
H
p

P
a

b

a

A
R
R
1
A
A

K
S
D
P
B

1

fi
C
i
a
i
h
S
t
p
o
t
c
t
t

g
o
i

1
d

Journal of Molecular Catalysis A: Chemical 301 (2009) 140–145

Contents lists available at ScienceDirect

Journal of Molecular Catalysis A: Chemical

journa l homepage: www.e lsev ier .com/ locate /molcata

ydrogenation of cyclohexene over Ru–Zn/Ru(0 0 0 1) surface alloy: A first
rinciples density functional study

ei-Qing Yuana,∗, Bing-Qiang Wangb, Yue-Ming Maa, Hui-Min Hea, Zhen-Min Chenga, Wei-Kang Yuana

State Key Laboratory of Chemical Engineering, East China University of Science and Technology, 130 Meilong Road, Shanghai 200237, PR China
Shanghai Supercomputer Center, Shanghai 201203, PR China

r t i c l e i n f o

rticle history:
eceived 25 September 2008
eceived in revised form
9 November 2008
ccepted 20 November 2008
vailable online 28 November 2008

eywords:

a b s t r a c t

In this work, the hydrogenation of cyclohexene over Ru–Zn/Ru(0 0 0 1) surface alloy was investigated by a
DFT study so as to improve the understanding of the catalytic mechanism of the partial hydrogenation of
benzene to cyclohexene over Ru–Zn alloy catalyst. Calculation results show that the presence of Zn atoms
on the surface alloy results in not only a direct decrease in sites for the chemisorption of cyclohexene but
also a depressed adsorption capability of the neighboring surface Ru sites. For an adsorbed cyclohexene
molecule, whether the subsequent hydrogenation can be readily performed actually is determined by
the relative position among the Zn atom, the H atom, and the adsorbed cyclohexene molecule. In most
cases, the hydrogenation is forbidden because of the repulsion from Zn atoms to the nearby H atoms. Only
urface alloy

FT
artial hydrogenation
enzene

in the specific situations in which the H atom participating in the reaction is not immediately close to
the Zn atom, can the hydrogenation be accomplished with a relatively lower activation energy compared
with the reactions on the Ru(0 0 0 1) surface. From the perspectives of adsorption and reaction kinetics,
Ru-based catalyst modified by metallic Zn is no longer suitable for the hydrogenation of cyclohexene,
which is supposed to be crucial to the improvement of cyclohexene yield in the partial hydrogenation of

cata
benzene over Ru–Zn alloy

. Introduction

Partial hydrogenation of benzene to cyclohexene, which was
rst industrialized in a tetra-phase hydrogenation system by Asahi
hemical Industry Co. in 1989, is of commercial interest in nylon

ndustry. Different from the traditional hydrogenation processes,
water phase containing a large amount of dissolved zinc sulfate

s introduced into the partial hydrogenation of benzene, with the
ydrophilic Ru-based catalyst suspended in the water phase [1,2].
ince the solubility of cyclohexene in the water phase is much lower
han that of benzene, the presence of water phase can effectively
revent the re-adsorption of cyclohexene from the organic phase
nto the catalyst surface. Zinc ions in the water phase are suggested
o serve a dual purpose. On the one hand, Zn2+ ions presented on the
atalyst surface improve the hydrophilicity of Ru-based catalyst. On
he other hand, deep hydrogenation of benzene is suppressed due
o the adsorption of Zn2+ at the highly active catalytic sites.
Despite numerous patents and papers on benzene partial hydro-
enation, efficient catalysts are mainly confined to ruthenium black
r its alloys [3–8]. Recently a novel Ru–Zn alloy catalyst was applied
n the partial hydrogenation of benzene to cyclohexene [9]. In

∗ Corresponding author. Tel.: +86 21 64253529; fax: +86 21 64253528.
E-mail address: pqyuan@ecust.edu.cn (P.-Q. Yuan).

