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a b s t r a c t

The selective hydrogenation of benzene to cyclohexene was studied over Ru–Cu/ZnO catalysts, which
were prepared by deposition–precipitation, impregnation and co-precipitation methods. The influence
of NaOH on the catalytic performance of catalysts prepared by these methods was discussed in detail. It
was demonstrated that NaOH significantly enhanced the selectivity to cyclohexene over Ru–Cu/ZnO cat-
alyst prepared by deposition–precipitation method. The properties of the catalysts were characterized by
eywords:
enzene
yclohexene
ydrogenation
u
nO

transmission electron spectroscopy (TEM), scanning electron microscopy (SEM), X-ray powder diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS) and nitrogen adsorption–desorption techniques.
The effects of ratio of Ru to Cu, concentration of NaOH and other reaction conditions including reaction
temperature, hydrogen pressure, and reaction time on the reaction were studied. Using the preferable
catalyst, the yield of cyclohexene reached a maximum of 49.4% with benzene conversion of 72.3% and
selectivity to cyclohexene of 68.3%.
. Introduction

Cyclohexene has a very active C C bond, which is widely
sed in chemical industry as a key raw material in the synthe-
is of adipic acid, nylon 6, nylon 66, and other fine chemicals
1,2]. The production of cyclohexene involved dehydration of
yclohexanol, dehydrohalogenation of halogenated cyclohexane,
r dehydrogenation of cyclohexane [3–5]. The processes for pro-
ucing cyclohexene require complicated multiple steps in above
ethods, and the efficiencies are usually poor, thus leading to high

roduction cost.
In recent years, environmental and economic considerations

esult in strong interest to redesign commercially important pro-
esses, and the partial hydrogenation of benzene to cyclohexene
as attracted great scientific and industrial interest. The route
f selective hydrogenation of benzene to cyclohexene is supe-
ior in terms of inexpensive starting feedstock, energy-saving,
ower amounts of undesirable by-products. There have been many
ublications on this topic [6–37]. Solvents play a crucial role in
etermining the selectivity to cyclohexene. Cyclohexene cannot
e produced in organic phase because cyclohexene is further con-

erted to cyclohexane easily in organic phase. In aqueous solution,
yclohexene can be selectively produced and the selectivity is
losely related to the hydrophilicity of catalysts. In aqueous envi-
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ronment, the hydrophilicity of the catalysts is strongly influenced
by the presence of hydrogen, as the adsorption enthalpy of water on
Ru particles in the presence of hydrogen is half of the value when no
hydrogen is present [6]. In addition, the low solubility of hydrogen
in water lowers the hydrogen availability on the catalyst surface.
These facts are unfavorable for hydrogenation of cyclohexene to
cyclohexane.

It was found that the method for preparing the catalyst and the
promoter has great impacts on the yield of cyclohexene. Mizukami
et al. [38] and Niwa et al. [39] prepared a supported Ru catalyst
doped with a small amount of Cu by the sol–gel method, and
obtained a cyclohexene yield of 31% at a benzene conversion of 83%.
Deng and co-workers [40,41] reported that RuB catalysts prepared
by the chemical reduction method were more selective to cyclohex-
ene than Ru catalysts reduced by H2, giving a cyclohexene yield of
33%. The additives also have great impacts on the yield of cyclohex-
ene such as TiCl3 [11,42], ZnSO4·7H2O [8–10,12,13,15,18,20,21,23],
metal hydroxides [24,37,43] and alcohols [16,36,44]. US patent
reported that considerable amounts of cyclohexene were formed
in the catalytic hydrogenation of benzene in the presence of an
alcohol. The benzene conversion was about 10% and selectivity to
cyclohexene was less than 20% in the presence of C1–C4 alcohol
and Ru catalyst [44]. The cyclohexene yield of 34.4% was achieved
over RuCoB/�-Al2O3 catalyst with PEG-6000 as an additive [16].

