JOURNAL OF CATALYSIS 143, 563-572 (1993)

Hydrogenation of Aromatic Hydrocarbons over
Supported Pt Catalysts

lll. Reaction Models for Metal Surfaces and Acidic Sites on Oxide Supports

SHAWN D. LIN AND M. ALBERT VANNICE

Department of Chemical Engineering, The Pennsvlvania State University,
University Park, Pennsylvania 16802-4400

Received March 3, 1993; revised May 19, 1993

Sixteen different reaction models were evaluated for benzene and toluene hydrogenation between
317 and 364 K over a family of supported Pt catalysts. For benzene hydrogenation on the Pt
surface, only one model was consistent with all the data—that which invoked the addition of the
first H atom to the aromatic ring as the rate-determining step (RDS) as well as the concurrent
formation of a predominant H-deficient surface species. This model also described toluene hydroge-
nation on Pt, and the H-deficient species was indicated to be the phenyl (or tolyl) group. To explain
the higher rates obtained with acidic supports, a similar model involving spilled-over hydrogen
and aromatic molecules adsorbed on acid sites was considered, and it accurately fit the rate data
attributed to the support surface. However, another model proposing addition of the second H
atom as the RDS on these acid sites and no inhibition by any H-deficient species could not be
discounted. The similar activation energies of 12 = 2 kcal/mol for benzene, toluene, and xylene
hydrogenation on Pt and Pd surfaces as well as on acid sites is attributed to the formation of a
cyclohexadiene intermediate; for example, 1,3-cyclohexadiene has a positive free energy of forma-
tion of 12.4 kcal/mol. This model appears to be general enough to describe the hydrogenation of

numerous aromatic molecules over Group VIII metals.

INTRODUCTION

As mentioned in the preceding papers (/,
2), numerous kinetic models have been pro-
posed for benzene hydrogenation over
Group VIII metals, and it has tacitly been
assumed that the same reaction mechanisms
apply to toluene and other aromatic hydro-
carbons. A review of the literature reveals
that previous models can be placed in four
general classifications. The first class in-
vokes a reaction between a hydrogen mole-
cule, either gas-phase or adsorbed, and the
reactant aromatic molecule to form either
an adsorbed cyclohexadiene or cyclohexene
precursor via quasi-equilibrated steps. The
rate-determining step (RDS) is assumed to
be the transformation of this precursor to
either cyclohexadiene or cyclohexene
(3-3). The second class also involves a reac-
tion between a H, molecule and the ad-

€ 1993 Academic Press, Inc.

sorbed aromatic molecule, but one of the
H, addition steps to form an adsorbed inter-
mediate, such as cyclohexadiene, is now
proposed to be the RDS. The addition of
the first H, molecule has usually been con-
sidered the RDS (6-11), but the addition of
the third H, molecule has also been pro-
posed (/2). The presence of an inactive aro-
matic surface species has also been sug-
gested (8, 9). The third class invokes the
sequential addition of adsorbed H atoms to
the adsorbed aromatic molecule, with the
addition of the first (/3, /4), the second (/5,
16), or the sixth (13, 17-19) H atom having
been proposed as the RDS with any preced-
ing additional steps typically assumed to be
quasi-equilibrated. The presence of an inac-
tive surface species was again mentioned
(13). The fourth class also involves the se-
quential addition of H atoms to the aromatic
molecule, but no RDS is assumed (20-23);

563

0021-9517/93 $5.00
Copyright € 1993 by Academic Press. Inc.
All rights of reproduction in any form reserved



564

however, without additional assumptions
quite complicated rate expressions are ob-
tained. A surface dehydrogenation reaction
existing concurrently with this sequence has
been proposed (20). The simultaneous addi-
tion of more than one H atom has also been
claimed (24-27).