381-1169/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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© 2008 Elsevier B.V. All rights reserved.

authors’ laboratory, a satisfied cyclohexene yield up to 44% was
obtained over the Ru–Zn alloy. For the most Ru-based catalytic
systems, zinc element is mainly in the form of Zn2+ dissolved in
the water phase or adsorbed on the catalyst surface. However, for
the Ru–Zn alloy catalyst, part of zinc element is in the form of
atomic state on the catalyst surface or in the bulk phase of the cat-
alyst. Experiments over the Ru–Zn alloy catalyst indicated that, at a
fixed Zn2+ concentration in the water phase, an increase in the zinc
atom content in the Ru–Zn alloy catalyst may lead to an improved
selectivity to cyclohexene but a monotonously decreased catalytic
activity. Theoretical calculation suggested that the adsorbed Zn2+

ions can be reduced by the adsorbed H atoms [10]. That is to say,
the existence of Zn atoms in the Ru-based catalytic systems is just a
universal phenomenon no matter it is resulted from the reduction
of the adsorbed Zn2+ during the benzene hydrogenation or from
that during the catalyst preparation [11–13].

Hitherto, the roles of Zn atoms in the catalytic performance
of the Ru–Zn alloy catalyst and other Ru-based catalysts have not
been touched in the literature. On considering this problem, related
research at least can be divided into two aspects: effect of Zn atoms’

existence on the adsorption of benzene and on the hydrogenation
of benzene to cyclohexene; effect of Zn atoms’ existence on the
adsorption of cyclohexene and on the hydrogenation of cyclohex-
ene to cyclohexane. The latter was first studied in this work by the
reason that to avoid the further hydrogenation of cyclohexene on

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:pqyuan@ecust.edu.cn
dx.doi.org/10.1016/j.molcata.2008.11.028
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molecules on the surface, i.e. three-fold fcc sites or three-fold hcp
sites. The calculated heat of adsorption and conformation param-
eters with respect to the different adsorption modes are listed in
Table 1.

Table 1
Adsorption parameters with respect to different adsorption modes of cyclohexene
on the Ru(0 0 0 1) surface.

Adsorption modes di-�/fcc di-�/hcp �/fcc �/hcp
P.-Q. Yuan et al. / Journal of Molecular

he catalyst surface is commonly acknowledged to be essential to
he cyclohexene yield.

Although the XPS spectra have already confirmed the presence
f metallic Zn in the Ru–Zn alloy catalyst, diffraction patterns of Zn
lement cannot be detected by XRD, suggesting that Zn atoms are
ighly dispersed in the alloy catalyst [9]. At present, it is difficult
o determine the exact phase pattern and the corresponding lattice
arameters of Ru–Zn alloy. By replacing Ru atoms with Zn atoms
n the upmost layer of the Ru(0 0 0 1) surface, a Ru–Zn/Ru(0 0 0 1)
urface alloy was used in this work to simulate the adsorption and
he subsequent hydrogenation of cyclohexene on the Ru–Zn alloy
atalyst.

This paper is arranged as follows. The theoretical background
f calculation is first introduced. Then, the adsorption behavior of
yclohexene on the Ru(0 0 0 1) surface and on the Ru–Zn/Ru(0 0 0 1)
urface alloy was compared based on the conformation optimiza-
ion, vibration frequency analysis, and work function analysis. After
hat, potential energy profiles of the cyclohexene hydrogenation
n the Ru(0 0 0 1) surface as well as on the Ru–Zn surface alloy
ere located, followed by a discussion on the effect of Zn atoms

n the reaction kinetics of cyclohexene hydrogenation. Finally, the
nique performance of the Ru–Zn alloy catalyst applied in the par-
ial hydrogenation of benzene to cyclohexene is further explicated
n the basis of the above discussion.

. Theoretical method

A cyclohexene molecule can be in the half-chair conformation or
n the boat conformation in the gas phase, the former having a lower
nthalpy than the latter by 22.90 kJ/mol. Although the adsorbed
oat cyclohexene in the di-� mode was proposed to be the most sta-
le conformation on the Pt(1 1 1) surface, there is no related report
n the adsorption state of cyclohexene on the Ru crystal surface
14]. Cyclohexene molecules in the half-chair conformation there-
ore were considered as the adsorbates and were applied in the
ubsequent hydrogenation.

The calculations were performed with the Vienna ab initio Simu-
ation Package (VASP). This program performs periodic calculations
ased on the density functional theory (DFT) with a plane-wave
asis set. The projector-augmented wave method (PAW) and the
eneralized gradient approximation (GGA) level with the functional
f PW91 were used. A cutoff of 400 eV has been applied to the
lane wave basis set, which allows convergence to 0.01 eV in the
otal energy. All structures were optimized until the forces on all
nconstrained atoms were less than 0.01 eV/Å.