It was also reported that cycloolefins can be prepared by partial
hydrogenation of the corresponding aromatics in the presence of
water, an alkaline agent and a catalyst comprising a reduced cation
of a Group VIII element [43]. Ronchin and Toniolo [6] found that

dx.doi.org/10.1016/j.molcata.2011.03.021
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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he selectivity to cyclohexene can be enhanced by treating unre-
uced Ru catalyst with NaOH. A few publications have reported
he improvement of the yield of cyclohexene by conducting the
ydrogenation in the aqueous solution of NaOH [24,37,43], but the
easons for the enhancement of the yield were not clear.

In the present work, the selectivity hydrogenation of ben-
ene to cyclohexene was studied over the Ru–Cu/ZnO catalysts
repared by deposition–precipitation, impregnation and coprecip-

tation methods. Preparation procedures were found to be quite
mportant in determining the catalytic activity and selectivity.
he effect of NaOH on the catalytic performance of Ru–Cu/ZnO
repared by different methods was different. The addition of
aOH significantly improved the selectivity to cyclohexene over

he catalyst prepared by deposition–precipitation method, while
he effect of NaOH was very limited over the catalyst pre-
ared by impregnation method. The catalyst was characterized
y powder X-ray diffraction (XRD), transmission electron spec-
roscopy (TEM), scanning electron microscopy (SEM), X-ray powder
iffraction (XRD), X-ray photoelectron spectroscopy (XPS) and
itrogen adsorption–desorption method. The maximum yield of
yclohexene could reach 49.4% over Ru–Cu/ZnO prepared by
eposition–precipitation method at optimized condition.

. Experimental

.1. Materials

Zn(NO3)2·6H2O, RuCl3·3H2O, Cu(NO3)2·3H2O, NaOH,
ichloromethane, cyclohexene, cyclohexane and benzene
ere analytical grade and purchased from Beijing Chemical
eagent Company. H2 (99.99%) was provided by Beijing Analytical

nstrument Company.

.2. Catalyst preparation

The ZnO was prepared as following: the aqueous solution of
aOH (0.05 M) was dropped to the aqueous solution of Zn(NO3)2

0.025 M) until the molar ratio of NaOH to Zn(NO3)2 reached 2.4.
fter aging for 1 h, the obtained precipitation was collected on a
eramic filter and washed thoroughly with distilled water. The sam-
le was dried overnight at 100 ◦C and then calcined for 3 h in a
uffle furnace from room temperature to 350 ◦C with a increasing

ate of 2 ◦C/min to decompose the Zn(OH)2 to ZnO.
Ru–Cu/ZnO catalysts prepared by deposition–precipitation

ere denoted as Ru–Cu/ZnO (DP). Typically, 0.5 g of ZnO was
ispersed in 11 mL of aqueous solution of NaOH (0.05 M) with
tirring for 30 min. 10 mL of aqueous solution containing 0.0389 g
f RuCl3·3H2O and 0.0036 g of Cu(NO3)2·3H2O was dropped into
he above aqueous solution and stirred for 2 h, and then aged for
vernight. The calculated loading of Ru was 2.91 wt% and the molar
atio of Ru to Cu was 10. The ICP analysis of catalyst Ru–Cu/ZnO
DP) with a molar ratio of Ru/Cu 10:1 indicated that the content of
u was 1.96 wt% in the catalyst and the molar ratio of Ru/Cu was
0.96/1. The obtained precipitation was collected on a ceramic filter
nd washed thoroughly with distilled water. The sample was then
ried in vacuum at 60 ◦C overnight. The as-prepared Ru–Cu/ZnO
DP) samples were reduced in H2 (99.99%) at 180 ◦C for 3 h.

Ru–Cu/ZnO catalysts prepared by impregnation were denoted as
u–Cu/ZnO (IP). Typically, 0.0389 g of RuCl3·3H2O and 0.0036 g of
u(NO3)2·3H2O were dissolved in 10 mL of distilled water. 0.5 g of
nO support was added to this solution and the resulting slurry was

igorously stirred for 12 h at room temperature. Then the water was
emoved under vacuum at 70 ◦C. The loading of Ru was 2.91 wt%
nd the molar ratio of Ru to Cu was 10. The as-prepared Ru–Cu/ZnO
amples were reduced in H2 (99.99%) at 180 ◦C for 3 h.
sis A: Chemical 341 (2011) 35–41

