endothermic
processes that require high temperatures for practical CH4 conver-
sions and, as a result, also catalytic materials that resist sintering
and carbon formation at severe operating conditions. The detailed
sequence of elementary steps and their kinetic relevance, as well
the effects of metal cluster size and supports, remain controversial,
at least in part because of ubiquitous thermodynamic and trans-
port corruptions of reaction rates, often measured at conditions
near thermodynamic equilibrium.

Our previous studies have addressed these mechanistic and
practical matters for CH4 reforming with CO, and H,0 co-reactants
and for CH4 decomposition on supported Ni, Ru, Rh, Pt, and Ir clus-

* Corresponding author. Fax: +1 510 642 4778.
E-mail address: iglesia@berkeley.edu (E. Iglesia).

0021-9517/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2010.06.001

to the identity or concentration of the co-reactants on all these cat-
alysts. Measured turnover rates, isotopic tracing, and kinetic iso-
tope effects, obtained under conditions of strict kinetic control,
showed that C-H bond activation is the sole kinetically-relevant
step and that neither reactants nor products lead to significant sur-
face coverages of reactive intermediates during steady-state catal-
ysis. On all metals, turnover rates for H,O and CO, reforming
increased as clusters became smaller, because coordinatively
unsaturated surface atoms, prevalent on small clusters, tend to sta-
bilize C and H atoms and the transition states involved in C-H bond
activation more effectively than more highly coordinated surface
atoms on low-index surfaces. The extreme unsaturation of surface
atoms at corners or edges may lead, however, to unreactive carbon,
rendering such sites permanently unavailable at all reforming
reaction conditions. Supports did not influence C-H activation
turnover rates, except through their effect on metal dispersion,
as expected from the sole kinetic relevance of C-H bond activation
steps and from their exclusive occurrence on metal clusters. Co-
reactant activation steps and all elementary steps involved in
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water-gas shift reactions remained quasi-equilibrated on these
metals at all reaction conditions examined, consistent with isoto-
pic tracer data that showed carbon, oxygen, and hydrogen isotopic
equilibration for CO-CO, and H,0-H, during CH4 reforming
catalysis.

We provide evidence here for a similar sequence of elementary
steps on Pd clusters. Pd atoms at clusters surfaces are much more
reactive for C-H bond activation than on surfaces of the other
Group VIII metals. These fast reactions scavenge active O" species
from co-reactants and prevent the equilibration of co-reactant acti-
vation steps and of water-gas shift on Pd metal surfaces, in contrast
with the equilibrated nature of these steps on less reactive metals.
In addition, the kinetic coupling of fast C-H activation steps on Pd
with the steps that form O causes inhibition effects by products,
as a result of the reversibility of both C-H and C-0 activation steps.

Sintering and carbon formation have impaired previous at-
tempts at kinetic measurements and at their rigorous mechanistic
interpretations for CH4 reforming on Pd catalysts [7-10]. Supports
and additives (e.g., La, Ce oxides) have been used to inhibit carbon
formation [8,11], apparently because they can activate CO, at con-
ditions (low CO,/CH,4 ratios) that prevent the effective removal of
chemisorbed carbon via reactions with CO,-derived O" on mono-
functional catalysts, except through the assistance of co-reactant
activation on supports. These support effects have been claimed
as evidence for the kinetic relevance of CO, dissociation [7]. Yet
other studies conclude that only C-H bond activation steps control
the rates of CH4 reforming on Group VIII metals [2], consistent with
the normal kinetic isotopic effects (rcua/rcpa) observed on most
metal surfaces and with their similar values and rate equations
with H,0 and CO, co-reactants [5,6,12].

Here, we probe the elementary steps involved in CH,4 reactions
on Pd-based catalysts and provide evidence for a sequence of ele-
mentary steps consistent with rate and isotopic data obtained un-
der conditions of strict kinetic control. These data show that C-H
bond activation steps on Pd are kinetically-relevant but reversible,
even at conditions for which the overall reforming reaction is
essentially irreversible, in contrast with their irreversible nature
on other Group VIII metals [5,6]. Pd clusters provide the most ac-
tive surfaces for C-H bond activation among Group VIII metals,
but the kinetic coupling of these steps with co-reactant activation
steps leads to inhibition by the H, and CO products of reforming
reactions. Supports do contribute to steady-state turnover rates,
but their ability to activate co-reactants can be used to reverse
the occasional blockage of Pd cluster surfaces during steady-state
CH,4 reforming.

2. Experimental methods
2.1. Catalysts synthesis and characterization

ZrO, and y-Al,03 were prepared as described previously [6].
Zr0, was prepared by hydrolysis of an aqueous solution of
ZrOCl,-8H,0 (Aldrich, >98% wt.) at a constant pH of 10 and subse-
quent filtration, drying, and treatment in flowing dry air (Praxair,
UHP, 1.2cm3 g 1s71) at 923K (0.167 Ks™') for 5 h. y-Al,03 was
prepared by treating AI(OH)s (Aldrich) in flowing dry air (Praxair,
UHP, 1.2cm3 g 1s71) at 923 K (0.167 Ks™') for 5 h. Pd/ZrO, and
Pd/Al,03 samples were prepared by incipient wetness impregna-
tion of ZrO, or y-Al,05 with an aqueous solution of Pd(NO3), (Alfa
Aesar, 99.9%) and treatment in ambient air at 393 K. These samples
were treated in flowing dry air (Praxair, UHP, 1.2cm’g s ') at
923 K (heating rate 0.167 Ks~!) for 5h and then in flowing H,
(Praxair, UHP, 50 cm® g~' s™') at 1023 K (heating rate 0.167 Ks™')
for 2 h. Pd/ZrO,—La,05 was prepared by incipient wetness impreg-
nation of Pd/ZrO, (treated in H, as described above) with an aque-
ous solution of La(NO3)3;-6H,0 (Aldrich, 99.999%), treatment in

flowing dry air (Praxair, UHP, 1.2cm?g 's™1) at 923K (0.167
K s~1) for 3 h and then in H, (Praxair, UHP, 50 cm® g~ ' s71) at each
temperature for 2 h.

The dispersion of Pd clusters, defined as the ratio of all Pd atoms
exposed at surfaces, was measured by O, adsorption and titration
of adsorbed oxygen by H, at 373 K in a volumetric unit (Quanta-
chrome, Autosorb-1). Samples were treated in H, (Praxair, UHP)
at 653 K (0.167 Ks~') for 1 h and evacuated at 653 K for 1 h to re-
move chemisorbed hydrogen. Saturation monolayer uptakes were
estimated by extrapolating isotherms to zero pressure. The num-
ber of exposed Pd metal atom was estimated by assuming one
chemisorbed oxygen atom per exposed Pd atom [13].

