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Liquid-phase benzene hydrogenation on Pdrh -Al O catalysts was studied between2 3
358 and 488 K and o®er an H pressure range of 7 to 54 atm. Kinetic data were2
obtained under differential reaction conditions that were free of all transport limitations,
thus allowing the de®elopment of a kinetic model that could be compared to that for the
®apor-phase reaction. In contrast to ®apor-phase studies at 1 atm, no acti®ity maximum
was obser®ed during liquid-phase hydrogenation between 358 and 493 K and at 54-atm
H pressure. A model that in®okes dissociati®e, noncompetiti®e H adsorption, addi-2 2
tion of the first H atom as the rate-determining step, and a concurrent dehydrogenated
benzene surface species was consistent with experimental obser®ations. The fitted pa-
rameters were thermodynamically consistent and agreed with those from pre®ious ®a-
por-phase studies. In addition, thermodynamic analysis of the quasi-equilibrated hydro-
gen adsorption process indicates that in the presence of sol®ent effects, increasing hydro-
gen solubility in the liquid phase can increase the surface co®erage of hydrogen. In the
absence of any sol®ent effect, howe®er, surface co®erage depends only on the partial
pressure of hydrogen and is independent of the nature of the sol®ent. Furthermore, when
sol®ent effects exist, use of the liquid-phase hydrogen concentration in the rate expres-
sion yields a sol®ent-independent adsorption equilibrium constant, while in the absence
of sol®ent effects, P should be used in the rate expression to acquire this parameter.H2

Introduction
Considerable effort has been made to better understand

the kinetics of vapor-phase benzene hydrogenation on sup-
Žported Group VIII metals Mirodatos et al., 1987; van

Meerten et al., 1976, 1977, 1979; van Meerten and Coenen,
.1975; Chou and Vannice, 1987; Lin and Vannice, 1993 . Ben-

zene hydrogenation is of industrial relevance because its re-
action product, cyclohexane, is an important industrial inter-
mediate used in the production of Nylon-6 and Nylon-66
Ž .Hancock, 1975 . In addition, increasing environmental
awareness has resulted in the need to remove benzene, a
known carcinogen, from solvents and transportation fuels
Ž .Toppinen, 1996 . Kinetic modeling and surface-science stud-
ies have provided much insight about the reaction in the va-
por phase; however, much less is known about the liquid-
phase reaction, although it has been studied to some extent,
with emphasis placed on the selectivity issues relating to for-

Correspondence concerning this article should be addressed to M. A. Vannice.

Žmation of cyclohexene Struijk and Scholten, 1992; Struijk et
al., 1992a; Odenbrand and Lundin, 1980; Nagahara et al.,

.1997 , an intermediate in benzene hydrogenation. Toppinen
Ž . Ž .et al. 1996, 1997 , Temkin et al. 1989 , and Konyukhov et al.

Ž .1987 have studied liquid-phase benzene hydrogenation over
supported Ni, Pd, and Pt catalysts with a focus on obtaining
quantitative kinetic data. However, no turnover frequencies
Ž .TOFs , that is, reaction rates normalized to number of sur-
face metal atoms, were reported in these investigations. In
addition, comparison of liquid-phase vs. vapor-phase kinetics
was difficult, since the former reactions were not conducted
in a differential mode, and the enthalpies and entropies of
adsorption for H and benzene have not been reported, mak-2
ing the evaluation of the thermodynamic consistency of the
fitted parameters difficult.

Solvent effects have frequently been reported for liquid-
phase hydrogenation reactions and related to properties, such
as the dielectric constant and cohesive energy density, among
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Žothers Augustine, 1976; Eckert et al., 1974; Wong and Eck-
.ert, 1969 . In addition, solvent effects have also been intro-

duced by the competitive adsorption of the solvent with reac-
tants that can influence the reaction rates and selectivities
Ž .Struijk et al., 1992; Augustine and Techasauvapak, 1994 .
Few studies exist that examine the influence of hydrogen sol-
ubility on the reaction kinetics. Rajadhyaksha and Karwa
Ž .1986 studied liquid-phase hydrogenation of o-nitrotoluene
and attributed the change in reaction rates in different sol-
vents to thermodynamic interactions that were quantified us-

Ž .ing activity coefficients. Madon et al. 1978 studied liquid-
phase hydrogenation of cyclohexene over supported Pt cata-
lysts and found that liquid-phase hydrogen concentration,
rather than H partial pressure, was the better choice for use2
in the reaction-rate expression. This was reinforced by

Ž .Boudart and Sajkowski’s 1991 study of liquid-phase cyclo-
hexene hydrogenation over supported Rh catalysts.

In the present work, we studied the liquid-phase hydro-
genation of benzene on three Pdrh-Al O catalysts under2 3

Ž .differential reaction conditions up to 20% conversion for
the purpose of kinetic modeling and comparison to vapor-
phase studies. Various experimental tests were conducted to
verify that no transport limitations existed under the reaction
conditions utilized. Finally, it is shown by thermodynamic
equilibrium arguments, in agreement with Madon et al.
Ž .1978 , that due to interactions of the solvent with the react-
ing system, the use of H concentration in the liquid phase is2
preferred over H pressure in the rate expression because2
solvent-independent adsorption equilibrium constants are ob-
tained as parameters. In addition, it is also shown that with
quasi-equilibrated adsorption of hydrogen, nonideal effects
imposed by the solvent can increase the surface coverage of
hydrogen as the hydrogen solubility increases at a constant
partial pressure of hydrogen in the gas phase.

Experimental Studies
Catalyst synthesis and characterization

The h-Al O support was prepared by calcination of b-2 3
Žalumina trihydrate Exxon Research and Engineering Co., 245

2 .m rg at 873 K for 4 h. Catalysts were prepared by an incipi-
Ž .ent wetness technique using H PdCl Ventron dissolved in2 4

Ždilute hydrochloric acid solution and added drop-wise 0.5
.ccrg Al O with stirring to the dried support. The impreg-2 3

nated catalysts were dried for 12 h at 393 K and stored in a
desiccator for later use. Metal loadings were obtained by DC
plasma emission spectroscopy.

Hydrogen chemisorption was performed in a stainless-steel
UHV system with an ultimate vacuum of 10y7 torr. Details

Žof the procedure are described elsewhere Palmer and Van-
.nice, 1980 . Briefly, in-situ reduction at 723 K for one hour

was followed by evacuation at 673 K and finally cooling to
room temperature under vacuum. Measurements were per-
formed at 300 K in the pressure range of 100]300 torr using

Ž .99.999% H MG Industries that was further purified by2
Ž .passing through an Oxytrap Alltech . Two consecutive

isotherms, separated by a 30-min evacuation period, were ob-
tained. Pd dispersions were calculated using irreversible up-
takes and assuming a stoichiometry of H rPd s1. Tableirr surf
1 displays the results of H chemisorption on the Pdrh-Al O2 2 3
catalysts.