Ru–Cu/ZnO catalysts prepared by coprecipitation were denoted
as Ru–Cu/ZnO (CP). Typically, 0.129 g of RuCl3·3H2O, 0.019 g of
Cu(NO3)2·3H2O and 0.914 g of Zn(NO3)2·3H2O were dissolved in
18 mL of distilled water. 18 mL of aqueous solution of NaOH (0.5 M)
was dropped into the above aqueous solution with stirring for 12 h
and then aging for 12 h at room temperature. The solid materials
were separated, washed, and dried in the same manner as described
above for the Ru–Cu/ZnO (DP) samples. The content of Ru was
20 wt% and the molar ratio of Ru to Cu was 10. The as-prepared
Ru–Cu/ZnO samples were reduced in H2 (99.99%) at 180 ◦C for 3 h.

2.3. Activity test

For the reaction in liquid solvents, the hydrogenation was car-
ried out in a Teflon-lined stainless-steel reactor of 6 mL in capacity
with a magnetic stirrer [45]. The stir was realized through an out-
side controller and a magnetic stirrer which was put inside the
reactor. The reactor was connected to a hydrogen cylinder of the
reaction pressure, so that hydrogen of fixed pressure could be sup-
plied continuously. The pressure was determined by a pressure
transducer (FOXBORO/ICT, Model 93), which could be accurate to
±0.025 MPa. In a typical experiment, 0.35 mL of benzene and 50 mg
of catalyst and 2 mL of aqueous sodium hydroxide solution were
loaded into the reactor. The reactor was sealed and purged with
hydrogen to remove the air. Then the reactor was placed in an
air bath, which was controlled by a PID temperature controller
(model SX/A-1, Beijing Tianchen Electronic Company), and the tem-
perature fluctuation of the air bath was ±0.1 ◦C. Hydrogen was
introduced into the reactor after desired temperature was reached
and the stirrer was started. After reaction the reactor was placed in
ice water and the hydrogen was released. The liquid products were
extracted from the aqueous solution of NaOH by dichloromethane.
The quantitative analysis of the reaction mixture was conducted
using a GC (Agilent 6820) equipped with a flame ionization detec-
tor (FID) and a PEG-20M capillary column (0.25 mm in diameter,
30 m in length). Identification of the products and reactant was
done using a GC–MS (SHIMADZU-QP2010) as well as by comparing
the retention time of the standards in GC trace. Conversion of ben-
zene (C), selectivity (S) and yield (Y) of cyclohexene were calculated
according to the following equations:

C = mole of reacted benzene
mole of initial benzene

· 100%

S = mole of cyclohexene formed
mole of reacted benzene

· 100%

Y = mole of cyclohexene formed
mole of initial benzene

· 100%

2.4. Catalyst characterization

The catalysts were characterized by scanning electron
microscopy (SEM), transmission electron microscopy (TEM)
and nitrogen adsorption–desorption method. The SEM exami-
nation was conducted on a Hitachi-s4300 electron microscope
operated at 15 kV. The samples were spray-coated with a thin
layer of platinum before observation. The TEM observation was
carried out on JEM 2011 at an accelerating voltage of 200 kV.
The samples were dispersed in ethanol and dropped on a carbon
film supported on copper grid for TEM analysis. The nitrogen
adsorption–desorption isotherms were measured at 77 K on ASAP
2020 Accelerated Surface Area and Porosimetry Analyzer. The
sample was degassed at 250 ◦C for 12 h under vacuum before the

measurement. X-ray powder diffraction (XRD) was performed on
a X’PERT SW X-ray diffractometer operated at 30 kV and 100 mA
with CuK˛ radiation. X-ray photoelectron spectroscopy (XPS) data
were obtained with an ESCALab220i-XL electron spectrometer
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Table 2
Textural properties of Ru–Cu/ZnO (DP), Ru–Cu/ZnO (IP) and Ru–Cu/ZnO (CP).