The variation of reaction orders with tem-
perature can provide a sensitive and severe
test of the validity of proposed reaction
mechanisms, yet, surprisingly, such infor-
mation for Pt has not been previously avail-
able. We have studied the reaction kinetics
of benzene and toluene hydrogenation be-
tween 317 and 364 K over a family of Pt
catalysts (/, 2), and the capability of these
four classes of models to fit our kinetic data
was examined in detail (28). For hydrogena-
tion only on the Pt surface, a reaction be-
tween hydrogen and benzene (or toluene)
was chosen as the RDS, then dissociative
or nondissociative H, adsorption combined
with either competitive or noncompetitive
H, and benzene (or toluene) adsorption, i.e.,
either one type or two types of surface sites,
was assumed. H, adsorption as either the
RDS or at a rate equal to the surface reaction
was also considered. Then the effect of the
formation of inactive, H-deficient surface
species was also included. The higher spe-
cific activities obtained with acidic supports
have been attributed to an additional reac-
tion occurring on the oxide surface between
adsorbed aromatic molecules and hydrogen
spilled over from the Pt surface (/, 2, 15, 18),
and the aforementioned reaction schemes
were examined for their ability to describe
these results. In all, 16 different models
were examined in depth (28). Some could
be excluded immediately because of their
inability to give the observed reaction or-
ders under any conditions, while others
could be rejected after a data-fitting proce-
dure because physically meaningless kinetic
parameters were obtained (28); none was
rejected based only on a residual sum-of-
squares comparison. In the following por-
tion of this paper, the reaction sequence on
the Pt surface is discussed first and then the
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reaction on the oxide surface is examined.
Only the physically consistent models re-
sulting from this examination are presented
here.

DATA FITTING PROCEDURE

To minimize variations due not only to
deactivation that occurred during or be-
tween partial pressure runs to determine re-
action orders but also to the use of different
catalyst samples, the raw partial pressure
data at a standard set of reaction conditions
were compared to the specific activity deter-
mined during the Arrhenius run. If a set of
data deviated significantly from that ex-
pected from the Arrhenius plot, the entire
set would be shifted and normalized to this
standard activity; however, some uncer-
tainty still remained because deactivation
also affected the Arrhenius plots to some
extent (see Refs. (/) and (2)). Regardless,
this adjustment provided meaningful partial
pressure dependencies at different tempera-
tures and was necessary to achieve consis-
tent data regression. Any deactivation due
to a different sample history prior to the
partial pressure experiments was minimized
in this manner. In all the regression analy-
ses, time units are seconds and pressure
units are atmospheres; for example, rate
constants are expressed ins ', i.e., per site,
and adsorption constants are expressed as
atm~'. Typical data sets have been given in
the two preceding papers (/, 2).

The fitting of each data set was typically
done by nonlinear regression using an SAS
computer package on a VM/CMS 370 main-
frame computer, which utilized the default
Gauss—Newton method and a default crite-
rion of convergence of 107%, which means
that a relative change in the sum of the
squared errors smaller than 1078 implies
convergence. As the fitting parameters rep-
resent physical constants, they were con-
strained to be positive numbers during the
regression iterations. For a model initially
containing more than three parameters, as-
sumptions were made to reduce the number
of parameters to three. In some models the
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rate constants or the adsorption constants
were not always extractable as single pa-
rameters from the data fitting, thus they re-
mained as a lumped constant and could not
be evaluated. Whenever a rate constant or
an adsorption constant could be deter-
mined, the activation energy or the entropy
and enthalpy of adsorption were calculated
and compared to thermodynamic guidelines
as well as literature data, if available.

DISCUSSION
Hydrogenation on Metal Surfaces

Perhaps the most significant result of this
study is the finding that only one model
could successfully fit the benzene hydroge-
nation data at all temperatures and also pro-
vide physically meaningful parameters. This
model assumes dissociative, noncompeti-
tive H, adsorption on sites different from
those adsorbing benzene (or toluene) with
addition of the first H atom as the RDS, and
it necessitates the inclusion of a concurrent
dehydrogenation reaction involving the aro-
matic reactant molecule to produce H-defi-
cient species on the metal surface. If = repre-
sents a hydrogen adsorption site such as a
three-fold or four-fold hollow site, and §
represents an on-top site on which the aro-
matic molecule, A, adsorbs, the sequence
of elementary steps describing this model is
as follows:

Ky,
H, +2*=6=2H-* (1)

K
Ay + S=E=A4-5 )

A-S + H-+—*— AH-S + *(RDS) (3)
K
AH-S + H-*=£—=AH,~-S + * )

AH,-S + 4H-x=E—AH-S +4* (5

1Ky

AH-S=&—AH, +S (6)

Kp
A-S +*=e=—AH_,-S+H-* (7)
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Kp,
AH_-S + *=&=AH_,-S + H~* (8)

Kp
AH_-5 +*==AH_~S§ + H-*. (9)

Reaction (3) is the RDS, therefore the rate
is

r = kGA_soH_,. (]0)

The site balance for #-type sites is very
straightforward and the surface coverage of
H atoms is

112 pl/2
K zPH2

T 1+ KPP an

Oy-.