In most calculations, the Ru–Zn/Ru(0 0 0 1) surfaces were mod-
led by a periodic 4 × 4 four-layer slab in which only the first layer
ontains a single Zn atom; refer to Fig. 1. Only in the calculations
n the work function of the Ru–Zn/Ru(0 0 0 1) surface at varied Zn
urface concentration, the first layer may contain more than one
n atom. For the remaining part of the slab, the same metal inter-
tomic distance was used in the case of pure ruthenium and in the
ase of the alloys. The top two layers of the four substrate layers
ere allowed to relax, together with the adsorbate layer. The bot-

om two layers were kept fixed in bulk positions to represent the
emi-infinite bulk crystal beneath the surface. A vacuum space of
5 Å was applied to separate the central slab and its periodic images.

The Brillouin-zone integrations were performed on a 3-3-1
onkhorst-Pack grid chosen corresponding to the size of the super-

ell. In the preliminary calculations, smearing values of 0.1 and

.2 eV were simultaneously attempted to improve the SCF con-
ergence. No obvious difference in the optimized geometries was
ound, and the difference in the calculated heats of adsorption was
ess than 4%. A smearing width of 0.2 eV thereby was adopted in the
ubsequent calculations.
Fig. 1. Periodic supercell approach for cyclohexene adsorption or hydrogenation on
the Ru–Zn/Ru(0 0 0 1) surface alloy; the yellow ball means a Zn atom and the blue
ones Ru atoms.

The heat of adsorption (�H) is given by

�H = EAdsorption − ESlab − ECyclohexene (1)

where ESlab and EMolecule are the total energies of the relaxed
bare slab and of the free cyclohexene molecule, respectively,
while EAdsorption represents the total energy of the relaxed sur-
face/cyclohexene adsorption system.

The variation of work function (�˚) of the catalyst surface due
to the cyclohexene adsorption is defined as

�˚ = ˚Adsorption − ˚Slab (2)

where ˚Adsorption and �Slab are the work function of the relaxed
surface/cyclohexene adsorption system and of the relaxed bare slab,
respectively.

A climbing image nudged elastic band (NEB) method was
applied to locate the minimum energy path (MEP) and the tran-
sition states for the cyclohexene hydrogenation on the catalyst
surface. Six interpolated images between the initial and final posi-
tions were connected by springs and relaxed simultaneously to the
MEP.

3. Results and discussion

3.1. Adsorption of cyclohexene on the Ru(0 0 0 1) surface

When a cyclohexene molecule is adsorbed on the Ru(0 0 0 1)
surface, it can be in the di-� (bridge) or � (on top) mode in
which two olefinic carbon atoms interact with two or one surface
Ru atoms, respectively. Detailed adsorption modes can be further
distinguished by the location of the ring center of cyclohexene
�H (kJ/mol) −15.29 −24.06 −50.90 −57.47
C C bond length (Å) 1.448 1.462 1.413 1.417
C Ru distance (Å) 2.261 2.252 2.303 2.285
�˚ (eV) −0.1307 −0.1404 −0.1648 −0.1895

*C C bond length of a half-chair cyclohexene molecule in the vacuum: 1.338 Å.
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Table 2
Red shift of C C stretching vibration of a � bound cyclohexene molecule on the
Ru(0 0 0 1) surface.

�/fcc �/hcp
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�C C stretching (cm−1) −163.73 −171.81

�C C stretching of a half-chair cyclohexene molecule in the vacuum = 1614.39 cm−1.