2.2. Methane reaction rate and isotopic measurements

Rates were measured in a packed-bed reactor with plug-flow
hydrodynamics. Pd catalysts (5 mg) were diluted with 25 mg of
v-Al,03 within catalyst pellets (250-425 pm pellet diameter) and
then physically mixed with acid-washed quartz (500 mg, 250-
425 pm). These samples were placed in a quartz tube (8 mm diam-
eter) with a K-type thermocouple enclosed within a quartz sheath
in contact with the catalyst bed. Reactants consisted of mixtures of
50% CHg4/Ar (Praxair, Certified standard), 50% CO,/N, (Praxair, Cer-
tified standard), and He (Praxair, UHP) metered by electronic flow
controllers. H,O (deionized water) was introduced using a syringe
pump (Cole-Parmer, 74900 series) into the reactant stream by
vaporizing into a stainless line kept at 423 K. All transfer lines from
the injection point to the gas chromatograph were kept above
410K to avoid condensation. The concentrations of reactants and
products were measured by on-line gas chromatography (Agilent,
6890 series) using a HayeSep A (3.2 mm x 10 m) column and a
thermal conductivity detector.

Kinetic isotopic effects were measured for CH4 reforming on a
1.6% wt. Pd/ZrO, catalyst using the same reactor system using
CH4—CO, and CD4—CO, reactants for CO, reforming and CH4—H-0,
CD4—H-0, and CD4—D,0 reactants for H,O reforming. CD4 (Isotec,
99 atom % deuterium) and D,O (Isotec, 99.9 atom % deuterium)
were used as reactants without further purification. Isotopic ex-
change data were also measured on this catalyst using on-line
mass spectrometry (Inficon, Transpector series). The reactants con-
sisted of 50% CHy4/Ar (Praxair, Certified standard), 50% CO,/He
(Praxair, Certified standard), Ar (Praxair, UHP), and He (Praxair,
UHP) all metered using electronic flow controllers. CD4 (Isotec,
99 atom % deuterium), D, (Matheson, 99.7%), '3CO (Isotec, 99 atom
% 13C), and 13C'®0 (Isotec-Sigma-Aldrich, 99 atom % '3C, 95 atom %
180) were used as reactants without further purification. Concen-
trations of CH,4, CO, CO, isotopomers were estimated from mass
spectra using matrix deconvolution methods [14].

3. Results and discussion
3.1. Catalyst characterization

All catalysts used in this study are listed in Table 1. These sam-
ples were treated in H, at temperatures higher than those used in
CH,4 reforming reactions to prevent further structural changes dur-
ing catalysis. The mean cluster size in each sample was estimated
from Pd dispersions measured from chemisorption uptakes by
assuming hemispherical crystallites and the atomic density of bulk
Pd. The Pd cluster diameter for the 1.6% wt. Pd/ZrO, sample treated
in Hy at 1023 K (denoted hereinafter as 1.6% wt. Pd/ZrO,(1023))
was 12.5 nm. The Pd cluster size increased with increasing H;
treatment temperature and reached a value of 32 nm after H,
treatment at 1123 K (1.6% wt. Pd/ZrO,(1123)), a value consistent
with the Pd cluster size derived from transmission electron micros-
copy (31 nm mean cluster diameter, Fig. S1).
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Table 1
Reduction temperature, Pd dispersion, and mean particle size of supported Pd
catalysts.

Catalyst Reduction Dispersion Mean particle
temperature (K)  (%)* size (nm)®

1.6% wt. Pd/ZrO, 1023 8.9 12.5

1.6% wt. Pd/ZrO,—La,03 1023 53 21.1

1.6% wt. Pd/Al,04 1023 7.5 149

1.6% wt. Pd/ZrO, 1123 3.5 32.0

2 The fraction of the surface Pd atoms from O, chemisorption and titration of
chemisorbed oxygen by H,.
b The mean particle size (D) was estimated from Pd dispersion (d) using D = 1.1/d.

CH,4—CO, turnover rates were measured on Pd/ZrO,(1023), Pd/
Zr0,—La,05(1023), and Pd/Al,05(1023) (1.6% wt.; Fig. 1). CH4 turn-
over rates were stable with time on Pd/ZrO, and Pd/ZrO,—La,0s;
Pd/Al,03 deactivated during reaction, indicating that ZrO, and
Zr0,—-La,03 supports stabilize Pd clusters against deactivation.
Pd clusters on Al,O3 appeared to grow or become covered with
unreactive species during CH, reforming [15]. Initial CH4 turnover
rates were similar on Pd clusters dispersed on all three supports.
The low and similar dispersion (5.3-8.9%, Table 1) of these samples
causes reactions to occur predominantly at low-index planes,
which prevail on large clusters. The fraction of surface atoms ex-
posed at edges and corners decreases monotonically with increas-
ing cluster size [16], but their high reactivity tends to be dampened
by their tendency to form strongly-bound CHy4-derived species
[17,18] that are removed too slowly for significant contributions
to reforming turnovers.

We conclude from these data that these supports do not influ-
ence turnover rates on Pd clusters because of their low reactivity
in activation of H,O and CO, co-reactants. Stochastic processes
lead to the occasional deactivation of a given Pd cluster by the for-
mation of a carbon overlayer. In such cases, supports with low but
detectable rates of co-reactant activation, such as ZrO, or La;0O3-
Zr0,, allow the ultimate removal of these overlayers and inhibit
deactivation.

3.2. Effects of residence time and dilution on CH, reaction rates

Fig. 2 shows CH,4 reforming turnover rates (per surface Pd atom)
at 823 K as a function of residence time on Pd/Zr0,(1023) (1.6% wt.
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Fig. 1. Measured CH, turnover rates for CH4,—CO, reaction as a function of time on
stream on (A) 1.6% wt. Pd/Zr0,(1023), (O) 1.6% wt. Pd/ZrO,—La,05(1023), and (M)
1.6% wt. Pd/Al,05(1023) at 823 K (Pcyq = 10 kPa, Pcoy = 40 kPa, residence time 0.83
(10° cm®/g h)/Gas hourly space velocity).
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Fig. 2. Measured CH, reaction rates as a function of residence time for CH,—CO-
reaction on 1.6% wt. Pd/Zr0,(1023) at 823 K (Pcp4 = 10 kPa, Pco, = 40 kPa, (@) 5 mg
of catalyst diluted with 25 mg of Al,03 (pellet size 250—425 um), then diluted with
500 mg of ground quartz (250—425 pum), (a) 5 mg of catalyst diluted with 50 mg of
Al,05 (250—425 um), then diluted with 500 mg of ground quartz (250—425 pm),
(O) 5 mg of catalyst diluted with 25 mg of Al,05 (63—106 pm), then diluted with
500 mg of ground quartz (250—425 pum)).

Pd) catalysts with different pellet size (63-106 pm, 250-425 pim)
and extent of dilution within pellets (y-Al,0s:catalyst intrapellet
dilution ratios=5:1, 10:1) and within the catalyst bed (acid-
washed quartz (250-425 pum); quartz:catalyst dilution ra-
tio = 100:1). Neither pellet size nor intrapellet dilution influenced
measured CH4 turnover rates, indicating that rate data are unaf-
fected by transport artifacts that cause ubiquitous temperature
and concentration gradients; therefore, all measured rates strictly
reflect the rates of chemical reactions at cluster surfaces.