If the surface coverages of all partially hy-
drogenated aromatic species, AH,-S (those
contained in Eqs. (4)-(6)) are assumed to
be low, which is valid because of the much
higher hydrogenation reactivity of cyclo-
hexadiene and cyclohexene, then the site
balance equation for S-type sites involves
only the reactant molecule A and the hy-
drogen-deficient species resulting from the
six possible dehydrogenation steps (Egs.
(7)-(9)), and it can be written as

1 =05+ 045+ Oan_—s + Oan_,s

+ -+ BAH,(,—S‘ (]2)

Using the series of Eqgs. (7)-(9), relation-
ships such as

_ OH—* GAH,]-S
T e, 6,

K d
b O an
0 _ 13)
AH_|-§ — (KHZPHZ)I/Z A-§ (
can be derived and substituted into Eq. (12)
to give
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Kp, -+ Kp,

+ (KH2PH3)3 OA-S

= 05[1 + KPPy +

(ks K|
g (KH,PH,)"’ Al

Thus, the surface coverage of adsorbed ben-
zene (Bz) or toluene (Tol) becomes

(14)

045 = KAPA/[I + K Py +

6 KD] ) ]
Z((KH,P,L)“ KaPa )

and substituting Eqs. (11) and (15) into rate
expression (10) gives

(15)

r = kKii’P ”’KAPA/l:(l + KiiPy))

X <1+KAPA+

6 K
=1 ((KH_;)H ;),-1/2> KAPA):I. (16)

This rate expression contains too many pa-

imposed to simplify the equation, i.e., one of
the six possible hydrogen-deficient surface
species dominates. The rate equation then
reduces to

r= kK'/’P"’KAPA/[(I + KPR

KD
X <| +KAPA+ <W)KAPA):|

(17

where KP represents I1Ky;. If it is further
assumed that the hydrogen-deficient species
has a much higher surface coverage than Bz
(or Tol), that is, if significant inhibition or
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F1G. |. Benzene hydrogenation over 0.78% Pt/AlLO;
at 356 K fitted by Eq. (I18) with i = 1, 2, 4, and 6.
Symbols represent the data; solid lines represent the
fitting with / = 1, while dashed lines represent the
fittings with i = 2. 4, and 6. Py varied at constant
Py, = 50 Torr, Py, varied at constant Py_ = 685 Torr.

deactivation is allowed to occur, the final
rate equation is obtained:

kKAPA(KH
T+ (K”7 ”’)[(KELPH Y+ KPK P)
(18)

)(i+ 1)/2

A quick inspection of this equation reveals
that the apparent reaction order on the aro-
matic hydrocarbon can vary between 0 and
1 while the apparent reaction order on H,
can range between 0 and (i + 1)/2, where i
represents the number of H atoms lost to
form the predominant H-deficient surface
species. During the fitting procedure, i was
varied from 1 to 6 to determine which spe-
cies appears to dominate.

Using three fitting parameters—kK,,
Ky.,and KPK,—nonlinear regression of
the data at each temperature was con-
ducted, and a set of results at 356 K with
i = 1,2, 4, and 6 is shown in Fig. 1. With
1 this model shows a very good fit to
the experimental data, while with i > 1 this
model predicts too strong a dependence on
either hydrogen or Bz. Further analysis

[ =
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F16G. 2. Benzene hydrogenation over 0.78% Pt/Al,O,
at 317 K (A, A), 337 K (O, @), and 356 K (O, @) fitted
by Eq. (18) with i = 1. Symbols represent the data.
Py, varied at constant Py, = 50 Torr, Py, varied at
constant Py = 685 Torr.

showed that this model fits the data well at
all three temperatures only wheni = 1, as
shown in Fig. 2, and similar results were
obtained with toluene, as shown in Fig. 3.
Table 1 lists the sets of regressed parameters
for both reactions and the enthalpy and en-
tropy for hydrogen adsorption as deter-

Toluene

Hydrogen

0.1

TOF (s

0.01 ¢

10 100 1000

Partial Pressure (torr)

FiG. 3. Toluene hydrogenation over 0.78% Pt/Al,O;
at 333 K (A, A), 344 K (O, @), and 364 K (O, W) fitted
by Eq. (18) with i = 1. Symbols represent the data.
Py, varied at constant Pr, = 50 Torr, P, varied at
constant Py = 685 Torr.

