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A modified Langmuir-Hinshelwood (L-H) model has been proposed to describe benzene
hydrogenation over both unsupported Pd and supported Pd catalysts. A general reaction sequence
proposing sequential addition of H atoms to the benzene ring, with no a priori assumption of a
rate-determining step, was used because computer analysis allowed the determination of selected
rate and adsorption constants. To explain the observed kinetic behavior, it was necessary to
include an auxiliary reaction—benzene dehydrogenation to various carbonaceous surface species—
which inhibits the principal reaction. This model, which quantitatively includes hydrogen-deficient
species that inhibit the hydrogenation reaction, satisfactorily explains all results that were obtained
in this study and is also consistent with other reports in the literature related to isotopic exchange
and deactivation reactions. To further evaluate this model, the values of the fitted parameters were
analyzed with regard to their physical significance, and they were found to be consistent and within

theoretical guidelines imposed by L-H kinetics.

INTRODUCTION

In a previous study kinctic data were
reported for benzene hydrogenation over a
family of Pd catalysts, and the turnover
frequencies based on Pd surface atoms
were found to be dependent upon the sup-
port and Pd precursor used as well as the
pretreatment procedure (/). The proposed
explanation for this behavior was that addi-
tional benzene adsorption sites can be
created on certain oxides in the metal-
support interfacial region, and hydrogen
activated on the Pd can hydrogenate these
benzene molecules in addition to those on
the Pd surface (/, 2). Additional studies
suggested that these interfacial sites were
less susceptible to inhibition by carbona-
ceous species formed under reaction condi-
tions than sites on the Pd surface (/, 2).
Certain aspects of the Kkinetic behavior
were very similar to those reported for
benzene hydrogenation over a Ni/SiO, cat-
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alyst, such as a temperature-dependent
maximum in activity and changes in reac-
tion orders with temperature (3). Although
various kinetic models have been proposed
for this reaction, few are applicable over a
wide range of reaction conditions. Further-
more, previous models reported in the liter-
ature have not quantitatively included an
important surface phenomenon which can
occur concurrently with this and similar
reactions—dehydrogenation of a reactant,
in this case benzene, to form surface spe-
cies which can significantly affect the ob-
served catalytic behavior (4). Recently,
Paal has reiterated how the interpretation
of kinetic data can be complicated by thc
deposition of carbonaceous species formed
under reaction conditions (5).

In this paper, the effect of the formation
of carbonaceous species under reaction
conditions has been incorporated into a
rather general reaction sequence which has
many similarities to a Langmuir-Hinshel-
wood model, and it explains quite satisfac-
torily the kinetic behavior of both sup-
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ported and unsupported Pd catalysts.
Although the capability of the model to fit
the data well cannot be considered as suf-
ficient proof of its validity, its merits were
further evaluated based on its consistency
with related surface phenomena and the
reasonable values of its kinetic parameters
when interpreted in a physical sense.

KINETIC MODEL AND DATA ANALYSIS
Reaction Mechanism

The model proposed cannot be con-
sidered exactly as a Langmuir-Hinshel-
wood (I.-H) mechanism because a single
rate-determining step (RDS) is not speci-
fied; however, it has many similarities to a
L-H model because adsorption quasi-
equilibrium of reactants is assumed. It is
used here to correlate the kinetic data for
benzene hydrogenation over Pd catalysts
reported in the preceding paper (2). The
model is derived first for sites only on the
Pd surface and is then extended to include
additional sites proposed to exist in the
metal-support interfacial region. Benzene
and hydrogen are assumed to adsorb on
different sites on the Pd surface and to exist
in quasi-equilibrium with the gas phase.
The reaction occurs between associatively
adsorbed benzene and dissociatively ad-
sorbed hydrogen, and it proceeds by step-
wise addition of hydrogen atoms to the
benzene ring. Desorption of cyclohexane is
assumed to be fast and irreversible; con-
sequently, the surface concentration of
cyclohexane is negligible. A concurrent,
equilibrated, dehydrogenation reaction se-
quence involving adsorbed benzene, con-
sistent with recent UHV studies (6-8), is
included to account for changes in the
number of active sites due to inhibition by
carbonaceous species formed under differ-
ent reaction conditions. The proposed
model can be described by the following
equations (See Appendix A for nomen-
clature):

Hy, + 2¢ <% oy
Bz + S <% Bz-S

(1
2)
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Bz-S + H-¢ —:: B-S+Y (3a)
B-S+HY==B,S+9J (b
(3¢c)

(3d)

(3e)

BeS + H-f == CHp,, + # + 'S (3f)
BzS + ¥ <% DS + H-¥  (4a)
Bz-S + 24 <% DS + 2H-4  (4b)
(4c)

(4d)

(4e)

Bz-S + 6F <%5 Di-S + 6H-F  (4f)

(An alternate approach to describe these
equilibrated dehydrogenation steps would
be to express each one as the sequential
loss of one H atom; however, the number
of independent equations would be the
same and the form of the model would
remain the same.)