Table 1. H Chemisorption Results at 300 K2

H Chemisorption2
Ž .mmol Hrg Cat. Dispersion

Catalyst H H H HrPd H rPdtotal rev irr rev

0.08% Pdrh-Al O 5 2 3 0.40 0.42 3
0.94% Pdrh-Al O 83 39 44 0.50 0.92 4
1.20% Pdrh-Al O 69 40 29 0.25 0.742 5

Hydrogenation reactions
Benzene hydrogenation reactions were conducted in a 100-

Ž .mL stainless-steel autoclave EZ-Seal Autoclave Engineers
Žoperated in a semibatch mode. Hydrogen MG Industries,

.99.999% was further purified by a high-pressure Oxytrap
Ž . Ž .Alltech , while He MG Industries, 99.999% was used as
received. Figure 1 shows the reaction system utilized in the
present study. This configuration allows in-situ reduction of
the catalyst up to 773 K and addition of liquid reactants and

Ž .solvents into the reactor via a syringe pump ISCO 500D
without exposure to air. A gas-handling system was devel-
oped to control pressure and monitor flow rates during
reaction and catalyst pretreatment. A mass-flow controller
Ž .Brooks 5850E was used for controlling the He flow rate
Ž .0]200 SCCM during catalyst pretreatment; while a mass-

Ž .flow sensor Brooks 5860E and a proportionalrintegral pres-
Ž .sure controller Brooks 5866 were used in series to monitor

the rate of H uptake and maintain constant H pressure to2 2
within "1% of the setpoint. The mass-flow sensor monitored
the flow of H into the reactor and stored the data in a com-2
puter for analysis. The pressure controller and mass-flow

Ž .sensor PC-MFS system were controlled by a digital
Ž .controlrreadout unit Brooks 0154E , from which data could

be extracted at a maximum rate of 15 data points per second.
Additionally, a series of experiments was performed at 54-

atm hydrogen pressure with 60 mol % benzene in hexane
with 1.2% Pdrh-Al O over a temperature range of 358 K to2 3
493 K to check for a temperature maximum. Fresh catalyst
samples were utilized for reactions performed at 358 K, 388
K, 408 K, and 493 K. TOFs at 443 K and 473 K were ob-
tained on the same catalyst sample.

Results
Table 1 shows the H chemisorption results for different2

Pd catalysts. The metal dispersions varied from 0.25 to 0.50
for these catalysts, while the concentration of surface metal

Žatoms varied by more than an order of magnitude from 3.0
.mmoles Pd rg cat. to 44 mmoles Pt rg cat. . The Madon-s s

Ž .Boudart 1982 test was conducted to evaluate the signifi-
cance of heat and mass-transfer effects. In the absence of
such limitations, the rate of a structure-insensitive reaction is
proportional to the concentration of active sites, thus yielding

Ža constant TOF initial rate of benzene disappearance nor-
.malized to number of surface Pd atoms for catalysts with

varying numbers of exposed surface metal atoms. Results of
this test are displayed in Table 2 for a reaction with 60 mol
% benzene in hexane at 13.6 atm H pressure and tempera-2
tures of 388 K, 408 K, and 448 K. The similarity among TOFs
at three different temperatures verifies the absence of not
only internal and external mass transfer, but also heat-trans-
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Figure 1. Reactor system utilized in the present study.
1: Oxytrap; 2: 4-way valve; 3: mass-flow controller; 4: pressure controller; 5: mass-flow controller; 6: modular control and readout unit; 7:
computer to record pressure and mass flow; 8: 3-way valve; 9: stainless-steel autoclave; 10: 3-way sampling valve; 11: high-pressure syringe
pump; 12: sample addition vessel.

Ž .fer limitations Madon and Boudart, 1982 . The activation
energies for the 0.08%, 0.94%, and 1.2% Pdrh-Al O cata-2 3
lysts were 5.5 kcalrmol, 6.8 kcalrmol, and 6.9 kcalrmol, re-
spectively. The absence of external diffusion limitations was
further verified by changing the stirring speed from 500 rpm
to 1,700 rpm and monitoring the reaction at 408 K and 27.2
atm via the H uptakes, as shown in Figure 3. The constancy2
of TOFs exhibited by catalysts with different concentrations
of exposed metal surface atoms and the invariance of the rate
with stirring speeds greater than 500 rpm are verification of
the absence of transport processes under the reaction condi-
tions in the present study.

Further support for the validity of the reaction rates re-
ported in this study is obtained by comparison with data re-

Figure 2. Temperature profile for in-situ pretreatment of
catalysts.

Ž .ported by Konyukhov et al. 1987 for liquid-phase benzene
hydrogenation, free of transport limitations, over Pd sup-
ported on activated carbon. While TOFs were not explicitly
reported in their study, an estimate can be obtained by utiliz-
ing their H chemisorption results. A TOF of 0.49 sy1 at 4032
K and 29.6 atm was calculated from the data reported by

Ž . y1these authors Konyukhov et al., 1987 compared to 0.54 s
in the present study. At 383 K and 10 atm, a TOF of

y1 Ž .0.04 s was calculated Konyukhov et al., 1987 compared to
0.08 sy1 in the present study.

The use of a stainless-steel reactor raises the question of
leaching of metals from the reactor walls into the solution
and possible poisoning of the catalyst. Elemental analysis of
the used liquid-phase reaction mixture as well as a used cata-
lyst sample revealed no detectable concentration of metals in
either phase. This information is consistent with negligible
deactivation observed and the reproducibility of data from
run to run.