Catalyst BET surface
area (m2/g)

Pore volume
(cm3/g)

Average pore
diameter (nm)

Ru–Cu/ZnO (DP) 9.1 0.049 12.1

T
T

R

ig. 1. TEM images of catalyst (a) Ru–Cu/ZnO (DP), (b) Ru–Cu/ZnO (IP), and (c)
u–Cu/ZnO (CP) and SEM images of catalyst (d) Ru–Cu/ZnO (DP), (e) Ru–Cu/ZnO
IP), and (f) Ru–Cu/ZnO (CP).

rom VG Scientific using 300 W MgK˛ radiation. The base pressure
as about 3 × 10−9 mbar. The binding energies were referenced

o the C 1s line at 284.8 eV from adventitious carbon. The loading
ontent of Ru/Cu in the catalysts was determined by ICP-AES
VISTAMPX).

. Results and discussions

.1. The effect of NaOH on different catalysts

Table 1 shows the catalytic performance of Ru–Cu/ZnO (IP),
u–Cu/ZnO (DP) and Ru–Cu/ZnO (CP) in the hydrogenation of ben-
ene and the effect of NaOH on the reaction. In the absence of
aOH, the catalyst Ru–Cu/ZnO (DP) exhibited high activity than
u–Cu/ZnO (IP) and Ru–Cu/ZnO (CP). Obviously, the Ru–Cu/ZnO
DP) was much more efficient, indicating that catalyst Ru–Cu/ZnO
DP) prepared with deposition–precipitation method has better
erformance for the hydrogenation of benzene to produce cyclo-
exene. The TEM images of Ru–Cu/ZnO (DP), Ru–Cu/ZnO (IP) and
u–Cu/ZnO (CP) are given in Fig. 1. The metallic particles were uni-

ormly dispersed on the surface of ZnO for Ru–Cu/ZnO (DP), while
he metallic particles on Ru–Cu/ZnO (IP) were not uniform. The TEM
mage of the Ru–Cu/ZnO (CP) showed the character of sample pre-
ared by coprecipitation. It can be known from the SEM images of
u–Cu/ZnO (DP) and Ru–Cu/ZnO (IP) in Fig. 1 that the support was
artly destroyed when using the impregnation method.

The presence of NaOH greatly improved the selectivity and yield
f cyclohexene for the catalyst Ru–Cu/ZnO (DP). In the presence of
aOH the selectivity to cyclohexene could be as high as 87.9% and

he yield could reached 34.8%, while the yield of cyclohexene was
nly 6.8% when there was no NaOH. A reasonable explanation for

his can be the enhancement of the surface hydrophilicity due to
he presence of NaOH. Ronchin and Toniolo [6] found that the ini-
ial benzene hydrogenation rate, selectivity and maximum yield
f cyclohexene increased when the unreduced Ru based catalyst

able 1
he results of benzene hydrogenation over different catalysts with and without NaOH.

Catalyst NaOH (M) Time (min)

Ru–Cu/ZnO (IP)
0 30
0.3 110

Ru–Cu/ZnO (DP)
0 3
0.3 50

Ru–Cu/ZnO (CP)
0 320
0.3 420

eaction conditions: benzene, 0.35 mL; reaction temperature, 150 ◦C; H2 pressure, 4.0 MP
Ru–Cu/ZnO (IP) 8.4 0.036 7.6
Ru–Cu/ZnO (CP) 8.9 0.044 11.4