Forward CH4 turnover rates (7)) were obtained from measured
turnover rates (r,,.) by correcting for the approach to equilibrium
(n;) for CH4—CO5, (Eq. (2)) and CH4—H,0 (Eq. (3)) reactions [19]:

=gy M
_ [Pcol’ [Py, )? L

= [Pen, }[Pco,] K1 @
_ [Pco]lPy, ] 1

2" [Peu, ) [Puol “1 ®

[P;] is the average pressure (in atm) of species j in the reactor, and K;
and K, are equilibrium constants for CO, and H,0 reactions with
CHy, respectively [20]. The average pressures of reactants and prod-
ucts were used in all rate and equilibrium equations to correct for
the small changes that occurred as conversion changed along the
catalyst bed. At all conditions used in our experiments, # values
were much smaller than unity for reactions with either CO, or
H,0, and CH4 conversion levels were maintained below 9% in all
experiments.

On other Group VIII metals (Ni, Ru, Rh, Pt, Ir) [5,6], forward CH,4
turnover rates (from Eq. (1)) did not depend on residence time or
H, and CO product concentrations. In contrast, both measured
(Fig. 2) and forward (Fig. S2) CH,4 reforming rates decreased with
increasing residence time on Pd-based catalysts, even though
CH,4 and co-reactant concentrations were essentially unaffected
by residence time at the low conversions prevalent in these exper-
iments. We conclude that these effects must reflect the inhibition
of CH,4 reforming reactions by H, and/or CO reaction products.
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The next sections provide evidence for these conclusions by prob-
ing the effects of added H, and CO and of reactant concentrations
on reforming turnover rates.

3.3. Effect of reactant and product concentrations on CH,4 turnover
rates

CH4—CO; and CH4—H,0 reaction rates on 1.6% wt. Pd/
Zr0,(1023) at 823 K are shown as a function of CH,4 pressure in
Fig. 3. Forward CH,4 turnover rates increased with increasing CHy
pressure, but non-linearly, for both reactions; turnover rates were
also slightly higher with H,O than with CO, co-reactants. On other
metals (Ni, Ru, Rh, Pt, Ir) [5,6], forward CH, turnover rates were
strictly proportional to CH, pressure but unaffected by the identity
or concentration of the co-reactant. As we discuss below, these
small differences in CH4—CO, and CH4—H,O turnover rates on
Pd-based catalysts reflect differences in the prevalent concentra-
tions of CO and H, with these two co-reactants and their respective
inhibitory effects on C-H bond activation rates.

Fig. 4 shows the effects of CO, and H,O pressures on CHy4 turn-
over rates on 1.6% wt. Pd/ZrO,(1023) at 823 K. CH,4 turnover rates
did not depend on CO, or H,0 pressures. The small differences be-
tween CH4—CO, and CH4—H,O0 turnover rates again reflect differ-
ences in the prevalent CO and H, pressures and their inhibitory
effects on C-H bond activation, as shown below (Sections 3.3 and
3.4). These data indicate that co-reactant activation steps are faster
than C-H bond activation and thus kinetically-irrelevant and that
adsorbed species derived from these co-reactants are not present
at any significant surface concentrations during steady-state
catalysis.

Forward CH4 turnover rates are shown as a function of H, pres-
sure for CH4—CO,—H; reactants in Fig. 5. Turnover rates decreased
from 10.8 to 2.7 s ! as H, pressures increased from 0.33 kPa to
7.8 kPa, consistent with the observed effects of residence time on
reforming rates (Fig. 2). The effects of CO pressure on CH, reform-
ing turnover rates were measured using CH,—CO,—CO reactants
(Fig. 6). Turnover rates decreased from 10.3 to 3.9 s™! as CO pres-
sures increased from 0.98 kPa to 5.2 kPa. CH;—CO, turnover rates
before and after CO co-feed were identical, indicating that these ef-
fects reflect reversible inhibition instead of irreversible deactiva-
tion of Pd surface sites by reaction products.

15
27
v O
s 0
> § 10+
O ®
S t
5 5
2 o
:E'g
o 28
T 2 5
s 2
g 8
o 2
L ©
E
0 T T

0 5 10 15
Average CH, pressure (kPa)

Fig. 3. Forward CH,4 turnover rates as a function of average CH, pressure for (@)
CH4—CO, and (a) CH4—H,0 reaction on 1.6% wt. Pd/ZrO,(1023) at 823 K (Pco, or
P20 = 40 kPa, residence time 0.83 (10° cm®/g h)/Gas hourly space velocity).
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Fig. 4. Forward CH,4 turnover rates as a function of average (®) CO, or (a) H,0
pressure for CH4—CO, or CH4—H,0 reaction on 1.6% wt. Pd/Zr0O,(1023) at 823 K
(Pcha = 10 kPa, residence time 0.83 (10° cm®/g h)/Gas hourly space velocity).

3.4. Kinetic isotope effects and isotopic tracing experiments

Table 2 shows H/D kinetic isotopic effects measured by compar-
ing turnover rates with CH4—CO,, CD4—CO,, CH4—H,0, CD4—H,0,
and CD4—D,0 reactant mixtures (10 kPa CH4 or CDy4, 40 kPa CO»,,
H,0 or D,0) on 1.6% wt. Pd/ZrO, at 823 K. The measured normal
CH4/CD4 kinetic isotopic effects were identical for CO, or H,0 co-
reactants (1.39-1.41). These data indicate that C-H bond activation
is the only kinetically-relevant step on Pd clusters with both co-
reactants. These similar kinetic isotope effects for CH4/CD4 with
CO, and H,0 co-reactants also show that the extent to which this
step controls overall reforming rates is independent of the identity
of the co-reactant. No kinetic isotopic effects were observed for
CD4—D,0 and CD4—H,0 reactants (0.97), consistent with the lack
of kinetic relevance of water activation steps or of any steps involv-
ing water-derived intermediates. These kinetic isotopic effects on
Pd catalysts are slightly smaller than typical values for other
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Fig. 5. Forward CH,4 turnover rates as a function of average H, pressure for
CH,4—CO, reaction on 1.6% wt. Pd/Zr0,(1023) at 823 K (Pcp4 = 10 kPa, Pcoy = 40 kPa,
residence time 0.83 (10° cm?/g h)/Gas hourly space velocity).
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Fig. 6. Forward CH, turnover rates as a function of average CO pressure for
CH4—CO,, reaction on 1.6% wt. Pd/Zr0O,(1023) at 823 K (Pcy4 = 10 kPa, Pcoy = 40 kPa,
residence time 0.83 (10° cm?/g h)/Gas hourly space velocity).

Table 2

Kinetic isotope effects for CH4 reactions on 1.6% wt. Pd/ZrO,(1023) at 823 K (10 kPa
CH4 or CDy, 40 kPa CO,, H,0, or D,0) and on 1.6% wt. Pt/ZrO, at 873 K (25 kPa CH,4 or
CDy, 25 kPa CO,, H0, or D,0).