Figure 4 compares reaction rates based on GC data to those
obtained from the continuous H uptakes. The pressure con-2

Ž .troller and mass-flow sensor PC-MFS data reveal a de-
crease in rate during the course of the reaction. The tempo-

Table 2. Madon–Boudart Test for the Absence of Heat
and Mass-Transfer Effects at 200 psia Hydrogen

Pressure and 60 mol % Benzene in Hexane
y1 y1 y1Ž . Ž . Ž .Temp. TOF s TOF s TOF s

Ž .K 0.08% Pdrh-Al O 0.94% Pdrh-Al O 1.20% Pdrh-Al O2 3 2 3 2 3

388 0.11 0.07 0.13
408 0.23 0.22 0.20
448 0.30 0.26 }
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Figure 3. Stirring-speed study to evaluate the absence
of external mass-transfer resistance during
benzene hydrogenation using 1.2% Pd/////
h -Al O catalyst at 408 K, 27 atm H , and neat2 3 2
benzene.

ral conversion profile, however, indicates constant rate dur-
ing the entire course of the reaction. If the rate of H uptake2

Ž .is evaluated using benzene conversion data from GC results
during the first 200 min, a value of 0.93 mmolrmin is ob-
tained compared to an average value of approximately 1.0
mmolrmin from the PC-MFS system. Similarly, if the hydro-
gen uptake is evaluated from the benzene conversion data
Ž .from GC results during the last 100 min, a reaction rate of
0.75 mmolrmin is obtained compared to an average rate of
about 0.60 mmolrmin from the PC-MFS data. Thus, the con-
tinuous, automated rate-acquisition system yields accurate
and reliable data during the course of the reaction that can
distinguish subtle changes in the reaction rate that would
otherwise have been difficult to detect using the concentra-

Figure 4. Reaction rates from temporal concentration
( )data open circles and H uptake results2

( )heavy solid lines for reaction over 0.94% Pd/////
h -Al O at 408 K, 27 atm using 35 mol % ben-2 3
zene in hexane.

Figure 5. Arrhenius plot for benzene hydrogenation
over 1.29 Pd/////h -Al O at 54 atm H using 602 3 2
mol % benzene in hexane.

tion data alone. In addition, it is interesting to note that no
significant catalyst deactivation was detected over the 6-h re-
action time during which complete conversion of benzene was
achieved. The noticeable decrease in rate near the end can
be attributed to the marked reduction in benzene concentra-
tion.

Figure 5 shows a typical Arrhenius plot for hydrogenation
of 60 mol % benzene in hexane at 54 atm over 1.2% Pdrh-
Al O , which yields an activation energy of 9.3 kcalrmol. In2 3
contrast with vapor-phase studies at 1 atm H pressure, where2
an activity maximum has frequently been reported near 453

ŽK van Meerten et al., 1976; Chou and Vannice, 1987b; Lin
.and Vannice, 1993a , no such behavior was observed in the

present study. Activity maxima, however, have been reported
for liquid-phase hydrogenation of benzene on unsupported

Ž .Ru catalysts RuCl at 463 K and 34 atm H pressure in the3 2
Ž .presence of NaOH 15 .

Figure 6 shows the effect of benzene concentration and
liquid-phase H concentration on the rate of benzene hydro-2
genation in hexane using a 1.2% Pdrh-Al O catalyst. The2 3
reaction rate was near zero order in benzene concentration
and between one-half to first-order in liquid-phase hydrogen
concentration. The solid lines represent the fit of the kinetic

Ž .model described later to the experimental data.

Discussion
Previous vapor-phase studies of benzene hydrogenation

over supported Pd catalysts yielded a kinetic model invoking
dissociative adsorption of H , noncompetitive adsorption be-2
tween H and benzene, and a concurrent dehydrogenation2
reaction to form a hydrogen-deficient phenyl surface species.
No rate-determining step was assumed, which resulted in a
complex model, but one that exhibited thermodynamic con-

Žsistency and agreement with the experimental data Chou and
.Vannice, 1987c . A model was later proposed for benzene

hydrogenation on supported Pd catalysts, which involved as-
Ž .sumptions similar to those of Chou and Vannice 1987c , but
Ž .included some additional simplifications such as: 1 addition
Ž .of the first H-atom as the rate-determining step; 2 surface
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Figure 6. Variation of hydrogenation rate of benzene
( ) (with: a liquid-phase H concentration open2

) ( ) (symbols ; b benzene concentration open
)symbols .

Ž .Fit of kinetic model Eq. 5 to experimental data for reac-
tion over 1.20% Pdrh-Al O is shown by solid lines.2 3

coverage of the dehydrogenated species is much greater than
Ž .that of benzene; and 3 one hydrogen-deficient species dom-

Ž .inates Lin and Vannice, 1993b . This model again provided
thermodynamic consistency and fit the experimental data
well. The model proposed by Chou and Vannice was later
effectively utilized to describe the vapor-phase hydrogenation

Ž .of ethyl benzene Smeds et al., 1995 , and the validity of the
Ž .model proposed for Pt Lin and Vannice, 1993b has received
Ž .support from Tetenyi 1994 , based on his isotopic labeling

studies. Other evidence to support this latter model has been

kK K C CŽ .H Bz Bz H2r s , 5Ž .Bz 1r2 1r2 1r2 1r2 1r2 1r21q K C K C q K K C C q K K CŽ .Ž . Ž . Ž .H H H H Bz H Bz H D Bz Bz2 2 2

Žpresented and discussed elsewhere Lin and Vannice, 1993b;
.Poondi and Vannice, 1996 .

In this study, the rationale behind the previous models was
extended to include liquid-phase benzene hydrogenation. The
model can be described by the following sequence of steps:

K Bz R

RBzqS BzyS01 1

K H R

Rw x3 H q2S 2HyS02 2 2

k 6 Ž .BzyS qHyS BzHyS qS RDS1 2 1 2

K D1 R

RBzyS qS D yS qHyS01 2 1 1 2

K R

RBzHS q5HyS C H qS q5S01 2 6 12 1 2

where D is a dehydrogenated benzene species. Assuming1

addition of the first H-atom to break the resonance structure
to be the rate determining step, the reaction rate is described
by

r s kQ Q , 1Ž .Bz Bz H

where Q and Q are the fractional surface coverages ofBz H
benzene and hydrogen on sites S and S , respectively, and k1 2
is the rate constant for the addition of the first H atom to the
benzene ring. The assumption of quasi-equilibrated H ad-2
sorption on S sites yields the following expressions for sur-2
face coverage of H and benzene:2

K 1r2 C1r2
H H 21r2 1r2Q s K C Q s , 2Ž .H H H S 1r2 1r22 2 1q K CH H2

where C is the liquid-phase concentration of H . Quasi-H 22

equilibrated benzene adsorption on S sites gives:1

Q s K C Q . 3Ž .Bz Bz Bz S1

Assuming only adsorbed benzene and one H-deficient ben-
zene species are dominant on the surface, the site balance on
sites of type S yields1

1
Q s , 4Ž .S1 K K CD Bz Bz

1q q K CBz Bz1r2 1r2K CH H2

where C is the liquid-phase benzene concentration. TheBz
second term in the denominator of Eq. 4 arises from the H-
deficient surface species, assumed to be a phenyl species,
which is in equilibrium with adsorbed benzene and hydrogen.
Combining the preceding equations and rearranging yields the
following rate expression:

where K is the equilibrium constant for the dehydro-D
genation reaction that forms the H-deficient phenyl species
on the surface. The temperature dependence of the equilib-
rium constants and the rate constant is expressed as follows:

Ea
ks A exp y0 ž /RT

DS0 D H 0
ad ad

K sexp y , 6Ž .i ž /R RT

where A , E , D H 0 , DS0 are the preexponential factor,0 a ad ad
activation energy, standard enthalpy of adsorption, and stan-
dard entropy of adsorption, respectively. Kinetic modeling
was performed using the Microsoft Excel Solver Routine, and

Žthe rate data at each of the three temperatures 358 K, 388
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.K, 408 K was fitted separately using four adjustable parame-
ters. Local minima were avoided by using widely varied initial
guesses and observing that the final parameters converged to
similar values.