Calculation results presented in Table 1 indicate the chemiso-
rtion of cyclohexne molecules on the Ru(0 0 0 1) surface. Although
he average C C bond stretching of the di-� bound cyclohexene

olecules is longer than that of the � bound ones by 0.07–0.08 Å,
he heat of adsorption of the former is much lower than that of the
atter by about 25 kJ/mol. That is to say, cyclohexene is adsorbed
n the Ru(0 0 0 1) surface preferentially in the � mode, which is
ifferent from the situation on other commonly used metal sur-

aces or surface alloys [14,15]. Transition metals for hydrogenation,
.g. Ni, Pd, and Pt, have face-centered cubic crystal structure. By
pplying the same calculations, it is confirmed that the di-� bound
yclohexene molecules on the (1 1 1) surface, i.e. the closest pack-
ng plane of the above mentioned metals are stabler than those �
ound ones. Since Ru crystal has a hexagonal crystal structure, one
ight consider the spatial matching between the surface atoms and

he olefinic carbon atoms of cyclohexene molecules to explain the
bove unexpected phenomena. However, the distance between the
djacent surface atoms on the (1 1 1) surface of Ni, Pd, and Pt ranges
rom 2.49 to 2.78 Å, while the corresponding value on the Ru(0 0 0 1)
urface is 2.71 Å. It is deduced that the unique adsorption behavior
f cyclohexene on the Ru(0 0 0 1) surface could be resulted from the
alence shell structure of Ru atoms.

Usually the adsorption of olefinic hydrocarbons on the surface
f transition metal follows the �-donation and �-back donation
cheme. After the adsorption of cyclohexene molecules, work func-
ion of the Ru(0 0 0 1) surface is found to decrease in varying
egrees, suggesting the electron transfer from the adsorbate to the
ubstrate. Besides, evident red shift of C C stretching vibration for
he adsorbed cyclohexene molecule is also observed, which means
weakened C C bond strength after adsorption. The magnitude of
˚ and red shift is approximately in accordance with the inter-

ction intensity between the adsorbed cyclohexene molecules and
he surface; refer to Tables 1 and 2. On adsorption, cyclohexene

olecules are now activated for the following hydrogenation.

.2. Adsorption of cyclohexene on the Ru–Zn/Ru(0 0 0 1) surface
lloy

On forming the Ru–Zn surface alloy, there are multiple pos-
ibilities for the chemisorption of cyclohexene with respect to
he different surface concentration and the location of Zn atoms.
onsider a simple situation shown in Fig. 2 in which the surface
oncentration of the Zn atom is 1/16. Atoms with the numerical
otation represent the possible sites for cyclohexene adsorption,
he yellow one with the label No.1 being a Zn atom. Cyclohexene

olecules can be adsorbed in the optional modes as follows: �
ode above the Zn atom (designated as site 1) or above the sur-

ace Ru atom (sites 2, 3, etc.); di-� mode crossing Ru–Zn sites (sites
–2, 1–5, etc.) or crossing Ru-Ru sites (sites 2–5, 3–6, etc.). The
onformation optimization then was applied based on the possible
dsorption sites mentioned above.

For the cyclohexene molecule initially placed in the � mode
bove the Zn atom (site 1), after optimization its C C bond length

s nearly equal to the corresponding value in the vacuum and the
alculated heat of adsorption is less than 10 kJ/mol. That is to say,
he � bound cyclohexene molecule above the Zn atom is in the state
f physisorption.
Fig. 2. Ru–Zn/Ru(0 0 0 1) surface alloy; the yellow ball represents a Zn atom and blue
ones Ru atoms; atoms with numerical notation are the possible sites for cyclohexene
adsorption.

As for the cyclohexene molecules initially placed in the di-�
mode crossing Ru–Zn sites (sites 1–2, 1–5, etc.), without exception,
the olefinic carbon atom on the Zn atom eventually migrates onto
the neighboring Ru atoms after optimization. Actually, their finial
conformations are similar to those in the di-� mode crossing Ru-Ru
sites (sites 2–5, 3–6, etc). At that time, the corresponding heat of
adsorption is slightly lower than that of those di-� bound molecules
on the Ru(0 0 0 1) surface.

Further conformation optimizations on the � bound cyclohex-
ene molecule on the surface Ru atom (sites 2 and 3) were applied,
with the results presented in Table 3. Compared with the same sit-
uation on the Ru(0 0 0 1) surface, one can notice a sharp decrease
in the heat of adsorption by about 20 kJ/mol. At the same time,
other adsorption parameters, such as the ��C C and �˚, are all
lower than the relevant values on the Ru(0 0 0 1) surface. In other
words, chemisorption of cyclohexene on the Ru atoms neighboring
the Zn atom is seriously depressed, and it fails to recover when the
adsorption site moves away from the Zn atom.

