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Abstract

A mechanistic model of surface reactions has been developed to describe the kinetic behavior and the stereochemical product
for the gas-phase hydrogenation ofo-xylene over Pd/Al2O3. Models considering competitive, noncompetitive, and semicompetitive ad
tion between hydrogen ando-xylene, featuring stepwise and pairwise addition of hydrogen atoms to the adsorbedo-xylene molecule, were
applied. The stereochemical distribution of the products (cis- andtrans-dimethylcyclohexane) was determined by the surface behavior
cyclic olefin (reaction intermediate). This olefin is either directly hydrogenated tocis-DMCH or hydrogenated via a rollover mechanism
trans-DMCH. The stereochemical distribution was dependent on both temperature and the partial pressures of the reactants, whi
plained by the advanced mathematical model. The model considering competitive adsorption turned out to better explain the stere
product distribution than the noncompetitive model. An extension of the competitive model, for example, the semicompetitive mod
allowed hydrogen to adsorb between adsorbed organic molecules, was also capable of explaining the main kinetic regularities, alt
a slightly lower accuracy for the estimated parameters.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The hydrogenation of aromatics has been investigate
tensively for decades because of its industrial and theore
importance. Traditionally benzene has been the most
model reactant, but more recently other model compon
have been applied, such as toluene and xylenes. Gas-
hydrogenation of aromatics is generally carried out over
ferent supported Pd, Ni, and Pt catalysts[1–13]. The hydro-
genation of aromatic components is also of interest bec
of more stringent environmental legislation, as the remo
of aromatic components is beneficial for the quality of die
fuel. In particular, the cetane number increases with decr
ing aromatic content. Hydrogenation of benzene, in addit
* Corresponding author. Fax: +358 2 2154479.
E-mail address: dmurzin@abo.fi(D.Yu. Murzin).
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is widely used as a probe reaction to test the hydrogena
functionality of metal catalysts.

Various kinetic models have been proposed to unders
the kinetics of the hydrogenation of aromatics. Models t
ing into account the stereochemistry are more sparsely
ported, and, furthermore, few are applicable over a w
range of reaction conditions. Concerning the hydrogena
of the aromatic ring in general, there is a controversy ab
the mechanism, mainly with respect to the nature of
active sites and the adsorption of hydrogen and aroma
Some researchers propose that hydrogen is added as
hydrogen atoms, and others suggest that hydrogen is a
in molecular form to the aromatic molecule. There are a
differences of opinion over whether the adsorption of

aromatic molecule and hydrogen molecule is competitive or
noncompetitive. Most kinetic models assume a sequence of
hydrogen addition steps.

http://www.elsevier.com/locate/jcat
mailto:dmurzin@abo.fi
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The addition of the first hydrogen atom to the aroma
ring has been proposed to be the rate-determining ste
benzene and toluene hydrogenation[14], because the aro
maticity is broken when the first hydrogen is added. Me
anistic considerations of[4–6,15] were inspired by ear
lier studies on liquid-phase hydrogenation of benzene
substituted aromatics, where a kinetic model, consis
with thermodynamics, was advanced[15,16]. Other stud-
ies have also proposed a kinetic model without a sin
rate-determining step[17,18]. A noncompetitive Langmuir–
Hinshelwood mechanism has also been proposed for the
phase hydrogenation ofo-xylene over alumina-supporte
platinum catalyst[11].

With regard to stereoselectivity, Smeds et al.[4–6] in-
vestigated gas-phase hydrogenation of alkylaromatics
derived a kinetic model in which a cyclic olefin was a prec
sor in the formation ofcis- andtrans-dimethylcyclohexanes
Their mechanism took into account a concept of Siege
al. [19], where the stereoselectivity is governed by deso
tion and readsorption of the cyclic olefin. Viniegra et al.,
the other hand, proposed that the stereoselectivity is a
sult of a “rollover” process of the surface intermediate[1].
A comparison was made between rollover and desorpt
readsorption mechanisms in[20].

The aim of this work is to present a mechanism t
describes the kinetics and stereoselectivity of gas-phas
drogenation ofo-xylene over Pd/Al2O3. The experimenta
description was published earlier[21].

2. Experimental

Gas-phase hydrogenation ofo-xylene was studied in
differential tube reactor at a WHSV of 70 h−1 and in the
temperature range of 440–520 K with 10 K intervals
atmospheric pressure. The partial pressures of hydr
and o-xylene were varied between 0.24–0.61 and 0.06
0.612 bar, respectively. Argon was used as the makeup
Liquid o-xylene was fed to the reactor through an evapor
by an HPLC pump, and a Varian GC was used to analyze
reaction products. The 1% Pd-alumina catalyst was prep
by impregnation of aγ -alumina support (BET 249 m2/g)
with a solution of pre-acidified PdCl2. More detailed infor-
mation about the experimental setup and the catalyst ca
found in[21].