Prior to rationalizing various aspects of the preceding
model, it is instructive to consider whether the liquid-phase
hydrogen concentration or the H partial pressure is the pre-2

Ž .ferred choice in the rate expression. Madon et al. 1978 re-
ported that for liquid-phase hydrogenation of cyclohexene on
supported Pt catalysts, the H concentration is the better2
choice in the rate expression. Their results clearly showed
that when the reaction was conducted in different solvents,
free of all transport limitations, and the partial pressure of
H was used in the rate expression, the resulting apparent2
rate constant exhibited a 3-fold variation with solvent. How-
ever, when the liquid-phase H concentration was utilized in2
the rate expression, the resulting rate constants were essen-
tially independent of the solvent and fell within 10% of an

Ž .average value Madon et al., 1978 . Their results are listed in
Table 3. Similar results were also observed by Boudart and

Ž .Sajkowski 1991 during liquid-phase hydrogenation of cyclo-
hexene over supported Rh catalysts. The solvent-indepen-
dent rate constant was shown to be the intrinsic reaction rate
constant multiplied by the ratio of the activity coefficient of
H in the liquid phase to that of H in the transition state2 2
just prior to dissociative adsorption, which was proposed as

Žthe rate-determining step Madon et al., 1978; Boudart and
.Dejega-Mariadassou, 1984 .

Ž .Madon et al. 1978 examined the effect of H solubility on2
liquid-phase reactions by considering the case where H in2
the gas phase was in equilibrium with H in the liquid phase,2
which was also in equilibrium with the transition state of H2
prior to dissociative adsorption. They proposed that the ob-
served rate was proportional to the concentration of the tran-

Ž .sition state ra C . In the present study, H in the gas phase,t 2
liquid phase, and adsorbed state is assumed to be quasi equi-
librated, and the observed rate is proportional to the cover-

Ž .age of adsorbed hydrogen ra Q . In both cases the reactiveH
hydrogen species in the rate-determining step is equilibrated
with H in the gas phase; therefore, an analysis similar to2

Ž .that performed by Madon et al. 1978 should also be valid
for the present case and can be extended to include quasi-
equilibrated hydrogen adsorption, and thus describe the sur-
face coverage of hydrogen during liquid-phase hydrogena-
tion.

The sequence of elementary steps that describes the disso-
ciative adsorption of hydrogen in a three-phase system con-

Table 3. Rate Constants for Cyclohexene
Hydrogenation Evaluated Using H Partial Pressure2

or Liquid-Phase Concentration
XŽ . Ž .Solvent k P =10,000 k C =10,000H H2 2

Cyclohexane 3.6 3.6
n-Heptane 5.3 4.3
p-Dioxane 2.0 4.2
Ethyl acetate 4.3 4.5
Methanol 3.3 3.9
Benzene 2.9 3.7
Cyclohexene 3.5 3.9

Ž .Source: Madon et al. 1978 .

sisting of gas-phase hydrogen, liquid-phase solvent, and solid
catalyst includes:

R

RŽ . Ž . Ž .H g H l 702 2

R

RŽ . Ž .H l q2S 2HyS , 802 2 2

where the first step represents the vapor]liquid equilibrium,
while the second step represents the equilibrium for dissocia-
tive adsorption of hydrogen on surface sites, S . The equilib-2

Ž .rium for the second step in the adsorption process Eq. 8
can be formally written as

n m s2m ymL y2m s0, 9Ž .Ý i i HS H S2 2

where the subscripts HS and S refer to adsorbed hydrogen
and the vacant site, respectively. The constraint for vapor-
liquid equilibrium requires the chemical potentials of the two
phases to be equal, that is,

mG smL
H H2 2

mG smO, G q RT ln PŽ .H H H2 2 2

mL smO, L q RT ln C 10Ž .Ž .H H H2 2 2

The standard state for the chemical potential in the gas phase
is chosen as 1 atm hydrogen, while that for the liquid phase is
chosen as infinitely dilute hydrogen at unit fugacity. The
chemical potentials of the adsorbed hydrogen and the vacant
site are defined using the conventional Langmuirian ap-
proach, which disregards interactions among the adsorbed

Ž .species g s1 . This can be formally stated as:i

m smO q RT ln QŽ .HS HS HS

m smOq RT ln Q , 11Ž .Ž .S S S

and the standard state is defined for a condition of infinitely
dilute hydrogen in the liquid phase. Substituting Eqs. 10 and
11 into Eq. 9, the following expression is obtained

mO, G q2mOy2mOQ H S HSHS 21r2s P exp . 12Ž .H ž /Q 2 RTS

Assuming no significant solvent adsorption and utilizing the
Ž .site balance Q qQ s1 , the expression for surface cover-HS S

age of hydrogen becomes:

1r2 1r2<K PŽ .solvH H2
Q s , 13Ž .HS 1r2 1r2<1q K PŽ .solvH H2

<where K is the equilibrium constant for the sum of stepssolvH
<7 and 8. The square root of K issolvH

O, G O < O <m q2m y2msolv solvH S HS1r2 2<K sexp . 14Ž .Ž .solvH ž /2 RT
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The standard states for the vacant sites and the adsorbed
<hydrogen are not solvent independent, and thus K maysolvH

change, depending on the nature of the solvent. Therefore, it
is desirable to switch to standard states that will yield an in-
trinsic solvent-independent adsorption equilibrium constant,
K . The standard state for hydrogen in the gas phase is 1H
atm and independent of the solvent. However, the standard-
state chemical potential for the vacant site and the adsorbed
hydrogen, defined at infinitely dilute hydrogen in the liquid
phase, can be influenced by the solvent. Therefore, the stan-
dard states of the vacant site and the adsorbed hydrogen are
redefined as follows:

O < O <m sm qCsolv nosolvS S 1

O < O <m sm qC , 15Ž .solv nosolvHS HS 2

where C and C are constants that account for the effect of1 2
solvent on the chemical potential of the vacant sites and ad-
sorbed hydrogen. The standard-state chemical potential of the
vacant site and adsorbed state of hydrogen in the absence of