The equilibrium constants for steps (1),
(2), and (4a) through (4f) can be expressed
in terms of entropy and enthalpy changes as

AS; AH;
Ki = e — £
exp ( R RT> (5)
and each rate constant is defined as
kT AS¥ AHF
k=N, |— L. L
’ '(h)eXp(R RT)
— AeAE/RT, (6)

where N, AS¥, AHF are site density, en-
tropy of activation, and enthalpy of activa-
tion, and k, h#, and R are the Boltzmann,
Planck, and gas constants, respectively.
This reaction has been previously studied
over Ni catalysts, and there is much simi-
larity in the kinetic behavior over Ni and
Pd; therefore, some assumptions in our
proposed model are based on results re-
ported for Ni catalysts. Studies indicate
that preadsorbed hydrogen does not pre-
vent the chemisorption of benzene, and
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benzene chemisorption on metals is limited
to only partial coverage of the metal surface
(9-12). The first observation suggests that
benzene is likely to preferentially adsorb on
the more energetic sites under reaction
conditions. Considering the size of the ben-
zene molecule (Van der Waals radius =
3.40 A), it is not unexpected that steric
constraints can provide gaps allowing hy-
drogen access to adsorption sites not ac-
cessible to adsorbing benzene; for exam-
ple, the hollow sites that exist between
metal atoms on surfaces of threefold and
fourfold symmetry (13). Although hydrogen
may compete with benzene for a portion of
the surface, several studies suggest that
weakly adsorbed hydrogen is the main form
involved in this hydrogenation reaction (12,
14, 15). Using magnetization measure-
ments, van Meerten et al. have shown that
this weakly adsorbed hydrogen is indeed
dissociatively adsorbed (/4). In addition, a
recent study by Mirodatos has shown that
surface coverage of hydrogen can be quite
high in the presence of adsorbed benzene
(16). On the basis of these results, the
designation of a different site for hydrogen
adsorption is quite reasonable and seems
justified.

A rate-determining step is not specified in
this reaction sequence because there may
not be one and, even if there is, this RDS
may change over a wide range of reaction
conditions. The stepwise addition of a hy-
drogen atom, which involves only a bi-
molecular surface reaction, was chosen be-
cause this reaction probability is higher
than that for simultaneous multiple addi-
tions of hydrogen atoms. Another assump-
tion regarding the hydrogenation process is
the favorable desorption of the final prod-
uct, C¢H,;. Chemisorption of saturated hy-
drocarbons on metals like Pd is through a
process of breaking a C-H bond and form-
ing a o-bond with the metal (17). Since the
last hydrogenation step destroys the
o-bond, desorption of cyclohexane is ex-
pected to occur very easily and surface
concentrations of cyclohexane are negligi-
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ble. Although studies have found mea-
sureable uptakes of hydrocarbon when Ni
is exposed to cyclohexane, these strongly
adsorbed species are most likely dehy-
drogenated cyclohexane species (10). Also,
adsorbed hydrogen inhibits the rupture of
C-H bonds and strongly affects the ad-
sorption of cyclohexane on Ni up to 448 K
(10).

There is strong evidence suggesting that
some dehydrogenation occurs during the
adsorption of benzene on Group VIII met-
als, especially at higher temperatures and in
the absence of hydrogen, as discussed
later. In fact, because of the easy access of
the metal to the 7 electrons, the benzene
molecule is readily perturbed and the rup-
ture of C-H bonds is probably much more
feasible than with saturated hydrocarbons.
The removal of these dehydrogenated spe-
cies from the Pd surface by a treatment in
hydrogen implies that the dehydrogenation
reactions are reversible (2). The conse-
quence of this dehydrogenation process is a
reduction in the number of active sites
available for the hydrogenation reaction,
the extent of which depends on reaction
conditions, and the inclusion of these hy-
drogen-deficient species in the Kinetic
model is needed to describe the observed
kinetic behavior. This sequence is repre-
sented by six parallel steps, which are
assumed to be in equilibrium with adsorbed
benzene under steady-state reaction condi-
tions because none of these hydrogen-defi-
cient species is expected to desorb directly
from the catalyst.