2.1. o-Xylene hydrogenation

cis- and trans-1,2-dimethylcyclohexane (1,2-DMCH
were the only hydrogenation products (i.e., no dimeth
cyclohexene or dimethylcyclohexadiene was detected)
in benzene and toluene hydrogenation, the reaction rat

xylene hydrogenation passes through a maximum at approx
imately 490 K. The reaction orders with respect to hydrogen
increased with temperature from 1.3 at 440 K to 2.6 at
talysis 233 (2005) 109–118
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520 K, similar to previously observed hydrogen concen
tion dependencies over supported Ni/Al2O3 and Pt/Al2O3
catalysts. The reaction orders with respect too-xylene were
found to be slightly negative (∼ −0.2) at all temperature
investigated. The results indicated that the formation
trans-isomer was favored by increased reaction tempera
but decreased with increased hydrogen partial pressure
changes ino-xylene partial pressure altered thecis/trans ra-
tio to a small extent. It should also be pointed out that
initial deactivation of the catalyst did not affect the ste
oselectivities. The dependency of stereoselectivity on
operation temperature and reactant concentrations is in
agreement with previous works on supported metal cata
[4,22].

3. Results and discussion

3.1. Descriptive kinetics of stereoselectivity

Hydrogenation ofo-xylene involves the destruction of th
ring structure in the aromatic molecule. Stepwise addi
of a hydrogen atom (molecular or atomic) to the arom
molecule has been suggested to be the dominating me
nism, since this reaction probability is higher than that
simultaneous multiple additions of hydrogen atoms. Sa
et al. [23,24] have reported that there is a strong indi
tion of a dominant reaction path for benzene hydrogena
over a Pt(111) catalyst, which follows the classical Horiu
Polanyi mechanism involving consecutive addition of hyd
gen, where the only reaction product is cyclohexane.
cording to the study of Sayes et al. the reaction path d
not pass through cyclohexadiene or cyclohexene, whic
in agreement with the thermodynamic considerations[16].
Smeds et al. suggested, in their study of hydrogenatio
o- andp-xylene over Pt-alumina, a mechanistic scheme
which the aromatic character remains during the first
hydrogen addition steps, which is in line with the aroma
ity principle proposed by Temkin for benzene hydroge
tion [25]. A more detailed discussion of the nature of this
termediate with respect to the thermodynamics can be fo
in papers by Smeds et al.[5,26].

Benzene, toluene, ando-xylene are believed to adso
parallel to the surface of group VIII metals because of
interaction betweenπ -electrons in the aromatic ring and th
unoccupiedd-metal orbitals[27,28]. To reduce the repulsiv
effect, the two methyl substituents ino-xylene should be ori
ented away from the surface, and consequentlycis-DMCH
should be the product formed from 1,2-dimethylcyclohex
(Scheme 1). Hence, thecis stereoisomer is the kineticall
favored product. Several scientists have previously repo
a higher selectivity for the thermodynamically more sta
trans isomer with increasing temperature.

- The increase in the formation oftrans-1,2-DMCH as a
result of higher temperature is generally explained by the
rollover mechanism, first introduced by Inuone et al.[29],
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Scheme 1. Formation ofcis- andtrans-dimethylcyclohexane.

with the assumption that the last double bond to be hy
genated is isomerized, followed by rollover of the adsor
species, the hydrogenation of which results intrans-1,2-
DMCH. The rollover mechanism is presented inScheme 1,
according to which 1,2-dimethylcyclohexene is isomeriz
to 2,3-dimethylcyclohexene and subsequently rolls o
leading to formation of thetrans isomer by hydrogena
tion of the last double bond. The rate of formation
trans-1,2-DMCH is hereby determined by the relative ra
of 1,2-dimethylcyclohexene (DMCHe) hydrogenation a
isomerization. At lower temperatures thecis-1,2-DMCH
is the dominant reaction product, whereas the forma
of the thermodynamically favoredtrans-1,2-DMCH is in-
creased by increased operation temperature. Thecis/trans
ratio also increases with increasing partial pressure of
drogen, which, on the other hand, results in a higher reac
rate. More detailed information about stereoselectivity
pendence on reaction parameters ino-xylene hydrogenation
can be found in[21].