was treated with NaOH. They reported that the NaOH depressed
the rate of cyclohexene hydrogenation. Thus, the base played an
important role on determining the catalytic activity and selectiv-
ity, which was attributed to the influence of the interaction of the
metallic Ru surface with the NaOH during the catalyst preparation.
In this work, when conducting the hydrogenation of benzene in the
aqueous solution of NaOH, the existence of NaOH also enhanced the
hydrophilicity of the Ru catalysts by chemisorbed hydroxide anion.
Some of the active centers available for cyclohexene hydrogena-
tion were blocked by hydroxide anion chemisorption. The data in
Table 1 also show that adding NaOH could not improve the yield
of cyclohexene considerably for the catalyst Ru–Cu/ZnO (IP). We
can get some information about the morphologies and structures
of the catalysts from the procedures to prepare catalysts and the
characterization results by different methods. TEM images in Fig. 1
showed that the metallic particles were on the surface of ZnO for
Ru–Cu/ZnO (DP), while some of the metallic particles were in the
pores of ZnO for Ru–Cu/ZnO (IP). The XPS spectra of Ru–Cu/ZnO
(DP) and Ru–Cu/ZnO (IP) were shown in Figs. 2 and 3, respectively.
By XPS characterization, the content of Ru and Cu on the surface
of the catalyst can be roughly estimated. Cu content on the surface
of Ru–Cu/ZnO (DP) was about 1.9% while Cu cannot be detected on
the surface of Ru–Cu/ZnO (IP). Ru content on the surface of cata-
lyst Ru–Cu/ZnO (DP) and Ru–Cu/ZnO (IP) was about 4.5% and 1.7%,
respectively, indicating that Ru/Cu mainly existed on the surface of
the catalyst when using deposition–precipitation method. Perhaps
due to the metallic particles on the surface were more easily acces-
sible to the NaOH in aqueous solution, the selective hydrogenation
of benzene over Ru–Cu/ZnO (DP) was more sensitive to the addi-
tion of NaOH in the reaction system. To validate the aforementioned
argument, the selective hydrogenation of benzene was conducted
over Ru–Cu/ZnO (CP). The Ru–Cu/ZnO (CP) was prepared by copre-
cipitation where most of the metallic particles were covered by
ZnO and it was difficult for them to approach NaOH. The results in
Table 1 showed that the effect of NaOH on benzene hydrogenation
over this catalyst was negligible and the yield of cyclohexene was
very low in the presence or absence of NaOH.

Furthermore, the difference in BET surface area, pore size and
pore volume between deposition-precipitated and impregnated
samples could provide some useful information (Table 2). The pore
volume and pore size of Ru–Cu/ZnO (DP) were larger than that of
Ru–Cu/ZnO (IP), respectively, indicating that part of the pores of
Ru–Cu/ZnO (IP) are blocked by some metallic particles. Therefore,

the catalyst prepared by deposition–precipitation was better than
that by impregnation and coprecipitation methods. Therefore, the
Ru–Cu/ZnO (DP) catalyst was selected for the further study.

Conversion (%) Selectivity (%) Yield (%)

23.6 20.7 4.9
30.3 24.1 7.3
37.2 18.3 6.8
39.6 87.9 34.8
47.6 1.2 0.6
47.8 1.4 0.7

a; Ru–Cu/ZnO catalyst, 50 mg; water, 2.0 mL.
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Fig. 2. XPS spectra of catalyst Ru–Cu/ZnO (DP).
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is the contribution of water, which has been discussed by some
researchers. When there is a stagnant water film on the catalyst,
the hydrogenation of cyclohexene to cyclohexane is slow because

Table 4
The results of benzene hydrogenation at different NaOH concentrations.
Binding Energy (eV) Bind

Fig. 3. XPS spectra o

.2. The effect of molar ratio of Ru to Cu on the catalytic
erformance

The effect of molar ratio of Ru to Cu on the hydrogenation of
enzene was investigated using the Ru–Cu/ZnO (DP) catalyst in
he presence of NaOH. Table 3 shows the results. The reaction
ime required for reaching similar conversion increased with the
ncreasing content of Cu in the catalyst, indicating that the addition
f Cu decreased the catalytic activity. The selectivity to cyclohexene
rst increased and then decreased with the variation of Ru/Cu molar
atio. There was a maximum in the selectivity when the molar ratio
f Ru/Cu was 10:1. The reaction conditions will be optimized using
u–Cu/ZnO (DP) catalyst with a molar ratio of Ru/Cu 10:1.

.3. Optimization of the reaction conditions

.3.1. The effect of NaOH amount
Table 4 shows the hydrogenation of benzene over Ru–Cu/ZnO

DP) in NaOH aqueous solutions of different concentrations. The
ield of cyclohexene was only 6.8% when no NaOH was added. The
eaction proceeded so fast that only 3 min was needed for reach-
ng 37.2% conversion of benzene. On the other hand, introducing
aOH in the hydrogenation process substantially decreased the

ctivity. The reaction time required to reach similar conversion at
ifferent NaOH concentrations increased with increasing concen-
ration of NaOH. The selectivity to cyclohexene could be increased
t suitable NaOH concentration. Addition of 0.1 M NaOH in the reac-

able 3
he results with different Ru/Cu molar ratios of Ru–Cu/ZnO (DP).