Using the steady-state approximation for
steps (3a) through (3f) and assuming step
(3f) is irreversible, the rate of benzene
hydrogenation can be expressed as

. g-cat™)

= k+sOpOn. (7)

As shown in Appendix B, expressions for
Og, to Og, can be derived and related to Og,
and Oy through rate constants and equilib-
rium constants, where O, = KgPpOs and
On = (KuPw)'? Oy = (KgPu)"(1 +

r(umole Bz - s~
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(KyPy)'"™). Similarly, by using steps (4a)
through (4f), ©p, to Op_can be related to
Og, and Oy through their equilibrium con-
stants (Appendix B). Then by employing
conservation of S-type sites,

95+GBZ+9D1+
+eB|+"

+ Op,

.+ 0, =1, (8

one can express all these surface coverages
in terms of Py, Py, rate constants k;, and
equilibrium constants Kp, . The similarity of
the final form to a Langmuir expression is
apparent:

=k (KuPy)"
N1 + (KuPy)'”

CgKBPB (9)
1 + KgPg(l + 3.X; + 3:Y) /)"

The terms representing Cg, X;, and Y; are
rather complex, as shown in Appendix B,
but they can readily be determined using a
computer.

Following the concept of adlineation,
first described by Schwab (I8), it has been
proposed for supported Pd catalysts that
the region at the metal-support interface
can provide additional adsorption sites for
benzene and thereby enhance the activity
(1). The much lower specific activity, ex-
pressed as a turnover frequency (TOF = Bz
molecule - s™'- Pd;'), of unsupported Pd
compared to TOF values for supported Pd
catalysts suggests that sites on the Pd sur-
face may provide only a small contribution
to the overall activities measured for Pd
dispersed on certain metal oxides. There-
fore, these interfacial sites may be ex-
tremely important in specific reactions.
Since the dehydrogenation of aromatic hy-
drocarbons can also occur on oxides, this
model for Pd is presumed to also be appli-
cable to these interfacial sites. However,
these oxides do not activate hydrogen un-
der the reaction conditions used here; con-
sequently, the only source of activated hy-
drogen is from the Pd crystallites. Under
appropriate conditions the migration of hy-
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drogen atoms from the metal phase onto an
oxide cannot only be fast but also be as-
sisted by aromatic hydrocarbons (19-21).
In addition, we presume that these hydro-
gen atoms must migrate for only very short
distances on the support before they react
with benzene (1, 2). Therefore, the surface
concentration of activated hydrogen in this
metal-support interfacial region is assumed
to be in quasi-equilibrium with that on the
Pd crystallites, i.e.,

H-9 &9 H, (10)
where H; is hydrogen on the support sur-
face. This concentration of hydrogen atoms
on the support [H,], will then have the
same form as that on the Pd surface; i.e.,

(KiPu)"”

] = kP

(1D

and all the equations describing benzene
adsorption and reaction on the interfacial
sites have the same form as those derived
for sites on the Pd surface itself. Conse-
quently, we have two parallel reaction
paths, each with the same form of the rate
equation but with slightly different interpre-
tations of the constants.

Data-Fitting Procedure

Benzene conversions were kept below
10% to avoid heat and mass transfer effects
by using at least three different sample
sizes to cover the range of reaction condi-
tions studied (340-573 K, 300-700 Torr H,
and 30-70 Torr benzene). Since the activi-
ties measured for different samples of the
same catalyst did not always match ex-
actly, presumably because of small differ-
ences in Pd dispersion, not all the raw data
(i.e., measured activities) were used di-
rectly in data fitting. Apparent activation
energies derived from rates measured in the
low-temperature region below 423 K and
reaction orders derived from partial pres-
sure dependency data were used in the
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data-fitting process (2), and the activity
data measured in the higher temperature
region where curvature and a temperature-
dependent maximum occurred were used to
quantify specific activity.