Ž .solvent denoted by the subscript ‘‘no solv’’ can now be rede-
fined as that referred to 1 atm hydrogen in the gas phase,
and it is solvent independent. Substituting the preceding two
expressions into the exponential in Eq. 14, one obtains:

1
O , G O O< <m qm ymnosolv nosolvH S HS221r2 <K sexpsolvH RTž /

O < O < O < O <m ym m ymsolv nosolv solv nosolvS S HS HS)exp y . 16Ž .ž /RT RT

The first exponential is the intrinsic adsorption equilibrium
constant for hydrogen that is independent of the solvent, while
the second exponential accounts for the effect of solvent on
the adsorption equilibrium constant of hydrogen. Therefore,
the following general expression for the fractional surface
coverage of hydrogen is obtained from Eq. 13:

aK 1r2P1r2
H H 2

Q s , 17Ž .HS 1r2 1r21q aK PH H2

where K is the intrinsic adsorption equilibrium constant in-H
dependent of the solvent, while a characterizes the effect of
the solvent on the adsorption equilibrium constant and is de-
fined as follows:

O < O < O < O <m ym m ymsolv nosolv solv nosolvS S HS HS
a sexp y . 18Ž .ž /RT RT

For the case where the effect of solvent on the standard-state
chemical potential is zero or negligible, a s1, and the equa-

Ž .tion for the surface coverage of hydrogen Eq. 17 simplifies
to

K 1r2P1r2
H H 2

Q s . 19Ž .HS 1r2 1r21q K PH H2

In this case the solvent merely serves as a transparent barrier
for H availability to the surface, and use of the hydrogen2
partial pressure allows direct evaluation of the adsorption
equilibrium constant. In addition, the fractional surface cov-
erage of hydrogen is constant at a given partial pressure of
hydrogen, independent of the solvent. This case is expected
to be rare, and indeed experimental data point to the fact
solvent effects are prevalent even for seemingly ideal solvents

Žsuch as n-hexane and n-heptane Madon et al., 1978; Rajad-
.hyaksha and Karwa, 1986 .

If solvent effects play an important role, then a is not unity.
The solvent effect on the standard state of the adsorbed phase
can be further expanded assuming an additive relationship
for standard-state chemical potentials of the adsorbed hydro-
gen as follows:

mO smO qmOqC , 20Ž .HS H S 3

where C represents the contribution of the solvent-inde-3
pendent interaction between the hydrogen atom and adsorp-
tion site. The preceding additive property holds in the pres-
ence and absence of solvent and therefore the following ex-
pressions are obtained:

O < O < O <m sm qm qCsolv solv solvHS H S 3

O < O < O <m sm qm qC . 21Ž .nosolv nosolv nosolvHS H S 3

Substitution of Eq. 21 into Eq.18 yields the following expres-
sion for a :

O < O <m ymnosolv solvH H
a sexp . 22Ž .ž /RT

The standard-state chemical potential of the hydrogen atom
can be related to that of the hydrogen molecule by assuming
the relationship below:

O < O <m s2m qCsolv solvH H 42

O < O <m s2m qC , 23Ž .nosolv nosolvH H 42

where C represents the contribution of a solvent-independ-4
ent interaction between the two hydrogen atoms in a hydro-
gen molecule. Substitution of Eq. 23 into Eq. 22 yields the
following expression for a :

O < O <m ymnosolv solvH H2 2a sexp . 24Ž .ž /2 RT

Greater insight into the physical meaning of a is obtained by
equating chemical potentials of gas- and liquid-phase hydro-

Ž .gen Eq. 10 to obtain:

mO, G q RT ln P smO, L q RT ln CŽ . Ž .H H H H2 2 2 2

PH2O, L O , Gm ym s RT ln s RT ln H . 25Ž . Ž .H H2 2 ž /CH2
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Realizing that

O < O, Gm smnosolvH H2 2

O < O, Lm sm 26Ž .solvH H2 2

Eqs. 21 and 20 can be combined to yield

a s Hy1r2 , 27Ž .

where H is the constant in Henry’s law. Therefore, for the
case where the solvent can affect the metal surface, the frac-
tional coverage of hydrogen can be obtained by substituting
Eq. 23 into Eq. 17, yielding

Hy1r2K 1r2P1r2
H H 2

Q s sQ . 28Ž .HS Hy1r2 1r2 1r21q H K PH H2

Thus, if partial pressure is utilized and a solvent effect is
significant, the intrinsic adsorption equilibrium constant is
coupled with the Henry’s law constant, yielding an apparent
adsorption equilibrium constant that can change with solvent
composition. However, if Henry’s law is substituted into this
expression, that is, P s H)C , the resulting equation forH H2 2

surface coverage of hydrogen is now

K 1r2 C1r2
H H 2

Q s sQ . 29Ž .HS H1r2 1r21q K CH H2

Therefore, in the presence of solvent effects, an intrinsic ad-
sorption equilibrium constant free of solvent effects can still
be extracted if the liquid-phase hydrogen concentration is
used in place of hydrogen partial pressure. Furthermore, in
the presence of solvent effects, increasing the hydrogen solu-
bility at a constant partial pressure of hydrogen can increase
the surface coverage of hydrogen. The results from the pre-
ceding derivation are analogous to those derived by Madon

Ž .et al. 1978 for cyclohexane hydrogenation over PtrSiO in2
various solvents.

Special care must be taken to distinguish between different
types of solvent effects. As stated previously, solvent effects
can be induced in numerous ways, including competitive ad-
sorption with the reactants and products, as well as interac-
tion of the organic reactants with the electronic environment
of the solvent as characterized by the dielectric constant. The
complete treatment of these cases on a theoretical basis is
beyond the scope of the present study. The solvent effect that
is related to the preceding analysis pertains only to the influ-
ence of the solvent on the hydrogen dissolved in the liquid
phase. The preceding equations indicate that in the absence
of solvent effects, the hydrogen partial pressure is best suited
for the rate expression yielding solvent-independent adsorp-
tion equilibrium constants, and the surface coverage of hy-
drogen is constant at a given partial pressure of hydrogen,
independent of the solvent. In the presence of solvent ef-
fects, use of liquid-phase hydrogen concentration in the sur-
face-coverage expression, and hence the rate expression, is
preferred because it yields an intrinsic adsorption equili-

brium constant independent of solvent. Furthermore the
fractional surface coverage of hydrogen can increase with in-
creasing hydrogen solubility at a constant partial pressure of
hydrogen, even when the assumption of quasi-equilibrated
adsorption of hydrogen is valid.