Catalysts Pd/ZrO, [This work] Pt/ZrO, [6]
1(CD4—H,0)/r(CD4—D,0) 0.97 1.07
1(CH4—CO0,)/r(CD4—CO>) 1.41 1.77
r(CH4—H,0)/r(CD4—H,0) 1.39 1.69

metals (Pt (1.69-1.77 at 873 K) [6], Ir (1.75-1.81 at 873 K) [5], Ru
(1.40-1.42 at 873K) [6], Rh (1.54-1.56 at 873 K) [5], and Ni
(1.62-1.66 at 873 K) [5]). These differences appear to reflect earlier
transition states with shorter C-H bonds on the more reactive sur-
faces of Pd clusters, as suggested by theoretical treatments of the
transition states involved in C-H bond activation steps on various
metal surfaces [21].

CH4—CO,—D, reactant mixtures were used to determine
whether inhibition reflects competitive co-adsorption leading to
significant H™ coverages or the involvement of H-adatoms in
reversing C-H bond activation steps. CH; chemical conversion
rates were compared with the rate of formation of CH4_,Dy isotop-
omers, measured by mass spectrometry (Table 3). CHsD formation
rates (r(CHsD)) were similar to those for chemical conversion of
CH, to Hy and CO (1(C0)), indicating that CH; and D" (or H') recom-
bine often to form CH3D (or CH,) in the time scale of chemical con-
version turnovers. Thus, we conclude that CH, activation steps
leading to CH; and H' are reversible; in contrast, these steps were
found to be irreversible and H, did not inhibit CH4 reforming on

Table 3

Ratios of CH3D formation rates (r(CHsD)) to
CH,4 chemical conversion rates (r(CO)) during
reactions of CH4;—CO,—D, mixture on 1.6% wt.
Pd/Zr0,(1023) at 823K  (Pcys=10kPa,
Pcoz =40 kPa, residence time 0.83 (10°cm?/
g h)/Gas hourly space velocity).

Inlet D, pressure (kPa) r(CH3D)/r(CO)
0 0

2 1.4

5 2.6

10 3.8

other Group VIII metals [5,6]. These differences among metals re-
flect, as we discuss in greater detail below, the larger C-H bond
activation rate constants on Pd clusters compared with those on
the other metals. CH,D, and CHDs isotopomers formed at much
lower rates (~20 times) than CHsD, suggesting that subsequent
C-H bond activation of CHj species is essentially irreversible. The
ratio of H/D scrambling to CH,; chemical conversion rate
{r(CHsD)/r(CO)} increased with increasing D, pressure (Table 3),
suggesting that CH3D formation rates (r(CHs3D)), via the micro-
scopic reverse of the initial C-H bond activation step, increase with
increasing concentrations of chemisorbed deuterium. This conclu-
sion was confirmed by the linear dependence of the {r(CHsD)/
1(CO)} ratio on Pp,'/? (Fig. S3); the latter dependence gives, in turn,
the surface coverage of D" for equilibrated adsorption-desorption
steps.

The various dihydrogen isotopomers were present in binomial
distributions at all conditions (e.g., H,:HD:D,, 0.046:0.30:0.65 vs.
0.044:0.33:0.63 for binomial; 10 kPa D,), indicating that hydrogen
dissociation-recombination steps are indeed at quasi-equilibrium
during CH4 reforming, even at the highest D, pressures and for
CH, conversions far from thermodynamic equilibrium. The H" cov-
erages expected during reforming reactions were estimated from
the heat of H, adsorption on Pd surfaces, reported to be 87 k] mol !
on Pd(11 1) [22] and 102 k] mol~! on Pd(1 1 0) [22]. These values
would lead to H' surface coverages much smaller than 0.01 on Pd
surfaces at typical reaction conditions (823 K; 0.3-2 kPa H;) and
to desorption activation barriers (typically equal to adsorption
heats for non-activated adsorption events) that would allow rapid
adsorption-desorption equilibrium during reforming catalysis.

We conclude that initial C-H bond activation steps are revers-
ible even when overall reforming reactions are essentially irrevers-
ible. The reversible nature of C-H bond activation elementary steps
is responsible for the observed H, inhibition effects, which reflect
the more frequent reversal of C-H activation events with increas-
ing H, pressures and H™ concentrations.

3.5. Effect of CO on CH,4 reforming turnover rates

The expected CO coverages during reforming reactions were
estimated from the heat of CO adsorption on Pd surfaces to con-
sider whether inhibition could simply reflect competitive adsorp-
tion of CO or require its dissociative adsorption to form more
strongly bound C" and O’ species. The heat of CO molecular adsorp-
tion has been reported to be 140k mol~' on Pd(111) [23],
170 k] mol~! on Pd(1 1 0) [23], and 148 k) mol~' on 1.5 to 9.5 nm
Pd clusters [24]. These values would lead to CO surface coverages
smaller than 0.1 on Pd surfaces for CH,—CO, or CH4—H,O0 reactions
at 823 K and typical CO pressures in our study (0.5-1 kPa). We con-
clude that molecularly adsorbed CO is unlikely to block Pd surface
atoms to the extent required to cause the observed inhibition ef-
fects. Yet CH4 turnover rates decreased markedly with increasing
CO pressure (Fig. 6), apparently because of concurrent CO dissoci-
ation via the microscopic reverse of the recombination of C and O’,
which forms the CO products of CH, reforming.

The reversible nature of CO dissociation steps was confirmed
from the rate of isotopic scrambling of 12C'%0(1 kPa)—!3C'®0(1 kPa)
during '?CH,4(10 kPa)—'2C'%0,(40 kPa) reactions at 823 K. Table 4
shows CO and CO, isotopomer concentrations in the effluent
stream. 'C'%0 and '3C'®0, isotopomers formed (via CO dissocia-
tion to C  and 0" and subsequent recombination) at rates compara-
ble to those for chemical conversion of CH, to CO ('3C scrambling to
CH4 chemical conversion rate ratio ~0.17). CO isotopomers were
not equilibrated ('*C'®0:'%C'80:13C%0:13¢'®0, 0.78:0.013:0.070:0.13
vs. 0.70:0.12:0.17:0.030 for binomial distributions), indicating that
CO dissociation steps are reversible but not quasi-equilibrated
during CH4 reforming. We conclude that CO inhibition of CH4
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Table 4

Isotopic distribution during '>CH4(10 kPa)—'2C'®0,(40 kPa)—'>C'®0(1 kPa)—'2C'%0
(1 kPa) reaction on 1.6% wt. Pd/Zr0,(1023) at 823 K (residence time 0.83 (10° cm?/
g h)/Gas hourly space velocity).

P (kPa) in reactants P (kPa) in products

12¢160 1.0 3.13
12¢18g 0 0.051
13¢1850 0 0.28
13¢18g 1.0 0.53
12¢160, 40.0 38.16
12160180 0 0.46
12c180, 0 0.0026
13¢160, 0 0.31
13160180 0 0.013
13c1802 0 0

reforming reactions is caused by the formation of kinetically-
detectable concentrations of active C” species via the microscopic
reverse of the C'-0 recombination reactions that form CO during
CH,4 reforming. These species decrease the number of unoccupied
Pd sites (x) available for kinetically-relevant C-H activation steps
and, as a result, the rate of the overall catalytic sequence. We show
below that these conclusions are consistent with the form of the
rate equation required to describe the effects of CO pressure on
reaction rates.