567

mined from the Arrhenius plots of equilib-
rium adsorption constants shown in Fig. 4.

The capability of this model to fit the data
well at all temperatures demonstrates that
it i1s viable, and additional evidence of its
consistency is provided by the thermody-
namic values obtained from the fitted equi-
librium adsorption constants for H,. Al-
though there is significant uncertainty, as
discussed previously, the apparent heats of
adsorption of 10 and 14 kcal/mol H, ob-
tained from each reaction are in good
agreement with integral values of 13.5 kcal/
mol obtained with these Pt catalysts (29),
and the two entropies of adsorption are also
very reasonable (30). Furthermore, Tri et
al. have determined values of 7.2 and 8.9
for relative rates of toluene vs benzene hy-
drogenation, i.e., relative kK, values, over
Pt/Si0O, and H,S-poisoned Pt/SiO, catalysts
(31). From the results in Table 1, we obtain
aratio of 8.7 at an intermediate temperature
of 340 K, which again indicates a high degree
of consistency with this earlier study.

This proposed model is also consistent
with other studies that have appeared in the
literature. It was reported years ago that D,
exchange with aromatic hydrocarbons such
as benzene occurred much more rapidly
than hydrogenation (deuteration) and pro-
ceeded via a different mechanism (32, 33).
The incorporation of the quasi-equilibrated
dehydrogenation steps is consistent with
these studies and allows a rapid exchange
reaction to occur. In addition, our fitting
procedure indicated that the most probable
hydrogen-deficient surface species was the
phenyl (or tolyl) group. The involvement of
phenyl radicals in the exchange reaction has
been proposed by Anderson and Kemball
(34), and recent TPD experiments have
shown that both benzene and toluene dehy-
drogenate on Pt at 400 K and above (35).
Recent surface science studies have identi-
fied phenyl groups formed from benzene ad-
sorbed on Ag(111) (36), Os(0001) (37), and
Ni(l111) (38) single crystals, and benzyne
groups were also proposed to exist on Os
(37). Thus, the presence of the phenyl group



568

LIN AND VANNICE

TABLE 1

Kinetic Parameters and Thermodynamic Properties of Benzene and Toluene Hydrogenation
over Pt/Al,O; Obtained from Eq. (18) withi = 1

Benzene
Value at: —AS ~AH
(cal/mol/K) (kcal/mol)
317 K 337 K 356 K
kK, 1.1 5.4 26 — —
Ky, 85 61 7.4 34+6 14 = 42
KPK, 1400 1800 920 — —
Toluene
Value at: —ASy” —AH
(cal/mol/K) (kcal/mol)
333 K 344 K 364 K
kK, 61 41 87 — —
Ky, 8.8 8.1 2.5 26 £ 2 10 = 22
K%k, 4600 1500 530 — —

¢ With 90% confidence intervals.

has precedence even though it has not yet
been reported on Pt. Differences in the rate
of formation and stability of such H-defi-
cient species, which represent coke precur-
sors, could readily account for the two lev-
els of steady-state activity observed for
benzene hydrogenation and the varying de-
grees of deactivation observed in each reac-
tion (1, 2).

100

K, (1/atm)

2.7 3.2

1/T (1000/K)

F16. 4. Variation with temperature of equilibrium
adsorption constants obtained from Eq. (18) (from Ta-
ble 1) for benzene hydrogenation (@) and for toluene
hydrogenation (A) over Pt/Al,O;.

The assumption of two different types of
adsorption sites on these metal surfaces is
not difficult to justify. On surfaces nearly
saturated with 7-bonded aromatic interme-
diates, a limited number of sites exist to
chemisorb and dissociate H,, and the H
atoms would easily diffuse across these sur-
faces and would be expected to chemisorb at
sites of threefold and fourfold coordination
below the aromatic overlayer. Both weakly
and strongly bound hydrogen exists on these
metal surfaces, and these species can have
high surface mobility (39, 40). The w-bonded
aromatic species would sit above the metal
surface.

Although only this model could fit the
benzene data, two other models—those as-
suming noncompetitive adsorption with no
H-deficient species formed, with either the
addition of the first H, molecule or the sec-
ond H atom as the RDS—could also fit the
toluene results and provide physically
meaningful constants with realistic thermo-
dynamic values. Consequently, we cannot
reject these models for toluene hydrogena-
tion, but the model presented here in detail
for benzene is preferred because it is more
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universal, and one of our goals was to pro-
vide a unified reaction sequence that is ap-
plicable to different aromatic hydrocarbons.