In the past the mathematical approach to heterogen
catalytic kinetics was to formulate models that could
solved analytically, because of limited computational
pacity. Often purely empirical models, such as power-
models, were used (and are still frequently used) to desc
the rate of the reactions, resulting in not very realistic m
els with limited predictive abilities. The increase in co
putational power has led to more complex kinetic mod
involving elementary reactions that make the process
ter understood. In combination with reliable data from
netic measurements and surface science studies, adv
mathematical modeling provides a powerful tool for bo
scientists and engineers. Reaction kinetics is the transla
of our understanding of the chemical process into a m
ematical rate expression that can be also used in rel
and predictive reactor design[30]. The goal of mathemat
ical analysis is, in a way, the understanding of the proc
rather than only the estimation of the values of the para
ters.

The mechanism ofo-xylene hydrogenation can be wri

ten in the case of noncompetitive adsorption in the following
way with two reaction routes, N(1) and N(2), for the forma-
tion of, respectively,cis- andtrans-dimethylcyclohexane:
talysis 233 (2005) 109–118 111
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(1)

N(1) N(2)

S+ A ≡ AS 1 1
j∗ + H2 ≡ jH∗

2/j 1 1
1. AS+ jH∗

2/j � AH2S+ j∗ 1 1

2. AH2S+ jH∗
2/j � AH4S+ j∗ 1 1

3. AH4S→ OS 1 1
4. OS+ jH∗

2/j → C+ S+ j∗ 1 0

5. OS� O′S 0 1
6. O′S+ jH∗

2/j → T + S+ j∗ 0 1

N(1), A + 3H2 = C; N(2), A + 3H2 = T.

Here S represents the adsorption site for the arom
species;∗ is a surface adsorption site for hydrogen;j equals 1
for molecular hydrogen adsorption and 2 for dissoc
tive adsorption;o-xylene and hydrogen are denoted by
and H, respectively; C and T are respectivelycis- and
trans-1,2-DMCH; and O and AH4 represent respectivel
1,2-dimethylcyclohexene and a surface intermediate, w
still retains its aromatic character. AH4 is the precursor o
the intermediate O, which can undergo either hydroge
tion to cis-1,2-DMCH (step 4) or isomerization (describ
by step 5) of 1,2-DMCHe and rollover of the intermed
ate 1,3-DMCHe. The overall reactions are obtained b
combination of the chemical equations multiplied by the s
ichiometric numbers.

For competitive adsorption the mechanism can be wri
as

(2)

N(1) N(2)

x∗ + A ≡ xA∗ 1 1
j∗ + H2 ≡ jH∗

2/j 1 1
1. xA∗ + jH∗

2/j � xAH∗
2 + j∗ 1 1

2. xAH∗
2 + jH∗

2/j � xAH∗
4 + j∗ 1 1

3. xAH∗
4 → xO∗ 1 1

4. xO∗ + jH∗
2/j → C+ j∗ + x∗ 1 0

5. xO∗ � xO′ ∗ 0 1
6. xO′ ∗ + jH∗

2/j → T + j∗ + x∗ 0 1

N(1), A + 3H2 = C; N(2), A + 3H2 = T.

Here∗ denotes an active site for both hydrogen and the
matic molecule;x is the number of∗-sites covered by th
o-xylene molecule. Our observation of decreasing reac
rate with increasing partial pressure ofo-xylene could be
an indication that theo-xylene molecules block the activ
sites, resulting in a decreased reaction rate. It is comm
assumed that the number of adsorption sites on whic
organic molecule is adsorbed is equal to unity. This i
simplification, however, since it neglects the polyatomic
ture of the reacting molecule. Hydrocarbons are though
require several sites for adsorption, whereas hydrogen i
sorbed on only a single metal site, resulting in competit
for sites between participating molecules[30,31]. The diam-

eter of theo-xylene molecule is about 5.8 Å, whereas that of
the hydrogen molecule is 0.7 Å. Since theo-xylene molecule
is much larger than the hydrogen molecule and the distance
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Fig. 1. Adsorption of hydrogen on interstitial sites between larger m
cules.

between the Pd atoms is∼ 2.7 Å (if a Pd(111) surface is con
sidered),o-xylene can possibly cover up to seven sites. T
molecule structure was optimized with the Universal Fo
Field (UFF 1.02) as implemented in Cerius2 (Version 4.8;
Accelrys Inc.). (Note that if the Connolly surface were
be taken into consideration, the length ofo-xylene would be
calculated to be 8.0 Å for a probe radius of 1.4 Å.)