The question then arises as to whether liquid-phase hydro-
gen concentration or partial pressure of hydrogen in the gas
phase should be used in the rate expression. Insight into this

Ž .question was gained through the work of Madon et al. 1978
Ž .and Boudart and Sajkowski 1991 , who showed that, even

for a nonpolar and seemingly ideal solvent such as n-heptane,
the interaction of the solvent with the hydrogen molecule is
significant during liquid-phase hydrogenation of cyclohexene.
Their results show that a solvent-independent rate constant
is obtained when liquid-phase hydrogen concentration is ex-
plicitly used in the rate expression in place of partial pressure
of hydrogen. Therefore, since a similar solvent was used in
this study, the liquid-phase hydrogen concentration, obtained
from Henry’s law, was used in the rate expression. The Henry’s

Žlaw constant was derived from the SRK-EOS Soave-Re-
.dlich-Kwong equation of state with a temperature-depen-

Ž .dent k parameter Moysan et al., 1983 . Figure 7 shows ai j
comparison between the calculated values and the experi-
mental data reported in the literature for pure benzene and
n-hexane. The Henry’s law constant for a mixture of benzene
and n-hexane was evaluated using regular solution theory
Ž .Prausnitz et al., 1986 . The effect of cyclohexane was ig-
nored, since the reaction was conducted in a differential mode
where cyclohexane concentration is low and its effect on H2
solubility can be considered negligible. It is important to note
that the pure-component Henry’s constant for hexane and
benzene differ 3-fold. This has important consequences for
the reaction-rate expression, since the liquid-phase concen-
tration of H changes significantly as the benzene concentra-2
tion changes in the reaction mixture. Therefore, the liquid-
phase concentration of hydrogen was explicitly used in the

wrate expression to account for solvent effects as described in

Figure 7. Liquid-phase H concentration evaluated us-2
ing the Soave-Redlich-Kwong equation of
state.
Lines are Henrys constant predicted from the SRK-EOS,
and points represent values obtained from the literature
Ž .Moysan et al., 1983 .
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the previous derivation and analogous to the observations by
Ž . xMadon et al. 1978 for cyclohexene hydrogenation .

The fit of the reaction rate expression to experimental data
is displayed in Figure 6. For a model to be acceptable it must
not only show a good fit to experimental data, but it must
also explain other observations and exhibit thermodynamic
consistency. In this respect, the main features of the model
will be addressed primarily in the context of vapor-phase
benzene hydrogenation studies. In-situ catalyst characteriza-
tion during liquid-phase reactions is difficult, and therefore
the literature providing information about the state of the
catalyst under these reaction conditions is scant.

Dissociative adsorption of H on Group VIII metals has2
Žbeen well documented in the literature Munn and Clary,

.1997 and has been successfully invoked in numerous kinetic
Žstudies of vapor-phase benzene hydrogenation van Meerten

and Coenen, 1977; Chou and Vannice, 1987c; Lin and Van-
.nice, 1993b . In addition, magnetization measurements by van

Ž .Meerten et al. 1977 indicated that dissociatively adsorbed
hydrogen was the active species for benzene hydrogenation
on a NirSiO catalyst.2

Benzene adsorption on Group VIII metals can occur via
an adsorption state where the ring lies parallel to the surface
ŽPrasad et al., 1983; Basset et al., 1995; Stair and Somorjai,
1977; Surman et al., 1983, 1987; Fajarde et al., 1996; Abon et

.al., 1985; van Meerten et al., 1979 , as well as one where the
Žring may be distorted or inclined to the surface Prasad et al.,

.1983; Stair and Somorjai, 1977; van Meerten et al., 1979 . For
Ž .benzene adsorption on the Pt 111 surface, Stair and Somor-

Ž .jai 1977 determined the surface carbon concentration by
Auger measurements and found the CrPt ratio to be much
higher than expected if benzene were adsorbed in a p-mode

Ž .alone. Van Meerten et al. 1979 used statistical thermo-
dynamic arguments to show that the presence of only the
associatively p-complex of benzene could not explain the ob-
served isotope effect for the reaction of D with C H and2 6 6
H with C D . A p-complex substitution mechanism yield-2 6 6
ing a monodehydrogenated benzene ring adsorbed via the
s-mode and an adsorbed H atom better explained the

Ž .observed isotope effects van Meerten et al., 1979 . It is be-
lieved that benzene adsorption occurs through the p-mode
with the ring parallel to the surface as well as through a s-type

Žbonding where the ring may be distorted Prasad et al., 1983;
. Ž .van Meerten et al., 1979 . Prasad et al. 1983 explicitly ac-

counted for both modes of benzene adsorption in developing
a model to explain their observed kinetics, and they sug-
gested that benzene adsorbed in the p-mode is the reactive
form for hydrogenation, whereas the s-bonded benzene is
inhibitive.

The model proposed earlier for vapor-phase benzene hy-
Ž .drogenation on Pt Lin and Vannice, 1993b and extended to

Pd in the present study also proposes that some of the ad-
sorbed benzene serves as an inhibitor by occupying adsorp-
tion sites as a dehydrogenated phenyl species. Evidence
exists that suggests that only a fraction of the adsorbed ben-

Ž .zene is hydrogenated to cyclohexene Mirodatos, 1986 . Some
of the adsorbed benzene may be dehydrogenated, because

Ž .Tsai et al. 1982 utilized TPD measurements to show that
olefin dehydrogenation reactions occurred on stepped Pt sur-

Ž .faces. Myers et al. 1987 reported evolution of H during2
their study of benzene decomposition over single-crystal Ni

surfaces. Szilagyi’s FTIR study of benzene adsorption on
PtrSiO catalysts revealed that several reactions were taking2
place simultaneously with benzene hydrogenation, including
self-hydrogenation, rapid H]D exchange, and dehydrogena-
tion. His results suggest that the carbonaceous deposits on
the surface can reversibly take up and release hydrogen with-

Ž .out desorbing as cyclohexane Szilagyi, 1988 . It has also been
suggested that benzene adsorbed in the p-mode is in equilib-
rium with benzene adsorbed in the s-mode, which in turn
yields an adsorbed H atom and a monodehydrogenated

Ž .phenyl species Moyes and Wells, 1973 .
It should be pointed out that much of the work on olefin

dehydrogenation has been performed on Pt and Ni surfaces
rather than Pd, as utilized in the present study. Orozco and

Ž .Webb 1983 studied the adsorption and hydrogenation of
benzene on supported Pt and Pd catalysts, and their results
indicated that while benzene dehydrogenation was observed
on the Pt catalyst, no such processes were observed on the
Pd catalyst in the presence of hydrogen. However, their re-
sults do indicate that dehydrogenation may be taking place in
the absence of hydrogen. The authors attributed this to the
ability of Pd to absorb hydrogen, thus keeping the metal sur-
face saturated with H and preventing dissociation of the ben-

Ž .zene ring Orozco and Webb, 1983 . However, in the case of
liquid-phase benzene hydrogenation, the benzene activity at
the catalyst surface is much greater than that during vapor-
phase studies, and this greater driving force may reduce the
ability of Pd to adsorb and absorb hydrogen, thus allowing
dehydrogenation of the benzene ring. In vapor-phase studies
of benzene hydrogenation over Pd catalysts, Chou and Van-

Ž .nice 1987c explicitly accounted for dehydrogenation proc-
esses to successfully fit the kinetic model to the observed ex-
perimental data.