The simplex method of Nelder and Mead
was used on a Digital VAX 11/780 com-
puter to obtain the rate constants and the
equilibrium constants which gave optimum
fitting (22). To reduce the number of ad-
justable parameters and the computation
time, only Kp, and Kp,_ were considered as
independent constants in the benzene dehy-
drogenation process, and each of these
contains two adjustable parameters, i.e.,
the entropy and enthalpy changes. The
values of AS; and AH, for Kp, to Kp, were
assumed to be linearly distributed between
those of Kp, and Kp, ; for example, ASp, =
ASp, + 2(ASp, — ASp,)/5. A similar ap-
proach was taken with AS¥ and AH} to
determine the rate constants &, to ks and
k_,to k_s, and only k4, k¢, k-1, and k_g
were considered as independent constants.
This more complex model including inhibi-
tion by C¢H_; (D)) species was required to
describe all the essential catalytic phenom-
ena, and because of the range of tempera-
ture and pressure over which the data were
gathered, we decided to utilize the com-
puter to obtain as much information as
possible about the surface species present,
based on our assumptions. We are the first
to concede that the predicted concentra-
tions should not be interpreted rigorously,
but their relative values and trends with
reaction conditions should be instructive.
Data collected at temperatures below 380 K
contained limited information because most
of the measured kinetic parameters, such as
apparent activation energy and reaction or-
ders, changed little, but at higher tempera-
tures many kinetic parameters became
quite temperature sensitive and experimen-
tal data provided a more stringent test for
the proposed model. Unfortunately, the
highest temperature in the experiments was
limited by the equilibrium conversion for
benzene hydrogenation, as it decreases
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sharply above 590 K at the reaction condi-
tions employed (2).

RESULTS

Our previous study showed that benzene
hydrogenation on unsupported Pd powder
has different kinetic behavior compared to
that observed for supported Pd catalysts
(2). Since the kinetic parameters for this
reaction on all the supported catalysts were
almost identical, with the exception of turn-
over frequencies, a 1.80% Pd/Al,O; sample
was chosen as a representative catalyst,
examined in detail, and compared with the
Pd powder. A problem with modeling when
a data-fitting approach such as this is uti-
lized is that the parameters obtained may
retain no physical meaning related to the
process they describe, and the final values
for these parameters may depend on the
initial guess and not represent unique val-
ues. The same difficulty has also been rec-
ognized by other investigators using models
containing a smaller number of parameters
(23); however, no a priori constraints were
imposed to obtain the parameters reported
here. Although some uncertainty about
their uniqueness may exist, a wide range of
initial guesses typically resulted in conver-
gence to final parameter values which
agreed to within +£15%. Two of the most
different sets of such values for each cata-
lyst are listed in Table 1. The similarity
between most values in the two sets is
apparent, and the differences could easily
represent the uncertainty associated with
each parameter value due to experimental
error.

The results using only one set of parame-
ters for each catalyst are plotted in Figs. 1
and 2 because for a given set (I or II) similar
plots were obtained for either catalyst (24).
The apparent activation energies measured
at low temperatures were obtained from the
plots given in the preceding paper (2), and
the actual data points are therefore not
shown in Figs. 1 and 2. The coverages of
different surface species calculated from
the model are plotted in Figs. 3 and 4. It
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TABLE 1

Derived Parameters for the Benzene Hydrogenation Model

Catalyst Ky K3 Kp, Ko, k. k_, ke E, (kcal mole™")*
Measured Calculated
Pd/ALO;?
Set 1
AS,In A -153 342 -10.1 483 14.3 15.9 15.9 12.4 12.4
AH, AH* -1.8 -19.7 -0.6 48.1 6.5 9.6 5.7
Set 11
AS,In A —13.8 -334 36 463 5.0 17.9 15.8 12.4 12.4
AH, AH* -1.4 -18.0 0.0 445 6.5 10.3 6.2
Pd powder?
Set 1
AS,In A —-16.5 -244 56 322 11.2 12.9 12.3 12.9 12.9
AH, AH* -1.5 -14.0 1.4 36.7 6.8 9.5 5.6
Set 11
AS, In A -15.5 =312 =37 451 11.8 13.6 13.8 12.9 12.9
AH, AH* -14 -169 0.3 424 6.8 9.6 6.7

¢ Apparent activation energy at temperatures below 413 K.
b For rate constants. In A = In(NAT/h) + AS*/R, (see Nomenclature, Appendix A).

was here that the largest differences were
observed as a result of variations in the
constants which govern the relative cover-
ages of benzene and the dehydrogenated
species, especially for the Kp, values.

DISCUSSION

Some discussion is warranted regarding
the inclusion of a dehydrogenation se-
quence to form surface species which in-
hibit the reaction rate. Angle-resolved
photoemission spectra have indicated that
benzene is adsorbed on Pd through a
m-bonding interaction with the metal which
orients the ring parallel to the surface (25).
Electron energy loss spectra have also sug-
gested that the hydrogen atoms in benzene
interact with metal substrates (26, 27).
Such interactions can lead to rupture of the
C-H bond and produce gas phase hydrogen
and surface carbon during thermal desorp-
tion of benzene from Pd surfaces (6, 7). In
fact, earlier studies had shown that rupture
of the C-H bond occurs during the che-
misorption of benzene on some Group VIII
metals (28, 29). A certain extent of benzene