Ru/Cu molar ratio Time (min) Conversion (%) Selectivity (%) Yield (%)

1:0 20 32.3 46.3 15.0
12:1 36 37.0 62.7 23.2
10:1 50 39.6 87.9 34.8
10:2 72 35.6 59.6 21.2
10:3 88 35.6 43.2 15.4
0:1 400 22.4 23.8 5.3

eaction conditions: benzene, 0.35 mL; reaction temperature, 150 ◦C; H2 pressure,
.0 MPa; Ru–Cu/ZnO (DP) catalyst, 50 mg; NaOH, 0.3 M; water, 2.0 mL.
nergy (eV) Binding Energy (eV)

lyst Ru–Cu/ZnO (IP).

tion readily led to a cyclohexene selectivity of 65.9% at a benzene
conversion of 33.3% with a reaction time of 38 min. The selec-
tivity to cyclohexene could be as high as 87.9% and cyclohexene
yield reached 34.8% when using 0.3 M NaOH in the hydrogena-
tion process, clearly verifying the positive effect for the production
of cyclohexene. However, adding more NaOH resulted in lower
cyclohexene selectivity. Some researchers reported that the yield
of cyclohexene could be improved by adding NaOH [24,37], but
the reason for NaOH to promote the selectivity to cyclohexene is
still not clear. It can be known from Table 4 that the addition of
NaOH retarded the hydrogenation of cyclohexene to cyclohexane,
which are supported by the comparison experiments. The hydro-
genation of cyclohexene was conducted over Ru–Cu/ZnO (DP) with
and without NaOH. The results (Table 4, Entries 11 and 12) indi-
cated that the hydrogenation of cyclohexene was depressed in the
presence of NaOH. The promotion of aqueous solution of NaOH on
the production of cyclohexene results mainly from two factors. One
Entry NaOH (M) Time (min) Conversion (%) Selectivity (%) Yield (%)

1 0 3 37.2 18.3 6.8
2 0.05 5 43.0 18.5 8.0
3 0.075 20 38.1 46.6 17.8
4 0.1 38 33.3 65.9 21.9
5 0.2 43 43.2 64.7 28.0
6 0.3 50 39.6 87.9 34.8
7 0.35 62 40.0 63.2 25.3
8 0.6 120 36.0 61.0 21.9
9 0.8 170 33.3 65.9 21.9

10 1.2 720 30.0 38.1 11.4
11a 0 20 76.1 – –
12a 0.3 20 4.6 – –

Reaction conditions: benzene, 0.35 mL; reaction temperature, 150 ◦C; H2 pressure,
4.0 MPa; Ru–Cu/ZnO (DP) catalyst, 50 mg; water, 2.0 mL.

a Cyclohexene hydrogenation under the same conditions as benzene. Cyclohex-
ane was the sole product.
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Table 5
The results of benzene hydrogenation at different H2 pressures.

Pressure of
H2 (MPa)

Time (min) Conversion (%) Selectivity (%) Yield (%)

2 240 37.3 68.3 25.5
3 100 40.0 74.6 29.8
4 50 39.6 87.9 34.8
5 95 30.7 48.7 15.0
6 145 29.6 44.1 13.1
7 220 29.6 30.8 9.1
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Table 6
The results of benzene hydrogenation at different temperatures.

Temperature (◦C) Time (min) Conversion (%) Selectivity (%) Yield (%)

100 240 35.3 28.8 10.1
120 180 37.3 32.8 12.2
140 110 42.2 45.1 19.0
145 80 40.7 60.2 24.5
150 50 39.6 87.9 34.8
155 40 43.0 58.3 25.1
160 35 41.5 46.3 19.2
180 30 40.9 47.5 19.4

Reaction conditions: benzene, 0.35 mL; H2 pressure, 4.0 MPa; Ru–Cu/ZnO (DP) cat-
alyst, 50 mg; NaOH, 0.3 M; water, 2.0 mL.