The model set forth in the present study also proposes that
H atoms adsorb on different sites than benzene. As before,
no studies could be found that examined H adsorption in2
the presence of liquid-phase benzene; however, numerous va-
por-phase studies suggest that in fact benzene and hydrogen

Ž .adsorb on separate sites. Mirodatos 1986 and Mirodatos et
Ž .al. 1987 showed that the H coverage on Ni catalysts in the

presence of benzene was within 10% of the H coverage in a
benzene-free system; thus, benzene blocks few of the H ad-

Ž .sorption sites. Van Meerten et al. 1977 utilized magnetiza-
tion measurements to conclude that for benzene hydrogena-
tion on Ni catalysts, hydrogen and benzene adsorb noncom-

Ž .petitively. Extended Huckel calculations of Myers et al. 1987
show that the most stable site for benzene adsorption was

Ž .above the 4-fold hollow sites for Ni 100 and above the 3-fold
Ž .hollow sites for Ni 111 surface. Hydrogen, on the other hand,

Ž .adsorbs in the 3- and 4-fold hollow sites present on 111 and
Ž .100 planes, respectively, present in fcc Group VIII metals
Ž .Shustrorovich, 1990 . In addition, some of the models exam-
ined in the present study that employed competitive adsorp-
tion between hydrogen and benzene were discarded because
the kinetic constraint that the order with respect to hydrogen
approach zero at very high hydrogen pressure was not obeyed
Ž .Temkin, 1989 . The present model also proposes that addi-
tion of the first H atom is the rate-determining step. This is
intuitively satisfactory, as one would anticipate that the largest
activation barrier should be that for breaking the resonance
of the aromatic ring. It has been proposed by some that hy-
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Figure 8. Arrhenius behavior of the adsorption equilib-
rium constants and rate constants in the reac-
tion rate expression.

drogenation proceeds by the simultaneous addition of two H
Žatoms to the aromatic ring Mirodatos et al., 1987; Temkin,

.1989 . While this assumption provided an adequate fit to the
present data, it is not preferred, since it requires a less prob-
able 3-body reaction. Radiotracer studies by Derbentsev et

Ž . Ž . Ž .al. 1972 , Tetenyi 1994 , and Tetenyi and Paal 1972 indi-
cated a direct hydrogenation route from benzene to cyclohex-
ane through the addition of H atoms. In addition, they pro-
posed that H atoms are sequentially added to benzene in a

Ž .1,3 ,5-m od e m eta-ad d ition of h yd rogen atom s
Ž .Derbentsev et al., 1972; Tetenyi and Paal, 1972 .

As another check of the model, the thermodynamic con-
sistency of the fitted parameters was investigated. The en-
thalpy and entropy of adsorption for benzene were obtained
from the Arrhenius plots shown in Figure 8, and the standard
states were changed to 1 atm in the gas phase. The standard
state for D H and DS was changed from liquid at 1 molBz Bz

BzrL to pure gas at 1 atm by following the path shown in
Figure 9. D H o, DSo at the standard state of 1 atm in gas
phase is related to D H, DS in the liquid phase at 1 molrL as

Ž .follows Mears and Boudart, 1966 :

o o < < < L <DS 1 atm sDS 1 M q DS y DSŽ . Ž .Bz Bz mix, Bz T

< < < G < oy DS q DS sDS 1 M y25Ž .vap, Bz T Bz

o o < L < < < < G <D H 1 atm sD H 1 M y D H y D H q D HŽ . Ž .Bz Bz T vap , Bz T

sD H o 1 M y8, 30Ž . Ž .Bz

where the individual terms are defined in the Notation sec-
tion. A similar change in standard state was also required for
the enthalpy and entropy of adsorption of hydrogen. The
standard state was changed from 1 mol H rL in the liquid2
phase to 1 atm in the gas phase by the following path, that is,

R

R1 molrL liquid-phase H at 298 K 0 gas-phase H at 2982 2

6K gas-phase H , 1 atm and 298 K, which yields the ex-2
pression below:

o o < < oDS 1 atm sDS 1 M q DS sDS 1 M y10Ž . Ž . Ž .H H exp, H H2 2 2 2

D H o 1 atm sD H o 1 M . 31Ž . Ž . Ž .H H2 2

The enthalpy and entropy of adsorption for benzene and
hydrogen are negative as required by thermodynamics, and
also are in general agreement with the additional thermody-
namic constraints:

< o < o0- DS FSad g

10FDSo F12y0.0014 D H o , 32Ž .Ž .ad ad

where DSo , D H o are values for the entropy and enthalpy ofad ad
adsorption, respectively, and So is the standard entropy ofg

Figure 9. Thermodynamic path followed for changing the standard state for enthalpy and entropy of adsorption of
benzene from 1 mol/////L in liquid-phase to 1 atm in the vapor phase.
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Table 4. Comparison of TOFs, Apparent Activation
Energies, and Reaction Orders for Liquid- and

Vapor-Phase Studies over Pdrrrrrh -Al O Catalysts2 3

Vapor Phase Liquid Phase
U UUy1Ž .TOF s 0.091 0.26

† ‡Ž .Ea kcalrmol 12 9
UU†Order in Bz 0 ]0.1 0 ]0.1

UU†Order in H 0.6]0.8 0.5]0.62

Ž .Source: Chou and Vannice 1987b .
UEvaluated at 413 K, 1 atm H pressure.2UUEvaluated at 413 K, 13.6 atm H pressure.2†Evaluated between 373 K and 423 K, 1 atm H .2‡Evaluated between 353 K and 473 K, 54 atm H .2

the gas. The first constraint is stringent, while the second cri-
Žteria only represent general guidelines Boudart et al., 1967;

.Boudart, 1972; Vannice et al., 1979 . The values of absolute
Žentropy for benzene and hydrogen at 298 K are 70 e.u. en-

.tropy unit and 31 e.u., respectively, which are significantly
larger than the changes in entropy of adsorption obtained
from the fitted parameters.