dehydrogenation is also implied by studies
based on magnetization measurements (30,
31) and H-D exchange between C¢Hg and
CsDs (32), as discussed elsewhere (2). In at
least one study, the hydrogen produced
from this dehydrogenation step was re-
ported to react with benzene to form cy-
clohexane (33). Benzene adsorbed on ox-
ides may undergo similar dehydrogenation
steps, as suggested by isotopic exchange
between C¢Hg and C¢D¢ (34) and coke
formation on cracking catalysts. Studies by
Sinfelt and co-workers of reforming reac-
tions such as dehydrocyclization have
shown the large positive effect H; pressure
can have on activity and maintenance, thus
supporting the postulate that hydrogen-
deficient species are formed (35, 36).
Therefore, depending on the ambient H,
pressure, adsorbed benzene may either re-
act with hydrogen or lose hydrogen, but the
desorption of these dehydrogenated species
from the catalyst surface has not been
observed and they will eventually equili-
brate with adsorbed benzene and hydrogen.

To further evaluate this model, the physi-
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F1G. 1. (a) Activity for benzene hydrogenation over
1.8% Pd/ALO; at 50 Torr benzene and 680 Torr
hydrogen: O-experimental data; solid line calculated
by using parameters from Set I (Table 1). (b) Activity
for benzene hydrogenation on 1.8% Pd/ALO;: O-re-
action order in hydrogen, A-reaction order in ben-
zene; solid lines calculated using parameters from Set
1.

cal significance of the parameters in Table 1
was analyzed. For benzene, the calculated
heats of adsorption (Qg = —AHg) on the Pd
powder of 14-17 kcal/mole are quite rea-
sonable compared to values reported for
Ni—25 kcal mole™! for a clean surface and
10 kcal mole™! at near-monolayer coverage
(37)—and they imply that the reactive ben-
zene is not too strongly adsorbed. This
seems plausible because the species inter-
acting most strongly with the catalyst
would be most likely to undergo dehy-
drogenation to form inert species. For the
supported catalyst, the —AHy values are
somewhat higher and are comparable to the
values of 12—18 kcal mole ' reported for
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benzene adsorption on Si0,, Si0,-AlO;,
and zeolites (38, 39). Van Meerten et al.
have estimated that the entropy changes for
benzene adsorption (ASg) are —33 and —47
e.u. (1 e.u. = 1 cal mole™ K1) for mobile
and immobile species, respectively (23).
Based on these estimations, the ASy values
in Table 1 are also very reasonable and they
imply that the benzene species involved in
the reaction are relatively mobile, which is
consistent with the conclusion of Primet et
al. based on IR studies (40) and a recent
isotopic transient study by Mirodates (16).

The entropy change for hydrogen ad-
sorption is consistent with that expected for
dissociative adsorption (41); however, the
heat of adsorption (Qy = —AHy) is much
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F1G. 2. (a) Activity for benzene hydrogenation over
Pd powder at 50 Torr benzene and 680 Torr hydrogen:
O-experimental data; solid line calculated using pa-
rameters from Set II (Table 1). (b) Reaction orders for
benzene hydrogenation over Pd powder: O-reaction
order in hydrogen, A—reaction order in benzene; solid
line calculated by using parameters from Set I1.
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lower than the integral heats of adsorption
(15 kcal mole ') measured on these samples
(42). There are various possible expla-
nations for this. Since benzene is preferen-
tially adsorbed, the sites remaining for hy-
drogen provide only weak bonding. In
addition, the —AHy values obtained from
the kinetic data reflect only the hydrogen
participating in the reaction and could be
significantly different from heats of ad-
sorption measured calorimetrically on a
clean Pd surface at lower temperatures. In
several studies it has been reported that
hydrogen adsorbed at low coverages does
not react with benzene, and the reaction
begins only when the surface is nearly
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saturated and contains weakly adsorbed
hydrogen (12, 14, 15, 43). Since the hydro-
genation reaction also involves the rupture
of Pd—H bonds, a higher activity for weakly
adsorbed hydrogen atoms is not surprising.
This conclusion is further justified by our
model because at low hydrogen surface
coverages, steps (4a) through (4f) show that
the conversion of benzene to inactive spe-
cies is favored. It should be pointed out that
although Figs. 3 and 4 indicate rather low
hydrogen coverages at almost all reaction
conditions, these coverages pertain only to
those adsorption sites involved in the reac-
tion. Additional forms of adsorbed hydro-
gen, not involved in the reaction, could also
exist.
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under reaction conditions at 50 Torr benzene and 680
Torr hydrogen calculated using parameters from Set
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For either catalyst, the parameters from
Set I predict different surface concentration
profiles from those obtained using parame-
ters in Set II; that is, the former predict
mild dehydration and relatively high ben-
Zene coverages whereas the latter imply
more severe benzene dehydrogenation and
much lower benzene coverages. However,
both illustrate the sharp decline in Og,
around 500 K that results in the activity
maximum observed for all catalysts, as
described previously for this reaction over
iron catalysts (44). An example of each set
is given in Figs. 3 and 4. The principal
difference is an inversion of the ratio of
adsorbed benzene to dehydrogenated ben-
zene. Although it is difficult to pick the
more representative case based only on
the parameter values, benzene dehydroge-
nation at higher temperatures (as indicated
by Op,) is clearly much more severe on
unsupported Pd than on the supported cata-
lyst. This is consistent with the experimen-
tal results that showed more inhibition oc-
curred on Pd powder (2), and it suggests
that the set of parameters (II) predicting
severe dehydrogenation is more appro-
priate for unsupported Pd while Set I is
more applicable to the supported Pd cata-
lysts. Therefore, one difference in kinetic
behavior between supported and unsup-
ported Pd catalysts may be that sites on Pd
are more susceptible to inhibition by car-
bonaceous species than sites in the metal-
support interfacial region (2).