3.6. Rates and mechanism for activation of CO, and H,0 co-reactants

H-D scrambling rates during reactions of CH4(10 kPa)-D,0
(40 kPa) reactant mixtures were measured at 823 K from the efflu-
ent concentrations of CH4_,Dy and H,_,D,O isotopomers during
catalysis. CH3D/CH; and HDO/D,0 ratios in the effluent were
0.014 and 0.029, respectively, while other isotopomers were not
detected. Measured HDO/D,O ratios (0.029) were significantly
smaller than predicted from equilibrium between D,0 and the H-
atoms (0.07) formed via CH4 conversion and D,0 activation. These
data indicate that water activation steps are not equilibrated dur-
ing CH4—H,0 reactions on Pd cluster surfaces. On other Group VIII
metals (Ni, Ru, Rh, Pt, Ir) [5,6], H,O activation steps were equili-
brated and binomial isotopomer mixtures were formed from
CH4;—H,0-D, reactant mixtures.

The reversibility of CO, activation steps was determined from
13C exchange rates between CO, and CO in '>CH4(10 kPa)—'2C0O,
(40 kPa)—1'3CO(5 kPa) reactant mixtures. On other metals (Ni, Ru,
Rh, Pt, and Ir) [5,6], these experiments led to identical '3C fractions
in the CO and CO, molecules in the effluent even at very low CHy
conversions; such rapid exchange indicates that CO,—CO intercon-
version is much faster than chemical conversion of CH,4 and thus oc-
curs in quasi-equilibrated steps on these other metals. In
agreement with these data, the water-gas shift reaction, which in-
volves H,O and CO, activation steps, was also equilibrated at all
reaction conditions on Ni, Ru, Rh, Pt, and Ir catalysts [5,6]. In con-
trast, the '3C fractions in CO and CO, molecules in the reactor efflu-
ent were 0.74 and 0.020, respectively, during '2CH,—'2C0,—'3CO
reactions on Pd/ZrO,. Thus, CO, activation steps that form CO
and O” are not quasi-equilibrated during CH4—CO, reactions on Pd
cluster surfaces, even at modest CH, chemical conversions (~7%).
Water-gas shift and its reverse reaction also remained non-equili-
brated (1 =0.05-0.5 for CH4—CO, and CH4—H,0 reactions) at all
conditions, consistent with non-equilibrated CO, and H,0 activa-
tion elementary steps. The value of # was defined as:

_ [Pco][Pro] 1
~ [Pco,][Ph,] ~ Kwos

where Kwgs is the equilibrium constant for the water-gas shift
reaction.

(4)

3.7. Elementary steps involved in CH,4 reactions with H,0 and CO,

We propose next a sequence of elementary steps (Scheme 1)
consistent with the rate and isotopic data described in detail
above. The reversibility of CH4 activation steps (steps (5)-(8))
was confirmed from the rate of formation of CH,_,D, isotopomers
during reactions of CH4—CO,—D, mixtures. The activation steps of
co-reactants (step (9)-(11)) and the CO dissociation (step (12))
showed some reversibility but were not quasi-equilibrated during
CH4—CO, or CH4—H,0 reactions on Pd clusters. Hydrogen dissoci-
ation-recombination steps (step (13)) were quasi-equilibrated
during CH,4 reforming, as shown by the binomial dihydrogen iso-
topomer distribution obtained from CH,—CO,—D, reactant mix-
tures. Literature values [23,24] for CO adsorption enthalpies and
CO desorption activation barriers (step (14)) indicate that molecu-
lar CO adsorption steps are quasi-equilibrated, but do not lead to
significant CO" coverages, on Pd catalysts at the conditions of our
CH,4 reforming experiments.

A rate equation for CH4 conversion turnover rates (r¢) was de-
rived from the sequence of elementary steps in Scheme 1 by apply-
ing the pseudo-steady-state hypothesis (PSSH) to [CH3], [C'], [O'],
and [OH’] adsorbed species (see Appendix I for details). PSSH for
[CH;] gives:
k1[CHa]

k- 1,/ +k2[*]

which taken together with the expression for the net rate of step (5)
and the quasi-equilibrium equation for hydrogen dissociation (step
(13)) gives an equation for the forward rate of CH4 reforming:

[CH,] = (15)

rj = ki [CHy][+]* — k1 [CH3][H'] = ks[CHS][+]

:M*Zz «2 16
o fﬁ%mu of+] (16)
k][CH4]

o m (17)
Byl
in terms of the concentration of unoccupied sites (x) present during

steady-state catalysis. The concentration of unoccupied sites is gi-
ven by the site balance:

[#] + [C]+[07] 4+ [CO"] =L (18)

by evaluating the steady-state coverages of all other adsorbed inter-
mediates. The [C] term in Eq. (18) is given by its PSSH expression:

af+]* + ke €0] [+]* = k_[C'][0"] (19)
Kg
A similar treatment for [OH'] gives:
k Hs], .. k_ H
0l + 2 [0 ol + 2 [Rlor
" ks 7 7
[OH] = =
ks [l 3
I(5 ’ K5
(20)
where
(Ha]
p= ks @ +1 (21)
Finally, the PSSH assumption for [O] gives the equation:
k3 [COz] + Hzo] — o 5
0] = =21 (22)

lcop, [H_2 ks H2
Kg K7 K7
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CH4+2*:¢ICH3*+H* (5)
CH, *+*—25CH, *+H* (6)
CH, *+*—CH*+H* )
CH*+*—C*+H* @®)
c02+2*::‘3co*+o* ©)

H,0+2% =2 OH *+H * (10)
ks

OH*+% 2 0% +H* (11)
kh

CO*+# 2 CH+0% (12)
K

H*+H* () H,+2% (13)

K
co* () co+x (14)

Scheme 1. Sequence of elementary steps for CH, reforming reactions on Pd-based catalysts.

in which

o [COJ [[Ha] ks [[Ha]

/—I(,3K78+k,5 77*7 ﬁ (23)
0 = k3[COy] +%[H20] - (24)

The [C’] term can then be restated by combining Eqs. (19) and (22)
to give:

[CO]
o+ ke ——
—

o

= (25)

(7 =
oy
The expressions for all adsorbed intermediates can be introduced

into the site balance (Eq. (18)) to solve for the concentration of
unoccupied sites:

o] = !
ksl 5 [C0]
k,@ % Y Ks

(26)

The equation for the CH,4 turnover rate can then be obtained by
substituting (*) into Eq. (16) to give:

P = X (27)

2
L2k 6 (o)
kee$ 7 Ks

Iy = O([*
Substituting the defining equation for «, 8, 7, and § into Eq. (27)
gives a final equation for CH, reforming rates:

k] [CH4]

AV[H] +1

observed product inhibition effects. This equation describes rates
of CH4 reactions with both H,O and CO, as co-reactants, which
lead, however, to different contributions from the various denom-
inator terms in Eq. (28). These denominator terms correspond to
the respective coverages of adsorbed species; their relative contri-
butions can only be discerned by a rigorous comparison of all ki-
netic data with the form of Eq. (28).