The kinetics reported in the present study were obtained
under differential reaction conditions shown to be free of all
heat and mass-transfer effects, and can therefore be com-

Ž .pared to a previous study Chou and Vannice, 1987c . Table
4 shows a comparison between vapor- and liquid-phase hy-
drogenation for values of TOF, apparent activation energy,
and reaction orders in benzene and hydrogen, and the results
reveal that the kinetics for vapor-phase and liquid-phase hy-
drogenation reactions are similar. It is interesting to note that
the TOF for the liquid-phase reaction at 413 K and 13.6 atm
H is 0.26 sy1 as compared to 0.091 sy1 for vapor-phase re-2
action at 413 K and 1 atm H pressure, that is, a 13-fold2
increase in hydrogen pressure results in only a 3-fold change
in TOF. This may be attributable to the larger thermody-
namic activity of benzene that could either alter the concen-
tration of S sites or enhance the concentration of the H-2
deficient species on the surface or both. It is also worthwhile
to mention that the Arrhenius plot of benzene hydrogenation
from 358 K to 483 K at 54 atm H pressure does not exhibit2
an activity maximum in the reaction rate. Activity maxima in
Arrhenius plots of vapor-phase studies have been attributed
to the compensation caused by an increasing reaction rate
constant and a decreasing adsorption-equilibrium constant
Ž .thus declining surface concentration with increasing tem-
perature. The higher thermodynamic activity of benzene at
the catalyst surface during liquid-phase hydrogenation does
not allow such a sharp decrease in benzene coverage and, if
it did, a still higher temperature would be required to create
a sharp decrease in the surface coverage of benzene resulting

Ž .in a decrease in the reaction rate. Odenbrand et al. 1980
did observe an activity maximum at 463 K in their Arrhenius
plot at 34 atm hydrogen pressure for the liquid-phase hydro-
genation of benzene. However, the authors admit that there
was significant leaching of metals from the reactor walls; thus,
the possibility exists that leached metals were poisoning the
catalyst and may have affected the adsorption properties of
benzene on the catalyst surface and allowed an activity maxi-
mum.

Table 5 shows a comparison of the fitted thermodynamic
Ž .parameters standard state of 1 atm in gas phase obtained

Table 5. Comparison of Thermodynamic Parameters
for Liquid- and Vapor-Phase StudiesU

Vapor Phase Liquid Phase
o o o oD H , E DS , ln A D H , E DS , ln Aact act

Ž . Ž . Ž . Ž .kcalrmol calrmolr8C kcalrmol calrmolr8C

k 7 14 13 10
K y20 y34 y19 y49B
K y2 y15 y7 y25H
K y1 y10 y3 y7D

UStandard state is 1 atm.
Ž .Source: Chou and Vannice 1987c .

from the vapor- and liquid-phase rate expressions describing
kinetics on supported Pd catalysts. Unfortunately, accurate
error bars could not be estimated for the fitted parameters in
the liquid phase, and therefore quantitative comparisons must
be made with caution. Nevertheless, it is interesting to note
the common trends between the vapor- and liquid-phase ki-
netics. The heat of adsorption of benzene is approximately 20
kcalrmol in both the vapor and liquid phases and is in close
agreement with the published values of 25 kcalrmol by Yu et

Ž .al. 1959 for heats of adsorption of benzene on Ni powder at
273 K. The value of y49 e.u. for DSo reported in thead, Bz
present study is larger than that reported in the vapor-phase
study; however, the thermodynamic constraints listed in Eq.
32 are satisfied.

The enthalpy of adsorption for hydrogen in the liquid phase
reaction was y7 kcalrmol, which is in reasonable agreement
with the vapor-phase study. In addition, the enthalpy of ad-
sorption of hydrogen is similar to the values near y10
kcalrmol for reversible adsorption of hydrogen on supported

Ž .Pd catalysts Chou and Vannice, 1987c . Significant evidence
exists, in agreement with results from the present study, which
suggests that weakly adsorbed hydrogen with heats of adsorp-
tion less than 10 kcalrmol is responsible for benzene hydro-

Žgenation Basset et al., 1995; Marecot et al., 1991; Aben et
.al., 1970 . The entropy for adsorption of H was y25 e.u. in2

the liquid-phase reaction, compared to y15 calrmolrK in the
vapor-phase reaction, and both these values are similar to the
value of y20 e.u. reported for hydrogen adsorption on Ni
catalysts. Finally, it is worth noting that the values for the
enthalpy and entropy of the dehydrogenation reaction are also
similar for both the vapor- and liquid-phase reactions.

Summary
Liquid-phase hydrogenation of benzene was studied over

Pdrh-Al O catalysts in a regime free of heat and mass-2 3
transfer limitations. A kinetic model consistent with vapor-
phase studies was found to fit these results. The model in-
vokes dissociative adsorption of H , noncompetitive adsorp-2
tion between H and benzene, and addition of the first H2
atom as the rate-determining step. In addition, a H-deficient
phenyl species is proposed to exist on the surface which serves
as an inhibitor under reaction conditions. The kinetics of the
vapor- and liquid-phase benzene hydrogenation reactions are
very similar, and the thermodynamic parameters extracted
from the rate expression exhibited thermodynamic consis-
tency and were similar to values reported for vapor-phase
studies conducted at 1 atm.
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It was shown that in the presence of solvent effects, the
fractional surface coverage of hydrogen can increase with in-
creasing hydrogen solubility although the partial pressure of
hydrogen remains constant in the gas phase. Furthermore, it
is advantageous to utilize liquid-phase hydrogen concentra-
tions in the rate expression, in the presence of solvent ef-
fects, so that the intrinsic adsorption equilibrium constant for
hydrogen can be extracted. Liquid-phase hydrogen concen-
tration was explicitly utilized in the present study because a
solvent effect on the reaction system was anticipated based

Ž .on the studies of Madon et al. 1978 and Boudart and
Ž .Sajkowski 1991 .
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Notation
a s thermodynamic activity of speciesi
f s fugacity of species ii

f osstandard-state fugacity of species ii
D H senthalpy of vaporization of benzene at 388 Kvap, Bz

D H Gs enthalpy change for decreasing temperature of vapor-T
phase benzene from 388 to 298 K

D H Lsenthalpy change in increasing temperature of liquid-T
phase benzene from 298 to 388 K

DS sentropy change on expansion of H from pressure re-exp, H 22
quired to obtain 1 M liquid-phase concentration to 1
atm in the gas phase

DS z sentropy change for benzene upon changing standardmix, Bz
state from 1 molrL in the reaction mixture to pure gas
at 1 atm

DS sentropy of vaporization of benzene at 388 Kvap, Bz
DSGs entropy change for decreasing temperature of vapor-T

phase benzene from 388 to 298 K
DS L, Bzsentropy change for increasing temperature of liquid-T

phase benzene from 298 to 388 K
n sstoichiometric coefficient for species ii
m schemical potential of species ii
mosstandard-state chemical potential of species ii
g sactivity coefficient of species II
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