The cases of competitive and noncompetitive adsorp
are extreme, and the true nature lies most probably so
where in between. Frennet et al. have demonstrated th
a Rh surface adsorbed to saturation with methane, a fu
amount of hydrogen can be adsorbed on the surface[32].
When no more free sites are available for the adsorptio
molecules that are large compared with the size of the
sorption site, the hindered sites may still be free for sm
molecules like hydrogen (Fig. 1). If two types of sites are
considered, one type of site can be occupied by both com
nents, whereas the other type can be occupied by only
of the components. The second component is excluded
the first type of site for two possible reasons: size exclus
or lack of competition. The size exclusion can easily be
derstood geometrically if the metal surface is modeled w
a sheet of squared paper, where one square is an adso
site, and the organic molecules proportional to the squ
are placed on this paper. The organic molecules will no
able to completely cover the surface and in the spaces
tween the larger molecules, the smaller hydrogen atom
assumed to be able to adsorb.

The concept of multicentered adsorption has also b
verified experimentally for the adsorption of aromatics[33].
Mikkola et al.[34] proposed for liquid-phase hydrogenati
of xylose to xylitol, a semicompetitive model based on
hypothesis that organic molecules occupy several prim
sites for the adsorption of a hydrogen molecule. An assu
tion that the organic molecule is not able to completely co
the catalyst surface was also introduced. The smaller hy
gen atoms are able to adsorb on the interstitial sites betw
the larger molecules. Even though the model allows for c

petitive adsorption, there is always a fraction of the total sur-
face area accessible for noncompetitive hydrogen adsorption
(Fig. 1). It was assumed that the total number of hydrogen
talysis 233 (2005) 109–118
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sites in the balance equation includes organic sites. In
present study the concept of semicompetitive adsorption
tested witho-xylene hydrogenation data.

3.2. Derivation of rate equations

Quasiequilibrium approximation is assumed for the
sorption of the reactants

(3)KH = θ
j
H

PHθ
j∗
,

(4)KA = θA

PAθX∗
(competitive adsorption) or

(5)KA = θA

PAθs
(non-competitive adsorption).

The steady-state hypothesis gives for the surface rea
steps

(6)r = r1 = r2 = r3 = r4 + r6, r5 = r6,

where

r1 = k1θAθ
j
H − k−1θAH2θ

j∗ ,

r2 = k2θAH2θ
j
H − k−2θAH4θ

j∗ ,

r3 = k3θAH4,

r4 = k4θOθ
j
H,

r5 = k5θO − k−5θO′ ,

(7)r6 = k6θO′θj
H.

A combination of reactions(1)–(3),

(8)

{
k1θAθH − k−1θAH2θ∗ = k2θAH2θH − k−2θAH4θ∗,
k2θAH2θH − k−2θAH4θ∗ = k3θAH4,

gives the surface coverage of AH4

(9)θAH4 = k1k2θ
2j
H θA

k2k3θ
j
H + k3k−1θ

j∗ + k−1k−2θ
2j∗

.

After insertion of Eq.(9) into Eq. (7) (step 3), the rate ca
be written as

(10)r3 =
k3

k1k2(KHPH)2θA
k−1k−2

1+ k3

k−2θ
j∗

+ k2k3KHPH

k−1k−2θ
j∗

.

In Eq. (10) θA is calculated from Eqs.(4) or (5), depending
on whether it is a competitive or noncompetitive adsorpt

The stereochemistry foro-xylene is dependent on bo
temperature and the reactant pressure, and, therefore, t
termediates O and O′ are not bound by an equilibrium, a
elaborated by Smeds et al.[6]. The ratio betweenθO andθO′
determines the stereochemical distribution and the pres
dependency
(11)
rcis

rtrans
= k4θO

k6θO′
= k4(k−5 + k6θ

j
H)

k5k6
,
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whereθOlefin is calculated from

(12)k5θO − k−5θO′ = k6θO′θH,

(13)θO =
(

k−5 + k6θ
j
H

k5

)
θO′ .

The decrease in selectivity to thetrans isomer with increas
ing partial pressure of hydrogen, and consequently hydro
coverage, explicitly follows from Eq.(11) in accordance
with experimental data. The experimental data showed
the partial pressure ofo-xylene altered thecis/trans ratio,
but to a small extent. This behavior is not directly seen
Eq. (11) but could be explained, however, by this equati
since implicit dependence of thecis/trans ratio ono-xylene
coverage follows from its dependence on hydrogen cove
in the case of competitive adsorption.