By the consideration that work function of a substrate surface
can be used to characterize its surface properties, work function
of the Ru–Zn surface alloy at varied surface concentration of Zn
atoms was calculated, with the results presented in Table 4. It was
found that work function of the Ru–Zn surface alloy decreases
monotonously along with the elevation in the Zn atom concen-
tration. Considering the depressed chemisorption of cyclohexene
on the Ru–Zn surface alloy, it can be proposed that the adsorption
behavior of cyclohexene on the Ru–Zn surface alloy might also be

a sensitive function of the surface concentration of Zn atoms.

Since the Ru-based catalyst is suspended in the water phase,
co-adsorption of water molecules might have influence on the
adsorption behavior of cyclohexene. Calculation results show
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Table 3
Adsorption parameters of a � bound cyclohexene molecule on the Ru–Zn/Ru(0 0 0 1) surface.

No. Adsorption mode and site �H (kJ/mol) C C length (Å) C Ru distance (Å) ��C C (cm−1) �˚ (eV)

1 �/hcp/site 2 −32.76 1.408 2.483 −149.6 −0.1401
2 �/hcp/site 3 −34.95 1.412 2.445 −152.2 −0.1418

Table 4
Work function of the Ru–Zn/Ru(0 0 0 1) surface at different Zn atom surface
concentration.

Surface concentration of Zn atoms Work function (eV)

0
1
1

t
a
a
w
c
A
p
A
a
l
i
i
t
b
o
R
f
n
R
i
c

3
s

m
o
s

f

Table 5
Activation energy of cyclohexene hydrogenation in both positive and negative
directions.

Ru(0 0 0 1) surface Ru–Zn/Ru(0 0 0 1) surface

Ea+(kJ/mol) Ea−(kJ/mol) Ea+(kJ/mol) Ea−(kJ/mol)
5.161
/16 5.135
/8 5.122

hat on the Ru(0 0 0 1) surface water molecules are preferentially
dsorbed at the atop sites of the surface Ru atoms with the oxygen
tom pointing to the surface. The calculated heat of adsorption of
ater on the Ru(0 0 0 1) surface is only slightly lower than that of

yclohexene, suggesting that the Ru catalyst is highly hydrophilic.
dsorption of cyclohexene on the Ru catalyst therefore is sup-
ressed due to the competitive adsorption of water molecules.
s concerns the Ru–Zn/Ru(0 0 0 1) surface, the calculated heat of
dsorption of water molecules at the atop sites of the Zn atom is
ess than 10 kJ/mol. That is to say, the presence of Zn atoms results
n local depression to the hydrophilicity of the catalyst surface. It
s noteworthy that such a depression actually has no promotion
o the adsorption of cyclohexene molecules because they cannot
e chemisorbed on the Zn atoms either. No matter in the absence
f or in the presence of water molecules, the Zn atoms modified
u crystal surface leads to not only a direct decrease in the sites

or the chemisorption of cyclohexene but also a passivation to the
eighboring Ru atoms. Such a passivation almost covers the whole
u–Zn surface alloy applied in this work. Ru–Zn surface alloy thus

s considered to be much more unsuitable for the chemisorption of
yclohexene.

.3. Reaction kinetics of cyclohexene hydrogenation over Ru–Zn
urface alloy

Cyclohexene molecules are adsorbed preferentially in the �

ode on the Ru(0 0 0 1) surface and Ru–Zn/Ru(0 0 0 1) surface, so

nly � bound cyclohexene molecules are adopted in the further
tudies on the reaction kinetics of cyclohexene hydrogenation.

MEPs of the cyclohexene hydrogenation on the Ru(0 0 0 1) sur-
ace were first located, with the corresponding transition states

Fig. 3. Transition states of cyclohexene hyd
Ts1 79.93 44.33 69.27 35.61
Ts2 62.62 88.41 64.13 94.76

found; refer to Fig. 3. For clarity, Figs. 3 and 5 focus only on the
adsorption site of the transition states and do not show the full
supercell. During the first hydrogenation step, the H atom initially
located in an fcc site moves towards the � bound cyclohexene
molecule by surface diffusion, bonding with the surface Ru atom
immediately adjacent to the adsorption site of cyclohexene. After a
further migration towards one of the olefinic carbon atoms of the
cyclohexene molecule, the intermediate product hydrocyclohex-
ene is formed through a transition state Ts1. Instead of the original
half-chair conformation, the hydrocyclohexene now is in the chair
conformation. As concerns the second hydrogenation step, the H
atom first bonds simultaneously with two surface Ru atoms adja-
cent to the adsorbed hydrocyclohexene. After a further approach,
the final product cyclohexane in the chair conformation is obtained
through a transition state Ts2; refer to Fig. 3. Cyclohexane molecules
are physically adsorbed on the Ru(0 0 0 1) surface.