We consider next a detailed analysis of all rate data in the con-
text of Eq. (28) for three specific assumptions about the identity of
the most abundant surface intermediates (MASI):

(i) CO" and * as MASI:

Iy =

14 k] [CH4]
AV +1) | Dico,) + ESL B

[Ha]+1

in which all remaining parameters (k;, A, B, C, D, and E) consist
only of rate and equilibrium constants for elementary steps with-
out any residual concentration dependences, as shown in Table 5.
In this final equation, k; is the rate constant for C-H bond activa-
tion in the elementary step (5) and Kg is the equilibrium constant
of CO adsorption and desorption steps (step (14)), and A, B, C, D,
and E are constants composed of the rate constants and equilib-
rium constants shown in Scheme 1 (Table 5).

The underlying assumptions and the resulting functional form
of this equation are consistent with all isotopic data and with the

BICO] + C\/[F)] . (D[Coﬂ +E

k{[CH
= — 2 (29)
(A + 1) (2 +1)
(i) 0" and * as MASI:
a[CH]
AVH,] +1
i D[CO H[E;}zml«lw 2 (30)
1+ 2 VIH] Ay Hl+1
B[CO] + C+/[Ha]
H,0]  ki[CHy] 2 (28)
\/[ﬁ;] A\/[ﬁzv]ﬂ n <@>
B[CO] + C+/[Hy] Ks
(iii) C" and * as MASI: Ky [CH|
AV +1
rf = _
- ( ki [CHa] ) B[CO] + C/[H3]
[H0]  kq[CHy]
Ay/H] +1) | D[CO,] +E\/@ s
(31)

These three equations were compared with all rate data using
linear regression analyses with minimization of residuals (Appen-
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Table 5

Relations between kinetic parameters in Eq. (28) for
CH4—CO, and CH4—H,0 reactions and rate and equi-
librium constants for elementary steps.

Kinetic parameter

A S
ky /K7

E kg
Ks

C

1

k- K

D ks

E kq
ks /1
ks \/ K7

dix I1). For O" and « as MASI, the values of B, or D and E in Eq. (30)
were determined to be negative, indicating that such an assump-
tion is inconsistent with the rate data. Indeed, Eq. (30) predicts that
rates would increase with increasing CO pressure, in contradiction
with the data in Fig. 6. We conclude that O is not present at signif-
icant coverages during steady-state CH,4 reforming on Pd clusters.

Thus, we retain Egs. (29) and (31) and estimate their respective
parameters using all CH4—CO, and CH4—H,0 rate data at 823 K;
their respective parity plots are shown in Fig. 7, and the resulting
rate parameters are reported in Table 6. Eq. (31) provides a more
accurate description of the rate data than Eq. (29) (R? = 0.986 vs.
0.952), indicating that C" and = are the MASI during CH,4 reforming
reactions and that the inhibition effects of CO reflect its effect on C"
coverages during catalysis. The choice of C* (instead of CO") as the
titrant for sites is consistent with the low CO" coverages expected
from the heat of molecular adsorption of CO on Pd. Only three of
the six kinetic parameters in Eq. (31) are required to describe the
rate data (Supplementary material; Fig. S4). Forward CH,4 turnover
rates for CH4—CO, reactions are given by:

ky [CH,]

Am+l< ki[CHs)  Z[CO] 1>2
B
D~

Iy =

(Ay/[H] +1) [COz

o k,] - k_ 3
A= I— \/I: k3K8 (32)

Forward CH,4 turnover rates for CH;—H,0 reactions are given by:
k] [CH4]

kilCHy  FICOLVIHL] 2
A\/[Hz]-‘r] [Hzo]

k_ 3k 4 /
](4](5K3 (33)

The parameters for the best fit were estimated using the data of
CH4—CO, reactions for Eq. (32) and CH4—H,0 reactions for Eq.
(33) at 823 K separately. The parity plots are shown in Fig. 8 and
the rate parameters in Table 6. Three parameters are used to fit
the respective data to each of Egs. (29), (32), and (33), but the good-
ness of fit was significantly better for Eqs. (32) and (33) (R* = 0.975
and 0.984) than for Eq. (29) (R? = 0.952), indicating that C" and « are
the most plausible MASI during CH,4 reforming reactions.

These rate equations (Eq. (32) for CH4—CO, and Eq. (33) for
CH4—H,0) were used to estimate the relevant kinetic parameters
from rate data at each temperature; the values of these parameters
are shown in Table 7. Rate constants for C-H bond activation (k1)
and for the H, inhibition parameter (A) were similar whether
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Fig. 7. Predicted experimental forward CH, turnover rates using (M) Eq. (29) and
(@) Eq. (31) versus experimental forward CH,4 turnover rates for both CH4—CO, and
CH4—H,0 reactions on 1.6% wt. Pd/ZrO,(1023) at 823 K.

Table 6
Rate parameters of CH, reactions on 1.6% wt. Pd/Zr0,(1023) for CH, reactions at
823 K and correlation coefficients for the rate equations.

Equation Eq. (29)* Eq. (31)? Eq. (32)° Eq. (33)°
kq (kPa~'s™1) 2.3 1.7 1.9 2.1

A (kPa—'/?) 0.92 0.74 12 1.1
B(kPa's1) = 1.8 = =
C(kPa~'2s71) - 0.1 - -

D (kPa~'s™1) = 5.6 = =

E (kPa='2s~1) = 5.3 = =

Kg (kPa) 43 - - -

B/ID = = 0.30 =

BJE (kPa—'/?) = = = 0.41
R%(-) 0.952 0.986 0.975 0.984

? Kinetic parameters from CH4—CO, and CH4—H,O0 rate data.
b Kinetic parameters from CH,—CO, rate data.
¢ Kinetic parameters from CH,—H,0 rate data.

CH4—CO, or CH4—H,O0 rate data were used in the regression (Ta-
ble 7). These similar values indicate that neither CO, nor H,O0 is in-
volved in determining the magnitude of these two terms,
consistent with Scheme 1, in which their respective values depend
only on CH, dissociation and CH;—H* recombination rates. The
small differences in measured CO, and H,O reforming rates
(Fig. 4) reflect their respective roles in providing O" species at dif-
ferent rates; these O species, even at their low prevalent surface
coverages, act as the reactive scavengers that determine the con-
centration of the C" species formed via dissociation of both CH,4
and CO. The C’ species from CH4 and CO dissociation, which de-
crease in coverage with increasing concentration of O° formed in
CO; and H;O0 activation, represent the relevant C" in the denomina-
tor of Egs. (32) and (33); as a result, CO, and H,O influence the
magnitude of this term and the severity of CO inhibition effects
to different extents.