The sum of the surface coverages for the same typ
surface site is equal to unity, which results in the followi
balance equations for noncompetitive adsorption

(14)

{
θA + θAH2 + θAH4 + θO + θO′ + θS = 1,

θH + θ∗ = 1.

The coverage of hydrogen (θH) is most conveniently calcu
lated from Eq.(3), which gives for the coverage of free sit
for hydrogen adsorption

(15)θ∗ = 1

1+ (KHPH)1/j
.

After elimination of the surface coverages, the rate equa
in the case of noncompetitive adsorption, can be written

r = k3
k1k2(KHPH)2

k−1k−2/[
(1+ KAPAa)

(
1+ k3(1+ (KHPH))1/j

k−2

(16)+ k2k3KHPH(1+ (KHPH)1/j )

k−1k−2

)]
,

where

a = 1+ k1KHpHθ
j∗

k−1θ
j∗ + k2k3KHpHθ

j∗
k−2θ

j∗ +k3

+
(

k2KHpHθ
j∗

k−2θ
j∗ + k3

)(
k1KHpHθ

j∗
k−1θ

j∗ + k2k3KHpHθ
j∗

k−2θ
j∗ +k3

)

+ k1k3KHpHθ
j∗
/[(

k4

(
k−5 + k6θ

j
H

k5

)
+ k6KHpHθ

j∗
)

×
(

k−1θ
j∗ + k2k3KHpHθ

j∗
k−2θ

j∗ + k3

)]
( (

k−5 + k6θ
j
H

))

(17)× 1+

k5
.

θH andθ∗ are given by Eqs.(3) and (12), respectively.
talysis 233 (2005) 109–118 113

For competitive adsorption the balance equation is

(18)θH + x(θA + θAH2 + θAH4 + θO + θO′) + θ∗ = 1,

whereθH andθA are calculated from Eqs.(3) and (4), re-
spectively.θAH2 can be derived in the same way asθAH4

[Eqs. (8) and (9)], whereasθO and θO′ can be calculated
from Eqs.(12) and (13). Insertion in Eq.(15)gives

KHPH + xKAPAθx∗ + k1KHPHθ
j∗

k−1θ
j∗ + k2k3KHPHθ

j∗
k−2θ

j∗ +k3

xKAPAθX∗

+ k2KHPHθ
j∗

k−2θ
j∗ + k3

k1KHPHθ
j∗

k−1θ
j∗ + k2k3KHPHθ

j∗
k−2θ

j∗ +k3

xKAPAθX∗

+
(

k−5 + k6θ
j
H

k5
+ 1

)
k1k3KHPHxKAPAθ

j∗ θX∗
/[(

k4

(
k−5 + k6θ

j
H

k5

)
+ k6KHPHθ

j∗
)

(19)×
(

k−1θ
j∗ + k2k3KHPHθ

j∗
k−2θ

j∗ + k3

)]
+ θ∗ = 1.

In the case of competitive adsorptionθ∗ can only be solved
numerically. The solution ofθ∗ is then inserted into Eq.(10).

The semicompetitive model is based on the assump
that the organic molecule can occupy several sites. It is
assumed that the organic molecule is not able to comple
cover the catalyst surface. The site balances for hydro
and organic species can be written as

(20)
θS + x(θA + θAH2 + θAH4 + θO + θO′) + (KHPH)1/j θS = α,

(21)θ∗ = θS + x(θA + θAH2 + θAH4 + θO + θO′)(1− α),

(22)
θ∗ + (KHPH)1/j θ∗ + x(θA + θAH2 + θAH4 + θO + θO′) = 1.

Hereα gives the coverage of adsorption sites for the orga
species on the surface, whereas the free sites for hydr
adsorption are denoted byθ∗. The competitive model is the
just a special case of the semicompetitive model, since
α = 1 we get the case with full competition between hyd
gen and the organic species.

After combination the coverage of free sites for hydrog
adsorption can be expressed as

(23)θ∗ = 1

(KHPH)1/j + 1+KAPAa
1+(1−α)(KAPAa)

,

where a is taken from Eq.(17). Eq. (23) is the same a
Eq. (15) if α is equal to zero, which means that we end
with a model that is similar to the noncompetitive mod
Consequently,α should have a value between 0 and 1
semicompetitive adsorption takes place.

An Arrhenius type of temperature dependence was u
for the rate constants:
(24)ki = k(T )e− E
R

( 1
T

− 1
T

)
,

whereT is the average temperature.
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For the temperature dependence of the equilibrium c
stants, the van’t Hoff equation was applied

(25)Ki = e
�Si
R e

−�Hi
RT ,

where�S is adsorption entropy and�H is the adsorption
enthalpy.