Hydrogenation on Support Surfaces

The higher activity for the hydrogenation
of aromatic hydrocarbons when acidic sup-
ports are utilized has been established for
some time (15, 20, 41-44), and the two ex-
planations for this have been either modifi-
cation of the electronic properties of the
metal particles by the support (41), or the
participation of active sites on the oxide sup-
port via hydrogen spillover (15, 20, 43, 44).
Others have since forwarded similar propos-
als(/7, 18,45). Benzene and toluene adsorp-
tion on oxides is well established (46-52),
and hydrogen spillover is known to occur
(53); consequently, if adsorption sites for
the aromatic molecule are available on the
oxide surface and activated hydrogen is
present, additional activity can be achieved,
particularly in the interfacial region sur-
rounding each metal particle. Thus the total
observed rate is the sum of the two contribu-
tions—the metal surface and the support.

If one takes the results for the most active
(Pt/Si0,—Al,0O,) and least active Pt catalysts
(Pt/ALO; and Pt/Si0,) from the papers pre-
ceding this one (/, 2) and assumes that the
reactions occur only on Pt in the latter two
catalysts, then the contribution from the
support can be estimated by subtracting the
average TOF on Pt/Si0, and Pt/Al, O, from
the TOF on Pt/SiO, - Al,O;. This gives the
rate on the oxide surface normalized to the
number of surface Pt atoms present, and if
this is done with the partial pressure runs
at each temperature, the reaction orders of
the rate expression for the SiO, - AL,O; sur-
face sites can be determined. These results
are shown in Figs. 5 and 6. We have verified
that the supports alone have no activity un-
der our reaction conditions (/, 2), thus the
metal component is required to activate the
hydrogen, the weakly bound portion of
which can migrate readily off the metal onto
the oxide surface as an atomic species (39,
40).
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F16. 5. Hydrogenation activity attributed to the met-
al-support interfacial region during benzene hydroge-
nation over 0.24% Pt/Si0, - Al,O, fitted by Eq. (20) at
317K (A, 4),337K (0, @), and 356 K ((J, B). Symbols
represent the data.

The two simplest models for hydrogena-
tion on the support involve two limiting pos-
sibilities: either H transport from the metal
is the slow step or it is very rapid compared
to the rate of reaction and is quasi-equili-
brated. If the former is assumed, hydrogen
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FiG. 6. Hydrogenation activity attributed to the
metal-support interfacial region during toluene hydro-
genation over 0.24% Pt/SiO, - Al;O, at 333 K (O, W),
344 K (C, @), and 364 K (A, A). Curves represent
fitting by Eq. (20).
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spillover will be proportional to the concen-
tration of H atoms on Pt thus giving an over-
all reaction order of one-half on H,. This is
inconsistent with the near Ist-order depen-
dence shown in Figs. 5 and 6, so we reject
this possibility. If the latter case is assumed,
then reaction models identical to those for
the Pt surface can be readily obtained—
there is just one more equilibrium constant
contained in some of the lumped parameters
(28). On these oxide sites, both benzene and
toluene hydrogenation can be described by
either of the two models mentioned for tolu-
ene hydrogenation on Pt surfaces, i.e., ei-
ther addition of the second H atom to the
reactant aromatic molecule is the RDS and
no significant amounts of H-deficient spe-
cies are assumed, or addition of the first H
atom to the reactant molecule is the RDS
and a predominant H-deficient species is as-
sumed to coexist on these oxide active sites.
The final form of the rate equation for the
first model is

k'KiPy P,
1+ K,P, + KK, PP,

(19)

r

where &' and K are lumped parameters with
k' containing the rate constant and K incor-
porating the H spillover term, while K, rep-
resents the equilibrium adsorption constant
for the aromatic molecule on the Si-
0, Al,O; surface (28). For the second
model, the final form is identical to Eq (18)
with i = 1; it just contains one additional
parameter representing the quasi-equili-
brated H spillover step, Ky, which multi-
plies the H, adsorption constant, i.e.,

r =
kK KKy Py P,
(1 + KsK {2 PUDUKsK I PiC1 + KPK P,
(20)