Fig. 9 shows Arrhenius plots for C-H bond activation rate con-
stants with CO, and H,O co-reactants (k; in Egs. (32) and (33))
on 1.6% wt. Pd/ZrO,(1023). Measured activation energies with
CO, and H,0 are very similar (84 and 81 k] mol~!, respectively; Ta-
ble 7), as expected from the identical kinetic origins of the two rate
constants. These activation barriers are somewhat smaller than
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Fig. 8. Predicted experimental forward CH, turnover rates using (A) Eq. (32) for
CH4—CO, reaction and (B) Eq. (33) for CH4—H,0 reaction versus experimental
forward CH,4 turnover rates for (A) CH;—CO, and (B) CH;—H,O0 reactions on 1.6% wt.
Pd/ZrO,(1023) at 823 K.

apparent activation energies reported previously from CO, reform-
ing rate data without specific mechanistic analysis on 1% wt. Pd/
Al,O3 (87.1 kjmol~! [25] and 93.1 k] mol~! [7]), 1% wt. Pd/TiO,
(91.5 k] mol~1) [7], 1% wt. Pd/CeO,/Al,05 (100 k] mol~!) [10], 1%
wt. Pd/MgO (114 k] mol~') [7], and 1% wt. Pd/SiO, (141 k] mol™!)
[7]. These previous values may contain unintended effects of CO

and H, inhibition, deactivation consequences of temperature,
and/or transport and thermodynamic artifacts. Our intrinsic barri-
ers for C-H bond activation on Pd clusters are larger, however, than
those estimated from density functional theory calculations on
Pd(111) (63.7 kj mol~!), Pd-step (36.7 k] mol~!), and Pd-kink
(39.6 k] mol~1) [18]. It seems plausible that such differences may
reflect the strong binding of C" on corners and edges, which leads
to their low activation barrier for C-H activation [21] and would
render such highly active structures unable to turnover because
of their permanent titration by C". It is also conceivable that theo-
retical treatments underestimate C-H activation barriers because
they neglect specific effects of clusters with significant atomic
mobility and possibly containing trace amounts of dissolved car-
bon under typical conditions of reforming catalysis. We remark,
however, that the experimental barriers reported here are those
of CH,4 reactions, devoid of transport or thermodynamic corrup-
tions, on Pd clusters as they exist at conditions relevant to CH4
reforming catalysis.

3.8. Effects of Pd cluster size on CH, reforming turnover rates

Turnover rates were measured with CH;—CO, and CH4;—H,0
reactants at 923 K also on 1.6% wt. Pd/ZrO»(1123) and 1.6% wt.
Pd/ZrO,—La,03(1023) as a function of reactant and product con-
centrations. These samples gave smaller Pd dispersions (3.5% and
5.3%, respectively) than the 1.6% wt. Pd/ZrO,(1023) (8.9%) sample
for which detailed kinetic data were presented in earlier sections.
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Fig. 9. Arrhenius plots for (®) CH4—CO, and (a) CH4—H,O reactions of the rate
constants, kq, for C-H bond activation on 1.6% wt. Pd/ZrO,(1023).

Table 7

Kinetic parameters of CHy4 reactions on 1.6% wt. Pd/Zr0,(1023) for CH4—CO, and CH4—H,0 reactions.
Co-reactant Co,? H,0P
Temperature (K) 823 873 923 973 823 873 923 973
Ky (kPa~'s™1) 1.9 40 8.0 122 2.1 43 7.9 12.9
A (kPa~'2) 12 1.0 0.51 0.19 1.1 1.0 0.52 0.18
B/D 0.30 0.29 0.17 0.14 — — - —
BJE (kPa—'72) . - - - 0.41 0.35 0.22 0.19
Activation energy (kJ mol 1) 84+4 81+3
Pre-exponential factor (10° s~! kPa~") 4+2 3+1

@ Parameters defined in Eq. (32).
b parameters defined in Eq. (33).
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Table 8
Kinetic parameters of CH,4 reactions on Pd/ZrO»(1123), Pd/ZrO,—La,05(1023), and Pd/
Zr0,(1023) (1.6% wt. Pd) at 923 K for CH4—CO, and CH4—H;0 reactions.

Catalyst Pd/ZrO5(1123)  Pd/ZrO,—La,05(1023)  Pd/Zr0,(1023)
Co-reactant CO,* H0®  COy? H,0" CO,* HO°
ki (kPa~'s™') 7.8 8.0 8.1 7.8 8.0 7.9
A (kPa~112) 049  0.54 0.52 0.50 0.51 0.52
B/D 0.16 = 0.17 = 0.17 =
BJE (kPa 1?)  — 0.25 = 0.23 = 0.22

2 Parameters defined in Eq. (32).
b parameters defined in Eq. (33).

These data and their kinetic analysis were used to probe the conse-
quences of Pd cluster size on the rate constant for C-H bond
activation.

Rate data on these three catalysts were accurately described by
Eq. (32) for CH4—CO, reactions and Eq. (33) for CH4—H,0 reactions,
and the rate constants (k;) for C-H bond activation and inhibition
parameters are shown in Table 8 for all three samples. The C-H
bond activation rate constants did not vary with Pd dispersion
(3.5-8.9%) within experimental accuracy (Table 8), in spite of a
monotonic increase in the fraction of exposed surface Pd atoms
at corner and edge location with increasing Pd dispersion [16].
Such insensitivity to structure, which contrasts the small increase
in C-H bond activation rates with increasing dispersion for other
metals (Fig. 10) [6], appears to reflect the predominant contribu-
tions of low-index planes on large Pd clusters to measured rates
and the difficulty in stabilizing small Pd metal clusters against sin-
tering at reforming reaction temperatures. Such low-index surfaces
prevail on large clusters and exhibit much higher reactivity than on
the other metals, apparently because of a concomitant stronger
binding of C" on Pd compared with that on other metals. Such high-
er C binding energies, evident from CO inhibition effects that were
not evident on other Group VIII metals [5,6], make contributions
from edge and corner sites even less likely than on the other met-
als, as a result of their irreversible titration by C species more
strongly bound on corners and edges than on low-index planes.

Supports (ZrO, and ZrO,—La,03) did not influence the rate con-
stant for C-H bond activation or the H; inhibition parameter (Ta-
ble 8), consistent with the proposal that all elementary steps in
Scheme 1 proceed on Pd cluster surfaces. Detailed kinetic data
are not available on 1.6% wt. Pd/Al,05(1023) because of difficulties
imposed by its less stable reforming rates (Fig. 1). A value for the
C-H bond activation rate constant can be estimated, however, from
initial reforming turnover rates (extrapolated to zero time-on-
stream) by correcting these rates for the (small) effects H, and
CO pressures using the values of A (1.2 kPa~'/?) and B/D (0.30) (Ta-
ble 7, Fig. S5). The value obtained for k; on Pd/Al,03(1023) was
2.5kPa ' s~ ! at 823 K, which is quite similar to that measured on
Pd/Zr0,(1023) (1.9 kPa~! s~') at the same temperature.