An interesting aspect of this model is that
it also can describe the isotope exchange
reaction between deuterium and benzene,
which has been explained in terms of either
an associative or a dissociative mechanism
(4, 32), with the former corresponding to
steps (3a) to (3e) and the latter to steps (4a)
to (4f). One difficulty with the associative
mechanism has been that many studies
have indicated that the exchange and the
hydrogenation reactions of benzene pro-
ceed through different routes (45, 46), but
the incorporation of dehydrogenation into
the model resolves this problem because
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the exchange and the hydrogenation reac-
tions are decoupled.

The parameters in Table 1 indicate that
dehydrogenation of adsorbed benzene is an
endothermic process, in agreement with
thermodynamic data, and would be favored
at higher temperatures. It should be noted
that thermodynamic heats of formation of
benzene in most references are based on
graphite, but dehydrogenation of benzene
only to a carbon ring is assumed here. The
entropy change of this process (ASp) in-
cludes a gain from the additional freedom of
detached hydrogen atoms and a loss due to
the decreased mobility of the carbon ring;
consequently, ASp, can be either negative
or positive for the loss of the first H atom
but the loss of additional H atoms from the
benzene molecule causes ASp to become
more positive. The model predicts lower
surface concentrations of C¢He(; (B))
species than for benzene itself in the
low-temperature range, but on supported
Pd these concentrations appear to reach a
maximum and may even exceed Op, at
higher temperatures (see Fig. 3). This pre-
dicted result is consistent with experimen-
tal evidence that cyclohexene was detected
during benzene hydrogenation over a N¥/
SiO, catalyst when the temperature was
raised above 427 K (47).

The uncertainty in the rate constants
obtained from curve fitting is probably
greater than that for the other parameters
because steps (3a) to (3e) are assumed to be
reversible, and different combinations of
k.+; and k_; may give almost equally good
fits of the data. Nevertheless, the rate con-
stant parameters in Table 1 are reasonable
when analyzed. The values of AH* for the
reaction between an adsorbed hydrogen
atom and C¢Hgag) OF CeH(aq) lie between 11
and 14 kcal mole™!, which is near the lower
limit for most reactions between two mole-
cules and the upper limit for reactions be-
tween a radical and a molecule (48).