We cannot distinguish between them as ei-
ther fits the data equally well, as shown in
Figs. 5 and 6. A value for the equilibrium
adsorption constant of the reactant mole-
cule, K,, on SiO, - Al,O, at each tempera-
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ture can be estimated from the first model,
and when plotted versus 1/7 these give quite
reasonable values of 17 = 58 kcal/mol and
36 = 6 e.u. for the heat and entropy of ad-
sorption for toluene although the uncertain-
ties associated with these values, which rep-
resent 90% probability limits, are admittedly
high (Q,4 values of 15-20 kcal/mol have
been reported for toluene on zeolites (52).
The values of 6 = 30 kcal/moland 7 = 4 e.u.
for benzene seem to be too low compared to
either the heat of condensation (8.1 kcal/
mol) or Q.4 values of 12 and 18 kcal/mol
reported for benzene adsorbed on H-ZSM5
and NaY zeolites, respectively (50, 51). Al-
though the uncertainty limits (again 90%
probability limits) of these low values for
benzene encompass higher, more reason-
able values, these low values could also indi-
cate that the first model is not applicable.
Because of the lumped parameters in the
second model, no individual Q.4 and AS,4
values could be extracted to further evaluate
that model. The numerical values of these
fitting parameters are listed elsewhere (28).

It is known that H-deficient species are
coke precursors and coking can deactivate
acid sites in bifunctional catalysts (54).
Also, Lau and Sermon have reported the
formation of carbonaceous deposits on ox-
ides after they were activated by H spillover
and used for ethylene hydrogenation (55).
Consequently, we cannot determine at this
time which of these two models is more ap-
propriate; however, the chemistry involved
in the hydrogenation sequence is essentially
the same. The liquid-phase hydrogenation
of aromatic hydrocarbons over noble metals
can be catalyzed by the addition of acids
via the formation of carbocations (56-58);
therefore, the proposal in our model that
strong acid sites can facilitate hydrogena-
tion has precedent.

One final aspect of this family of reactions
is worthy of some discussion—the similar-
ity of the apparent activation energies (ca.
12 + 2 kcal/mol) regardless of metal, sup-
port or aromatic molecule. We attribute this
to the necessity of forming cyclohexadiene
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(or its analogue, depending on the reactant)
during the successive hydrogen addition
steps. This compound has a higher free en-
ergy due to the destruction of the resonance
of the aromatic ring, and by use of a group
contribution method a AG® value of +12.4
kcal/mol can be calculated for the forma-
tion of 1,3-cyclohexadiene from benzene
and H, (59). For comparison, the free ener-
gies of formation of cyclohexene and cyclo-
hexane from benzene and H, are —5.5 and
—23.4 kcal/mol, respectively. It seems ap-
parent that the need to traverse this thermo-
dynamic barrier provides the similarity in
activation energies and, for our model to be
consistent with this, most if not all, of the
energy increase must be associated with the
addition of the first H atom to the aromatic
ring. This argument favors the addition of
the first rather than the second H atom as the
RDS, should such a step exist. If reaction
orders higher than first order are observed,
they can be explained by the formation of
different H-deficient surface species. This
proposal is quite consistent with earlier
work as it is well established that specific
activities for hydrogenation of cyclohexa-
diene or cyclohexene are orders of magni-
tude greater than that for benzene (60, 61).

SUMMARY

A study of benzene and toluene hydroge-
nation over Pt catalysts at different tempera-
tures has allowed a more complete analysis
of reaction models than previously possible
because activation energies and heats and
entropies could be determined and evalu-
ated. On a Pt surface, only one model was
consistent with all the data—that invoking
the addition of the first H atom to the aro-
matic ring as the RDS as well as the presence
of a predominant H-deficient surface spe-
cies, either the phenyl or the tolyl group.
The higher specific activities obtained by
the use of acidic supports is attributed to
the formation of carbocations on acidic sites
on the oxide support which react with hy-
drogen spilled over from the metal surface.
This gives an additional contribution to the
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overall rate, and the same reaction model
as that proposed for the metal explains the
data if H spillover is assumed rapid com-
pared to the H addition step. This general
model accounts for the similarity in appar-
ent activation energies for the hydrogena-
tion of aromatic molecules over noble met-
als dispersed on both acidic and nonacidic
supports, and it provides a unified picture
for this family of reactions. Consequently,
these models appear to be general enough
to be applicable to the hydrogenation of any
aromatic hydrocarbon over any of the
Group VIII noble metals.
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