The k; values for C-H bond activation steps at 873 K (4.0 and
43 kPa~!'s™!, with CO, and H,0, respectively) on 1.6% wt. Pd/
Zr0,(1023) are four times larger than the highest values measured
on any other Group VIII catalysts [5,6] (Fig. 10) and more than 10
times larger than turnover rates extrapolated to the same disper-
sion of the Pd samples on the other metals. The high activity of
Pd surfaces for C-H bond activation leads to the rapid formation
of C', which scavenges active O" species from co-reactants and pre-
vents the equilibration of their activation steps on Pd surfaces and
leads to reversibility for both C-H activation and C-O formation
steps. The reactivity of Pd surfaces in C-H activation and their ten-
dency to be inhibited by C” during reforming appear to reflect their
strong affinity for C', which can lead to significant deactivations
and to bifunctional effects of support when reforming experiments
are conducted at low H,O/CH,4 or CO,/CH,4 reactant ratios.
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Fig. 10. Rate constants for C-H bond activation in CH4 for (A) CO, and (B) H,O
reforming of CH, at 873 K on different metal clusters as a function of metal
dispersion. The data for Ni, Ru, Rh, Ir, and Pt have been previously reported [5,6].

4. Conclusions

A reaction mechanism and a detailed sequence of elementary
steps required for CO, or H,O reforming of CH4 on supported Pd
catalysts were investigated by kinetic and isotopic tracer studies.
The initial C-H bond activation step is reversible during CH4
reforming reaction on Pd clusters even when overall reforming
reactions are far from equilibrium, a conclusion confirmed by rates
of formation of CH3D isotopomers from CH;—CO,—D, mixtures
that are similar to those for chemical conversion. On other Group
VIII metals, C-H bond activation steps are irreversible and H, does
not inhibit CH, reforming reactions. CO, and H,0 activation steps
are not quasi-equilibrated during CH4—CO, and CH4—H,0 reac-
tions on Pd clusters, consistent with the slow isotopic exchange be-
tween CO and CO, in CH4—CO,—'3CO mixtures and with the low
HDO/D,0O ratio during reactions of CH4—D,0 mixtures. Water—
gas shift reactions also remained non-equilibrated during
CH4—CO, and CH4—H,0 reactions, as expected from the irrevers-
ible nature of CO, and H,0 activation steps. CO dissociation steps
(to C' and O") are reversible but not quasi-equilibrated during
CH,4 reforming reactions, as shown from the '>C content in CO
and CO, during '>CH,—'2C'®0,—'2C'%0—-'3C'80 reactions. These
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kinetic and isotopic results on Pd clusters are consistent with a se-
quence of elementary steps similar to that proposed on other
Group VIII metals. The resulting rate equation accurately describes
measured rates and indicates that chemisorbed carbon (C") and
unoccupied Pd atoms () are the most abundant surface intermedi-
ates. First-order rate constants, corresponding to C-H bond activa-
tion steps, are ~10-fold larger than on all other Group VIII metals.
This high reactivity of Pd surfaces causes this step to become
reversible, leading to inhibition effects by H, mediated by its
microscopic reverse and by C species introduced as a result of
the reversible nature of both CO and CH, dissociation steps. The
reactive nature of Pd surface atoms appears to reflect their strong
affinity for both C and H atoms formed in CH4 activation steps,
which lead to more stable transition states for the initial C-H bond
activation. The catalytic consequences of Pd cluster size are quite
weak over the limited range of Pd dispersion accessible at typical
conditions of CH,4 reforming. Supports did not influence C-H bond
activation or reforming turnover rates, but those supports with low
but detectable reactivity in the activation of co-reactants were able
to reverse the infrequent blockage of clusters surfaces by carbon
overlayers, thus inhibiting deactivation.
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Appendix I
A sequence of elementary steps for CH4 reforming reactions on

Pd-based catalysts is shown in Scheme 1. The steps (13) and (14)
give following formulas.

H = e (A1)
o _ [COJ[+]

0= "~ (A2)

The pseudo-steady-state hypothesis (PSSH) is applied to [CH;].

ki [CHy][+)* = k1[CH3][H] + k» [CH3][+] (A3)

o) — ISt (Ad)

k,] % + kz

Forward CH,4 turnover rates in step (5) are expressed by the follow-
ing formula.

1y = Ky [CHA ]l — k4 [CH3JH'] = ko CH [
T BN (85)
o+ 1
in which
_ k1 [CH4]

(A6)
The concentration of free sites (*) can be derived from the site
balance equation:

[«] +[C]+[07]+[CO"] =L (A7)

by evaluating the steady-state coverages of the various adsorbed
intermediates. The PSSH is applied to [C].

ka[CH;][+] + ks [CO7][+] = k_6[C"][07] (A8)

af? + ke [ ][*] = k_6[C'][07] (A9)

The PSSH is also applied to [OH'].

ka[H20][+]* + k_s[H"][0°] = k_4[OH][H"] + ks[OH"][+] (A10)
[OH* ]( [gﬂ +k5> = k4[H,0][+] + k_s %l[o*} (A11)
fa [H,0][+ B0 2 [H,0]14] + 52 /R2[0"
[OH*]:kS[zHHkS el ]7 [H20][+] + 72 /%107 (A12)
/e /
in which
_ k4 [H]
ﬁfk—: 1<2 +1 (A13)
The PSSH equation for [0'] gives the equation.
k3[CO3][+]* + ks[OH'][%] + ks[CO"][x] = k_3[CO"][0"] (A14)
+ k_s[H'][0"] + k_6[C"][O0"]
taiC0sJl? + 5 0] + 2 [0 = ka0
[Ho]
ks [ 107 + ol (A15)
. CO] Hy] ks [[H]
m( ksy ko - W,é)
) (k3 (€00 + 2 H:0] - oc) (A16)
k3[C02] -‘r [Hz ]
0] = A17
[07] = L ﬁ "ﬂ/% (A17)
in which
y=k_; CO]+k 5,/[22 =2/ gz (A18)
7
5 = k3[CO,] + ad [H2 (A19)

Eq. (A9) can be rewritten by the following equation using Eq. (A17).

o2 +k6[ ][*] Jc,sg[c*][*] (A20)
c :%M (A21)

Using Eqs. (A2), (A7), (A17), and (A21), we can obtain the following
formula.

b= (A22)

a+k6$ .
8 s 4 €Ol
T it

Forward CH,4 turnover rates are expressed by the following formula
using Eq. (A5).

Iy = of+]" = o 5 (A23)
6'Kg [COJ
(1 +—kis_g-‘ + + s >

We conclude that o > ks , because CH; decomposition (o) is

much faster than CO dlssoc1at10n (ke ) as shown by the small
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extent of isotopic scrambling in '2C'®0—'3C'®0 mixtures during
CH4—CO, reactions.

>-i, (rr(experimental); — r¢(experimental),, ) (r¢(predicted); — ry(predicted),,)

The goodness of fit was assessed from the respective correlation
coefficients (R).

(A33)

In these equations, r{experimental),, and r{predicted),, are aver-
age values of r{experimental) and r{predicted), respectively.

Appendix C. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jcat.2010.06.001.
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