The preexponential factors in the rate
constants are more difficult to evaluate
because their magnitude is determined by
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both site density and entropies of activa-
tion, AS*. Since an adsorbed hydrogen
atom is combined with the benzene ring,
some entropy decrease is anticipated dur-
ing the formation of the activated complex.
On the other hand, the Cg¢Hg.; species
formed may simultaneously gain a certain
amount of freedom because the bonding
strength between it and the catalyst should
decrease as the carbon ring becomes more
saturated with hydrogen. A quantitative
estimation of AS* requires a detailed
knowledge of the activated complex, but a
very approximate estimate can be made by
assuming the entropy loss for a hydrogen
atom is that associated with a change from
a two-dimensional gas to immobile ad-
sorption, i.e., about 10 e.u. (4/). Based on
this value and the derived rate expression
(Eq. (9) plus Eq. (6)), calculated active site
densities were two to three orders of magni-
tude lower than the number of surface Pd
atoms (Pd). This is remarkably consistent
with an active site density of less than 1%
of the surface Ni atoms reported by Miro-
datos (/6). This may reflect the coverage of
many Pd, atoms (up to 7, for example)
by each benzene molecule as well as the
coverage of sites by the inactive dehy-
drogenated species. For neither catalyst
was the estimated number of active sites
greater than the number of Pd, atoms.
Isotope effects in this reaction have al-
ready been examined, and considering only
their influence on the rate constant, van
Meerten et al. have stated that hydrogena-
tion of benzene should be faster than deu-
teration; however, they found no isotope
effect at 358 K (46). In another study the
reaction at 513 K was found to be more
rapid when deuterium was present in either
reactant (49). These studies also found that
isotopic exchange between the two reac-
tants was fast, and exchange between C¢Hg
and D, was reported to be much faster than
between CsDg and H,. If the isotope effects
observed for the exchange reaction can be
associated with the tendency of benzene
(CsHg or C¢Dg) to undergo dehydrogenation
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(via the dissociative mechanism of isotope
exchange), an explanation for the differ-
ence in these two studies can be proposed
from our model. Since the exchange reac-
tion is fast, the discussion will focus on
hydrogenation of C¢Hg by H, and deuter-
ation of C¢D¢ by D,. The isotopic exchange
studies suggest that the C-D bonds in the
aromatic ring have less tendency to rupture
than the C-H bonds; therefore, catalysts
are less inhibited by deposition of carbona-
ceous species when Cg¢Dg is used. How-
ever, at low temperatures where inhibi-
tion by formation of dehydrogenated spe-
cies is not too serious, this advantage may
be neutralized by the smaller rate constant
for deuteration of C¢D¢ compared to hydro-
genation of C¢Hg. At higher temperatures
dehydrogenation is more severe, and the
greater resistance of CiD¢ would leave
more active sites than C¢Hg, which could
more than compensate for the smaller rate
constant for deuteration compared to hy-
drogenation. The isotope effect would then
be opposite to that predicted based only on
the hydrogenation/deuteration rate con-
stant.

Although the model proposed in this pa-
per is consistent with many experimental
studies and more comprehensive than pre-
vious models, it still does not include the
possibility that benzene dehydrogenation
may lead to other reactions, such as hydro-
genolysis, and smaller hydrocarbon frag-
ments have indeed been reported (33, 47,
50). Other limitations tend to be intrinsic to
all L-H-type models; for example, only one
type of site was assumed for hydrogen, but
those sites involved in the dehydrogenation
steps may be different from those involved
in the hydrogenation steps. Although it may
be possible to further modify this model to
better describe the surface phenomena as-
sociated with this reaction, it would add
even more parameters. In addition, it has
been shown that more complicated models
invoking surface heterogeneity frequently
give rate expressions very similar to more
idealized models (57). The model proposed
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here is consistent and correlates the experi-
mental results very well, as admittedly it
should with the number of adjustable pa-
rameters involved. If one takes the liberty
to assume its validity and gives physical
meaning to the fitting parameters, the en-
tropy and enthalpy values are quite consis-
tent with theoretical estimates. Conse-
quently, at the very least, this model is
certainly plausible and cannot be automat-
ically rejected because of meaningless con-
stants. In addition, it provides a predictive
capability that can be used in future studies
to test it more completely.

SUMMARY

The kinetic behavior observed for ben-
zene hydrogenation over a Pd/Al,O; cata-
lyst and unsupported Pd powder has been
described by a reaction model for benzene
hydrogenation that includes a reversible
dehydrogenation process for adsorbed ben-
zene which inhibits the reaction rate. Nu-
merous studies reported in the literature
have strongly suggested that this dehy-
drogenation process may occur under reac-
tion conditions, and the carbonaceous spe-
cies formed are presumed to occupy
reaction sites and to thereby decrease ac-
tivity. Although this model has not been
definitively proven, it does explain the ki-
netic behavior observed for benzene hydro-
genation, it is very consistent with other
related surface processes reported in the
literature, and it has parameter values
which are consistent with a physical inter-
pretation based on L-H kinetics. The
model indicates that it is the weakly ad-
sorbed hydrogen and benzene that are the
principal reactants and that sites on the Pd
surface have a greater tendency to be deac-
tivated by carbonaceous species formed
from benzene dehydrogenation than sites
proposed to exist on the support in the
metal-support interfacial region. Most im-
portantly, this study has demonstrated that
when deriving a kinetic model for a specific
reaction, all related surface phenomena,
including those not directly involved in the

CHOU AND VANNICE

reaction mechanism, should be examined in
order to obtain the most consistent inter-
pretation of the observed kinetic data.
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APPENDIX A
NOMENCLATURE

A Preexponential factor

B; Hydrogenated benzene surface
species, i=1,. .. ,6. B =
C6H7, B, = C(,Hg, etc.