The coverages are most conveniently calculated
merically by the Newton–Raphson method or the Sec
method[35]. The Secant method requires only evaluat
of f (x) and is almost as fast as the Newton method, wh
involves evaluation of the derivativef ′(x). The Secan
method is used in the present study for the numerical
lution of the model for competitive and semicompetit
adsorption.

3.3. Parameter estimation

The kinetic models were fitted by nonlinear regress
analysis against the experimental data. We obtained
model predictions by solving the algebraic equations
the surface coverages during the parameter estimation
ing the parameter estimation software ModEst 6.0[36].
A combined simplex-Levenberg–Marquardt algorithm i
plemented in the software was used to minimize the resi
sum of squares between experimental and calculated
tion rates. The most common measure for the goodnes
fit is theR2 value, given by the expression

(26)R2 = 100

(
1− ‖cexp− cest‖2

‖cexp− cexp‖2

)
,

where the valuescest denote the predictions given by th
model andcexp is the mean value of all the data points.

The generation rates were calculated from the mass
ances of a differential reactor, where the molar flow of
product was obtained from the total flow through the rea
and the measured mole fraction of the product

(27)ri = piFtot

ptotmmetal
.

The partial pressures were varied between 0.61 and 0.06
for hydrogen and 0.061 and 0.123 bar foro-xylene, giving
eight data points at each temperature. The temperature
was 440–520 K (10 K intervals). Hence, the total numbe
experimental observations was around 72, giving a degre
freedom of 48. The reproducibility of the results was±2%.
A minor time-on-stream catalyst deactivation took place d
ing the first 20 min. The deactivation was believed to b
result of carbon deposition[37]. Since the first experimenta
observation was made after 5 min of reaction, a mecha
tic deactivation model[38] was applied to obtain the initia
rates used in the kinetic calculations. InFig. 2, r represents
the reaction rate,t is the time on stream, anda1–a3 are the
rate constants for deactivation and self-regeneration. Th

action rate at a time infinitely close to zero can be expressed
by the sum ofa1 anda3. The model satisfactorily describes
the deactivation of the catalyst.
talysis 233 (2005) 109–118
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Fig. 2. Time-on-stream deactivation at 500 K. (") observed rate, (—) cal
culated rate.pH2 = 0.61 bar,po-xyl = 0.061 bar.

Fig. 3. Hydrogenation ofo-xylene over Pd/Al2O3 440–520 K. Total hydro-
genation rate (!) rtrans (�) andrcis (�). Initial rates.pH2 = 0.6 bar,pA =
0.061 bar. Competitive model and dissociative hydrogen adsorption. D
of explanation, 98.4%.

Models describing noncompetitive, competitive, a
semicompetitive adsorption, as well as dissociative
nondissociative hydrogen adsorption, were tested agains
experimental data. It turned out, however, that, in cont
to competitive adsorption (Figs. 3 and 4) and semicompet
itive adsorption, the noncompetitive model was not able
describe the sharp temperature dependency in the hy
genation rate sufficiently well. Furthermore, the change
thecis/trans ratio that occurred with the change in the par
pressure ofo-xylene could not be explained within reaso
able values of the estimated parameters. The competitive
semicompetitive models, on the other hand, could pre
this observed dependence (Fig. 5). The explanation for this

could be that in competitive adsorption the partial pressure
of o-xylene affects the coverage of hydrogen. The increase
in o-xylene partial pressure reduced the concentration of
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Fig. 4. Hydrogenation rate at different partial pressures of hydrogen (pH2 =
0.61 (!), 0.49 (�), 0.36 (�), 0.24 bar (�), pA = 0.061 bar). Competitive
adsorption and dissociative hydrogen adsorption.

Fig. 5.cis/trans ratio at 510 K.pH2 = 0.61.pA = 0.061–0.123 bar. Mode
of competitive and dissociative hydrogen adsorption.

hydrogen on the surface of the catalyst, which, accord
to Eq. (23), raises thecis/trans ratio. The increased pa
tial pressure ofo-xylene should lead, as well, to a decrea
in the total hydrogenation rate as experimentally obser
Although the change in thecis/trans ratio with changing
o-xylene pressure was small, it could not be neglected. C
petitive adsorption of the aromatic molecule and hydro
has been assumed previously in benzene and toluene h
genation[39,40].