400350300250200150100500

0
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80

100

cylcohexane

cyclohexeneC
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te
nt
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)

Time (min)

benzene

Fig. 4. The reaction course of benzene hydrogenation. Reaction conditions: ben-
eaction conditions: benzene, 0.35 mL; reaction temperature, 150 ◦C; Ru–Cu/ZnO
DP) catalyst, 50 mg; NaOH, 0.3 M; water, 2.0 mL.

enzene is more soluble than cyclohexene in water [27]. Moreover,
ater competes with cyclohexene to adsorb on Ru surface, thus,
isfavoring its hydrogenation to cyclohexane [46]. The other is the
ole of NaOH, which has been discussed in this work.

.3.2. The effect of H2 pressure
The influence of the hydrogen pressure on the reaction was

tudied at 150 ◦C between 2 MPa and 7 MPa. The results of ben-
ene hydrogenation at different hydrogen pressures are presented
n Table 5. The yield of cyclohexene at 4 MPa was greater than those
t other pressures, and the benzene hydrogenation rate was the
ighest. The results indicated that there was an optimum pressure
t which rate of benzene conversion and yield of cyclohexene was
he highest. The appearance of the maximum can be ascribed to
he postulation that the rates of all the individual hydrogenation
teps are different functions of the hydrogen pressure. Odenbrand
nd Lundin [47] found that the cyclohexene yield increased with
he increasing pressure from 0.9 MPa to 3.5 MPa and then dropped
t higher pressure. Hu and Chen [24] found that the optimum pres-
ure for the initial rate of conversion of benzene was about 3 MPa,
hile the highest yield of cyclohexene was obtained at 4.32 MPa.

hey interpreted the result based on a slow adsorption theory and
he existence of a stagnant water film on the surface of the catalyst.
y postulating that the reactants competitively adsorb on the same
ctive sites of the catalyst, the hydrogenation rate of benzene would
ncrease gradually with an increase in the hydrogen pressure to the

aximum point, which corresponds to the optimal surface cover-
ge of benzene and hydrogen. At higher hydrogen pressure, the rate
ould decrease because of the high surface coverage of hydrogen.
s a matter of fact, the results in Table 5 demonstrate that benzene
ydrogenation rate at 4 MPa was also greater than that at the higher
ressures. Considering that the hydrogenation of benzene proceeds
ia the consecutive hydrogenation mechanism, cyclohexene can
e readily hydrogenized to cyclohexane when there is an exces-
ive amount of hydrogen on the surface of the catalyst. So the yield
f cyclohexene decreased as the pressure of hydrogen exceeded a
ertain value.

.3.3. The effect of reaction temperature
The effect of reaction temperature on benzene conversion and

n cyclohexene yield was investigated in the temperature range of
00–180 ◦C over Ru–Cu/ZnO (DP) catalyst. Table 6 shows that the
ield of cyclohexene increased with increasing temperature from
0.1% at 100 ◦C to 34.8% at 150 ◦C, and then the yield decreased with
urther increasing temperature. Struijk et al. [46] proposed that
he higher reaction temperature promotes desorption of cyclohex-
ne, and the surface coverage of hydrogen at higher temperature is
ower, both of which disfavor the further hydrogenation of cyclo-
exene to cyclohexane. But this explanation cannot explain the

eduction of yield of cyclohexene at higher temperatures. Fan and
oworkers [8] suggested that increasing the reaction temperature
ould also enhance the solubility of cyclohexene in the stagnant
ater film surrounding the catalyst, which could increase the
zene, 0.35 mL; reaction temperature, 150 ◦C; H2 pressure, 4.0 MPa; Ru–Cu/ZnO (DP)
catalyst, 50 mg; NaOH, 0.3 M; water, 2.0 mL.

surface coverage of cyclohexene and so the cyclohexene hydro-
genation rate. Such an effect counteracts with the aforementioned
positive effects. At above 150 ◦C it becomes the dominant factor,
leading to the decrease of cyclohexene yield.