Based on the energy difference of the MEPs, one can calculate the
activation energy of cyclohexene hydrogenation on the Ru(0 0 0 1)
surface in both positive and negative directions. As the calculated
data in Table 5 show, activation energy of the first hydrogenation
step is higher than that of the second step by 17.31 kJ/mol, indicat-
ing that the former is the rate-determining step of the cylcohexene
hydrogenation on the Ru(0 0 0 1) surface.

In terms of the cyclohexene hydrogenation on the
Ru–Zn/Ru(0 0 0 1) surface, a number of factors might have
influence on the location of the MEP as well as the conformation

of the transition states: the surface concentration of Zn atoms,
relative position among the Zn atom and the involved reactants,
etc. Consider the first step of cyclohexene hydrogenation on the
Ru–Zn surface alloy shown in Fig. 4. A cyclohexene molecule is

rogenation on the Ru(0 0 0 1) surface.
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ig. 4. Initial guess of the reactant of cyclohexene hydrogenation; yellow balls repr
tom during the conformation optimization.

dsorbed in the � mode at the center of the supercell, and the
atom participating in the hydrogenation is initially placed at a

eighboring fcc site which is favorable for the subsequent reaction.
s for the Zn atom, it may be located immediately close to or in a
ertain distance with the H atom. Conformations presented in Fig.
.1–4.3 are considered as the initial guess for the reactant involved

n the first step of cyclohexene hydrogenation on the Ru–Zn surface
lloy.

In the case of the Zn atom immediately close to the H atom
hown in Fig. 4.2–4.3, optimization results show that the H atom
nitially placed at the fcc site will migrate to the neighboring hcp
ite because of the repulsion from the Zn atom. Furthermore, MEP
f the first hydrogenation step cannot be located when these opti-
ization results are considered as the reactants for the subsequent

ydrogenation reaction. In other words, if a Zn atom is located at
ome specific positions near the adsorbed cyclohexene, the hydro-
enation virtually is forbidden. Only in the case of the Zn atom in a
ertain distance with the H atom shown in Fig. 4.1, can the H atom

aintain its initial position. At that time, MEP of the first hydro-

enation step can be readily located when the optimization result
s considered as the reactant for the hydrogenation reaction.

The situation mentioned above is also observed in the second
tep of cyclohexene hydrogenation on the Ru–Zn surface alloy.

Fig. 5. Transition states of cyclohexene hydrogenation on the Zn-R
the possible location of the Zn atom; red arrows are the moving direction of the H

Hereby, the following discussion on the reaction kinetics of cyclo-
hexene hydrogenation on the Ru–Zn surface alloy only deals with
the cases in which the Zn atom is not immediately adjacent to the H
atom. Detailed NEB calculations suggest that the MEP profiles and
the conformation of transition states of cyclohexene hydrogenation
on the Ru–Zn surface alloy are similar to those on the Ru(0 0 0 1)
surface; refer to Fig. 5. Compared with the reaction occurred on the
Ru(0 0 0 1) surface, one may find that the activation energy of the
first hydrogenation step on the Ru–Zn surface alloy decreases by
10.66 kJ/mol and that of the second step increases by 1.51 kJ/mol;
refer to Table 5. Accordingly, both of the two fundamental hydro-
genation steps almost have the same influence on the reaction
kinetics.