The ability of the competitive model to describe the
netic behavior is illustrated inFigs. 3 and 4. The model
describing the observed kinetics in the best way is the va
with dissociative hydrogen adsorption. The stereochem

as a function of temperature and as a function of the par-
tial pressure of hydrogen is well predicted by this model, as
shown inFigs. 6 and 7. The calculated parameters for the
talysis 233 (2005) 109–118 115

-

Fig. 6.cis/trans ratio as a function of temperature.pH2 = 0.61 bar,pA =
0.06 bar. Model of semicompetitive and dissociative hydrogen adsorpt

Fig. 7. cis/trans as a function of partial pressure of hydrogen at 510
pA = 0.061. Model of competitive and dissociative hydrogen adsorptio

competitive adsorption model are presented inTable 1.
The semicompetitive model did not further improve t

fit of the model to the experimental data, but it gives, ho
ever, an interesting indication of the coverage on the cata
surface, sinceα, the coverage of the organic species, w
calculated to be around 0.6 (seeTable 1), which means tha
the large organic molecule is not able to completely co
the surface of the catalyst because of geometric restrict
Note that the value ofα is close to the total surface co
erage calculated by Snagovskii for the adsorption of a
matics within the framework of the shielding model[41].
The estimated parameters, presented inTable 1, were not
as well defined as the parameters estimated for the c
petitive model, which could be caused by the fact that

semicompetitive model is more complicated than both the
noncompetitive and competitive models. Some differences
between competitive and semicompetitive models could be
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Table 1
Estimated parameters for the models

Competitive adsorption Semicompetitive adsorption

Non-dissociative
H2 adsorption

Dissociative H2
adsorption

Non-dissociative
H2 adsorption

Dissociative H2
adsorption

Degree of explanation 97.7% 98.4% 97.6% 98.1%
Residual SS Q 0.035 0.021 0.0268 0.032

k1 0.3± 0.15 0.5± 0.3 0.3± . . . 0.2± 0.5
Ea1 121± 23.1 116± 12.2 117± 27 121± 19.1
k−1 3.1± . . . 0.8± 0.4 0.8± 0.5 0.7± . . .

Ea−1 145± 37.2 126± . . . 127± 12 123± 52.5
k2 0.4± 0.07 0.7± 0.3 0.2± . . . 0.1± 0.2
Ea2 135± 16.2 124± 7.2 125± 66.1 131± 42.1
k−2 7.7± 1.8 0.9± 0.1 1.3± 1.1 1.4± 0.9
Ea−2 147± 28.2 143± 52.8 135± 25.1 140± 62
k3 4.8± . . . 3.9± . . . 5.8± 4.7 3.6± . . .

Ea3 76.7± 42.2 64.8± 27.3 65.1± . . . 60.2± 49.7
k4 17.2± 1.3 13.5± 7.3 11± 2.2 15.1± . . .

Ea4 72.1± 40.2 70.7± 11.6 75.1± 18 79± 22.3
k5 5.5± 1.7 5.5± 0.9 8.1± 7.2 7.5± 4.4
Ea5 102± 52.7 109± 38.1 98.7± 38.2 87.2± . . .

k−5 3.9± . . . 2.7± . . . 7.1± . . . 1.1± . . .

Ea−5 151± 66.7 143± 17 118± 26 122± 71
k6 21± 5.7 16.8± 2.6 12.2± . . . 18.8± 5.1
Ea6 67.7± . . . 62.8± 10.2 68.9± 26.7 72.2± . . .

−�SH 144± 11.3 142± 8.7 141± 17.2 143± 47.7
−�HH 53.9± 1.1 56.8± 1.9 65.1± 17.9 68.6± 28.1
−�SA 67.1± 17 69.7± 9.4 71.9± 13.7 69.1± 26.2
−�HA 62.3± 1.2 62.4± 0.3 57.8± 22.7 58.2± 12
X 4.2± 1.5 3.9± 0.7 3.9± 1.9 4.1± 1.1

α 0.61± 0.3 0.63± 0.2
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in a
. . . , Large standard error. The units areki = [ ] × 10−4 mol s−1 g−1
metal, Ei =

distinguished. Slightly higher adsorption enthalpies for
drogen are observed for the semicompetitive model, whe
the adsorption enthalpies foro-xylene adsorption are lowe
compared with the competitive adsorption model.