D; Dehydrogenated benzene surface
species, i=1,. .. ,6. D, =
C(,Hj, Dz = C(,H4, etc.

E Apparent activation energy

AH,; Standard enthalpy change (K cal
mole™)

AH? Enthalpy of activation, i = —6,
oL, L+ 0,6 (K
cal mole™)

[H] Hydrogen concentration on sup-
port

h Planck constant (6.6262 X 107%
erg s)

Kz Equilibrium constant for benzene
adsorption on Pd

Kp, Equilibrium constant for benzene
dehydrogenation steps

Ky Equilibrium constant for hydro-
gen adsorption on Pd

Ky Equilibrium constant for hydro-

gen adsorption on support

k; Rate constant (umole Bz s7!
g™ "). Forward steps: i = +1,
. , +6; reverse steps: i =

-1,...,-6

k Boltzmann constant (1.38 X
107 % erg K™

N Site density (umole g™})

Py Benzene pressure (atm)

Py Hydrogen pressure (atm)

R Gas constant (1.987 cal mole™
K™

r Reaction rate (umole Bz s7! g™!)
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S Hydrocarbon adsorption site on
Pd (or support)

g Hydrogen adsorption site on Pd

AS Standard entropy change (cal
mole ' K1)

AS¥ Entropy of activation, i = —6,
..., =141, 00, +6 (cal
mole™' K™)

T Temperature (K)

O, Fraction of site coverage by spe-
cies i on Pd

Os, O4 Fraction of vacant sites on Pd
for hydrocarbons and H, re-
spectively

APPENDIX B

DERIVATION OF THE BENZENE
HYDROGENATION REACTION MECHANISM

Under steady-state conditions when step
(3f) is irreversible, the rate of benzene
hydrogenation can be expressed as

r(umole Bz/s - g-cat) = k,(Op Oy, (B.1)

The coverages of surface species are

Op, = KgPgOs, (B.2)
A
Oy = T+ 4 where A
= (KgPw)'"?, (B.3)
GD, = % KBPBes, (B4)
Op, = %KBPBeSy (B.5)
K
Op, = fg KpPyOs, (B.6)
C,C
O, = ~5 KaP3g6s, (B.7)
5
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O3, = CyKpPpOs, (B.8)
C
O, = C—8 KgpPgOs, (B.9)
1
Op, = C10KsPpOs, (B.10)
and
Op, = CsKpP3Os, (B.1D)
C, = kiski4A?
D7 (ks + kegA)kog + kisA) — k_skisA’
(B.12)
k_s + kisA k.4A
= - ., (B.1
G k_y k_s + kisA (B.13)
N ko + kisA _ kA
C, = = iy (B.14)
G kisA k_s
= — — —+ l ,
G=G (mcz(:3 ) koo + kisA
(B.15)
_ kiski A
Cs = Cokdhy (B.16)
ki + kinA koA
= - 17
Co= = T (B.17)
Csk_s
C, - , (B.18)
7T CCCColk-s + kusA)
Cski A
Gy = , (B.19)
* 7 CyCekoA1 — Cy)
C, = CyCsk A Csk_3
> 7 Colhoy + k3A) | Cilhoy + kisA)’
(B.20)
CikisA + C,Cek_
Cio = 8K+4 1L8K—5 (B.21)

Cilk-4 + kisA)

The expressions for Op, and O in Eq. (B.4)
through (B.11) can be rewritten as Op, =
X KgPgOs and Oy, = Y, KpPpOs, respec-
tively, where X; = Kp/A, Y = C4Cs/Cs, 1>
= Cg, Y3 = Cg/C], Y4 = C](), and Y5 = Cg.
After substituting the coverages of all the
hydrocarbon species into Eq. (B.7) and
solving for Og, one obtains
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1

= ) (B.22)
1+ KpgP(1+ X1+ - +Xe+ Y1+ -+ Yy

Os

By substituting Og into Eq. (B.4) through (B.11), one can express the coverages of all the
surface carbonaceous species in terms of rate constants, equilibrium constants, and partial
pressures of benzene and hydrogen. Using Eq. (6) the reaction rate (Eq. (B.1) then
becomes

kT ASte  AHY[ (KuPy)?
=N, [— _
’ (h ) exp(R RT )(1 T (KnPr)"

CsKgP
2 . (B.23)
1+ KgPg(l+X;+ -+ Xe+ Y1+ -+ Y5
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