The above calculations on the hydrogenation kinetics suggest
that cyclohexene hydrogenation on the Ru–Zn/Ru(0 0 0 1) surface
depends heavily on the relative position among the Zn atom, the H
atom, and the adsorbed cyclohexene or hydrocyclohexene. In most
cases, the hydrogenation is prohibited due to the repulsion from the

Zn atom to the adjacent H atom. Only in a specific situation in which
the H atom is in a certain distance with the Zn atom, can the hydro-
genation be successfully accomplished. From the statistical point
of view, it is concluded that the reaction kinetics of cyclohexene
hydrogenation are seriously restricted on the Ru–Zn surface alloy.

u/Ru(0 0 0 1) surface alloy; yellow balls represent Zn atoms.
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diene, cyclohexene and cyclohexane on Pt(1 1 1), Surf. Sci. 600 (2006)
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.4. Effect of Zn atoms’ modification on the partial hydrogenation
f benzene

Consider the partial hydrogenation of benzene on the Ru(0 0 0 1)
urface. Since the activation energy of the rate-determining step of
yclohexene hydrogenation is in the same magnitude with that of
enzene hydrogenation (77.49 kJ/mol), cyclohexene yield is mainly
ontrolled by the adsorption behavior of the involved species.
nitially benzene is adsorbed on the catalyst surface with the over-

helming priority due to the following reasons: the concentration
f benzene in the feed is relatively high; the solubility of benzene
n the water phase is 17 times higher than that of cyclohexene at
18 K; and the heat of adsorption of benzene on the catalyst sur-
ace is twice that of cyclohexene. A large amount of cyclohexene
herefore is obtained in the initial stage of hydrogenation. Although
ater phase may partly prevent the re-adsorption of cyclohexene

rom the organic phase to the catalyst surface, gradually the sur-
ace concentration of cyclohexene on the catalyst surface becomes
omparable with that of benzene along with the increase in the
yclohexene concentration in the organic phase. One can observe
hat the yield of cyclohexene keeps unchanged in the middle stage
f hydrogenation, while the yield of undesired product cyclohexane
ncreases sharply.

When metallic Zn is introduced into the Ru-based catalyst, the
ydrogenation of both benzene and cyclohexene should be sup-
ressed. According to the recently completed calculations on the
enzene adsorption on the Ru–Zn surface alloy, the presence of Zn
toms has a relatively minor influence on the benzene adsorption
ver that of cyclohexene adsorption. In view of the experimentally
estified higher cyclohexene yield over the Ru–Zn alloy catalyst, it
s proposed that in the initial reaction stage the hydrogenation of
enzene to cyclohexene over the Ru–Zn alloy catalyst can be accom-
lished with less restriction. In the middle stage of hydrogenation,
yclohexene yield is guaranteed by the seriously restrained reaction
inetics and the adsorption of cyclohexene on the alloy surface.

Usually, the residence time to obtain the highest cyclohexene
ield is extended along with the increase in metallic Zn content
n the alloy catalyst. In theory, such an increase may eventually
uench not only the hydrogenation of cyclohexene but also the
artial hydrogenation of benzene to cyclohexene. An optimal metal-

ic Zn content thus is preferred to obtain a satisfied cyclohexene
ield within the reasonable reaction time. At present, the opti-
ized composition of Ru–Zn alloy catalyst can only be determined

xperimentally. However, theoretical calculation in this work still
an provide helpful clues for the optimization to the Ru–Zn alloy
atalyst.
. Conclusions

By theoretical calculation on the adsorption behavior of cyclo-
exene on the Ru(0 0 0 1) surface and Ru–Zn/Ru(0 0 0 1) surface,

[

ysis A: Chemical 301 (2009) 140–145 145

it is found that the presence of Zn atoms leads to a passivation
to the surface alloy for the chemisorptions of cyclohexene, and
such a passivation nearly covers the whole surface applied in this
work. Furthermore, the subsequent cyclohexene hydrogenation on
the surface alloy can only be accomplished when the cyclohexene
molecules are adsorbed at the specific positions with respect to the
location of neighboring Zn atoms. In most cases, the hydrogenation
is prohibited due to the repulsion from the Zn atoms to the H atoms
participating in the reaction. For the Ru–Zn alloy catalyst applied
in the partial hydrogenation of benzene, both the adsorption and
the surface hydrogenation of cyclohexene on the catalyst surface
are restrained in the middle stage of reaction, which is supposed
to be crucial to the improvement of cyclohexene yield. Calculation
results also propose an optimal Zn composition in the alloy catalyst
to obtain a satisfied cyclohexene yield within a reasonable reaction
time.
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