3.3.4. The effect of reaction time
Selective hydrogenation of benzene over Ru–Cu/ZnO (DP) cat-

alyst at different reaction times was carried out with the addition
of 0.3 M NaOH. Fig. 4 shows variation of the contents of benzene,
cyclohexene and cyclohexane during the hydrogenation process.
The conversion of benzene increased and the content of cyclo-
hexene decreased monotonously with reaction time. The content
of cyclohexene was much higher than that of cyclohexane at the
beginning of the reaction. The yield of cyclohexene reached a max-
imum of 49.4% at benzene conversion of 72.3% and selectivity to
cyclohexene of 68.3% with a reaction time of 185 min. The cyclo-
hexene yield then declined gradually, exhibiting the characteristic
behavior of a consecutive reaction.

3.4. Recycling of catalyst

The recycling of Ru–Cu/ZnO (DP) and Ru–Cu/ZnO (IP) for the
hydrogenation of benzene was studied at 150 ◦C and H2 pressure
of 4.0 MPa, and the results are given in Table 7. It can be known
from data in the table that Ru–Cu/ZnO (DP) was more stable than
Ru–Cu/ZnO (IP). The deactivation of Ru–Cu/ZnO (DP) after three
runs was not significant, while the activity and yield of Ru–Cu/ZnO
(IP) decreased sharply. The morphological properties of the used
Ru–Cu/ZnO (DP) and Ru–Cu/ZnO (IP) catalysts were studied by TEM
and SEM. The TEM images of Ru–Cu/ZnO (DP) and Ru–Cu/ZnO (IP)
after recycling three times are presented in Fig. 5a and b. The obvi-

ous agglomeration and desquamation of metallic particles could be
observed for Ru–Cu/ZnO (IP), while the change was not obvious for
Ru–Cu/ZnO (DP).
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Table 7
Reuse of Ru–Cu/ZnO (DP) and Ru–Cu/ZnO (IP) for benzene hydrogenation.

Catalyst Runs Time (min) Conversion (%) Selectivity (%) Yield (%)

Ru–Cu/ZnO (DP)
1 50 39.6 87.9 34.8
2 50 36.8 82.6 30.4
3 50 33.2 81.7 27.1

Ru–Cu/ZnO (IP)
1 110 30.3 24.1 7.3
2 110 19.6 34.1 6.7
3 110

Reaction conditions: benzene, 0.35 mL; reaction temperature, 150 ◦C; H2 pressure, 4.0 MP
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ig. 5. TEM images of the catalysts after recycling (a) Ru–Cu/ZnO (DP) and (b)
u–Cu/ZnO (IP), and SEM images of catalysts after recycling (c) Ru–Cu/ZnO (DP)
nd (d) Ru–Cu/ZnO (IP).

From the XRD patterns in Fig. 6, it can be known that there was
o obvious peak of Ru for the Ru–Cu/ZnO (IP) and Ru–Cu/ZnO (DP)
efore the reaction, perhaps because the high dispersion and small
article of Ru–Cu on the ZnO. The dispersion and particle size of
u–Cu/ZnO (DP) after reaction almost did not change, so there were
o obvious peaks of Ru in XRD pattern. Although obvious aggrega-

ion and desquamation of metals occurred on catalyst Ru–Cu/ZnO
IP), no peaks of Ru are detected in Fig. 6d, perhaps because the

etals desquamated existed in amorphous structure.
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ig. 6. The XRD pattern of catalyst (a) Ru–Cu/ZnO (IP) (fresh), (b) Ru–Cu/ZnO (IP)
after recycle), (c) Ru–Cu/ZnO (DP) (fresh) and (d) Ru–Cu/ZnO (DP) (after recycle).
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a; Ru–Cu/ZnO catalyst, 50 mg; NaOH, 0.3 M; water, 2.0 mL.

4. Conclusions

The Ru–Cu/ZnO catalysts prepared by deposition–precipitation
method exhibited better selectivity towards cyclohexene and sta-
bility than the Ru–Cu/ZnO catalyst prepared by impregnation
method. The presence of NaOH greatly enhanced the selectivity
and yield of cyclohexene for the hydrogenation of benzene over
the former catalyst. The existence of NaOH depressed the hydro-
genation of cyclohexene. At the optimized reaction conditions, the
maximum yield of cyclohexene can reach 49.4% over Ru–Cu/ZnO
catalyst prepared by deposition–precipitation method.
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