It can be safely concluded, however, that the parame
for the adsorption of the reactants are reliably estima
giving reasonable values consistent with thermodyna
data. Thus, for hydrogen the entropy was calculated to
142–144 J/(mol K), which is close to the gas-phase entro
of H2 (130.7 J/molK) [42]. For o-xylene the correspond
ing value was 67–72 J/(mol K). The estimated adsorptio
enthalpies for hydrogen were around−55 kJ/mol (compet-
itive adsorption) and−62 to−65 kJ/mol (semicompetitive
adsorption) and∼ −62 kJ/mol (competitive adsorption) an
−69 to−72 kJ/mol (semicompetitive) foro-xylene. In ad-
dition, heats of hydrogen adsorption have previously b
measured calorimetrically on Pd/Al2O3 to be∼ 73 kJ/mol
[43], which is in relatively good agreement with the calcu
tions.

The calculated activation energies for the first two ste
116–135 kJ/mol, are consistent with the activation energ
reported for aromatics hydrogenation. The values ofEa3,
Ea4, and Ea6 (60–80 kJ/mol) are nearly equal.Ea6, cor-

responding to the activation energy oftrans formation, has
a lower value thanEa4, and the pre-exponential factors are
very similar. This is reasonable, since the rate oftrans forma-
J mol−1, �Si = [ ] J mol−1 K−1, �Hi = [ ] kJ mol−1.

tion is significantly larger than the rate ofcis formation. The
values of the rate constantsk4 andk6 are much larger tha
the values ofk1 andk2, which indicates that hydrogenatio
of an olefin (intermediate) is faster than the overall hyd
genation, corresponding well with the experimental data
the relative rates of aromatic and cycloalkene hydroge
tion [14]. Furthermore,k6 is higher thank4, which means
that O′ is hydrogenated faster than O.

A sensitivity analysis of some of the parameters for
competitive model in the form of contour plots is presen
in Fig. 8. As can be seen, the correlation between the p
meters is relatively low, although some correlation is visi
for the parametersEa3 andk3. The values of�Hi and�Si

for adsorption were generally correlated to a greater ex
with each other than they were to the values ofEai

andki .
Finally, the estimated number of surface sites covere

the aromatic molecule (x in Table 1) is approximately 4,
which seems to be reasonable, sinceo-xylene is a large
molecule (compared with hydrogen) that is able to co
four sites. Let us compare this number with the data av
able from surface science measurements. The theore
saturation coverage of benzene (corresponding to the m
imum amount of benzene that can be accommodated

flat-lying orientation) has been estimated from TPD and
molecular beam measurements to be 0.14–0.16 ML on a
Pd(111) surface[44–46], which corresponds to six or seven
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Fig. 8. Contour plots for parametersEa1 vs.kr1 , Ea2 vs.kr2 , Ea2 vs

Pd atoms for each benzene molecule and a total cove
of 0.96. Orozco et al.[47] investigated the adsorption o
another aromatic molecule, toluene, on Pd–alumina. Th
sults for the amounts of hydrocarbon adsorbed to the cat
expressed as the ratio of the number of hydrocarbon m
cules to the number of surface metal atoms equal to 0
(e.g., ∼ 3.3 Pd atoms/toluene molecule) at 523 K are
close agreement with the calculated values from the pre
study.

4. Conclusion

The kinetic modeling of gas-phase hydrogenation
o-xylene over Pd/Al2O3 was performed with different mod
els based on elementary step mechanisms: competitiv
sorption, noncompetitive adsorption, and semicompet
adsorption between hydrogen ando-xylene. All models as-
sumed multicentered adsorption of organic molecules
contrast to previous reports in the literature, the model
suming competitive adsorption turned out to better exp
the stereochemical product distribution. An extension of
competitive model (e.g., the semicompetitive model) was
veloped, taking into account that the organic molecule is
able to completely cover the surface of the catalyst bec
of the considerable difference in size between hydrogen
the aromatic molecule and geometrical restrictions. Hyd
gen is thus able to adsorb on the interstitial sites betw

the organic molecules. This model, in addition to explaining
stereoselectivity, was also able to capture the main kinetic
regularities, such as an increase of reaction order in hydro-
, Ea3 vs.kr3 , Ea4 vs.kr4 andEa6 vs.kr6 . + is the reference point.

t

t

-

gen with temperature, a slightly negative rate depende
on o-xylene, and the temperature dependence typical
hydrogenation of aromatic compounds, where the reac
rate passes through a maximum. Moreover, kinetic mo
ing resulted in physically reasonable values for the estim
parameters. The model considering competitive adsorp
between hydrogen and organic molecules is preferred, f
a statistical point of view, since the parameters estima
for the semicompetitive model are less accurate. The
models, however, are capable of describing the hydrog
tion of o-xylene with almost the same degree of expla
tion.
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