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Abstract—A series of catalysts with ruthenium nanoparticles (NPs) loaded on the binary oxide TS (TiO,-SiO,) sup-
port were prepared by facile sol-gel method for benzene selective hydrogenation. Different mole ratios of Ti/Si were
investigated. The catalytic structure, composition, hydrophilicity, electronic state and acidity were characterized. The
results indicate that the acidity of the samples increases gradually with the increase of the SiO, amount. The dispersion
of ruthenium nanoparticles was improved on binary oxide support compared with TiO, and an obvious Ru size effect
appeared with the increase of Ti/Si molar ratio. It was also found that the hydrophilicity of the supports could be effi-
ciently improved by introducing a small amount of SiO, to TiO,, which may be due to the large amount of surface
hydroxyl groups on the binary oxide samples after SiO, introduction. This result was consistent with the increasing
trend of cyclohexene yield, indicating that the surface hydroxyl groups play a significant role in the motivation of cyclo-
hexene desorption. Ru/TS (7: 1) showed the best catalytic performance of 38.2% yield to cyclohexene with the highest
initial selectivity to cyclohexene (S,) of 87.3%. The catalytic stability experiments showed that the yield of cyclohexene

could maintain at 30% after five cycles.
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INTRODUCTION

The selective hydrogenation of benzene to cyclohexene is an
effective alternative process for cyclohexanol synthesis, which is an
important intermediate to produce adipic acid or &caprolactam
(monomers of polyamides) [1,2]. The commercial process for the
&-caprolactam consists of the complete hydrogenation of benzene
with 3 mol of hydrogen, and follow-up low efficient cyclohexane
oxidation to KA oil (the mixture of cyclohexanone and cyclohexa-
nol), which can only be performed at a low conversion of 4-6% in
order to reach high KA oil selectivity. Compared with the draw-
backs of relatively low efficiency and expensive feedstock of the
cyclohexane oxidation, selective hydrogenation of benzene to pro-
duce cyclohexene has been identified to be an attractive alternative
route with high atomic utilization and environmentally friendly for
the monomers production of polyamides [2].

In terms of thermodynamics point, benzene hydrogenation is
more inclined to synthesize complete hydrogenated product cyclo-
hexane with larger standard Gibbs free energy instead of cyclohexene
[3-6]. Thus, it remains a great challenge to achieve high cyclohex-
ene selectivity under high conversion of benzene [7-9]. Addition-
ally; selective hydrogenation of benzene involves four-phase reaction
systems, including gas phase, oil phase, aqueous phase and solid
phase (catalysts). Therefore, an efficient strategy for improving the
cyclohexene selectivity should be carried out to promote the de-
sorption of cyclohexene from the catalyst surface as the reaction is
proceeding. The design of catalysts with high cyclohexene selectiv-
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ity has been the key point in selective hydrogenation of benzene.
So far, the noble metal ruthenium has been widely accepted as the
most effective active metal for selective hydrogenation of benzene
to produce cyclohexene [10,11]. And it has been demonstrated that
the supported ruthenium catalyst [12,13] has better catalytic perfor-
mance compared with that of non-supported ruthenium black cata-
lyst [14,15]. For the support selection, hydrophilic materials such
as metal oxide [16-27], molecular sieve [23], hydroxyapatite [28]
and polymers [29] are preferred, which is attributed to the water
solubility of the target product cyclohexene (23 mol-m ) being much
less than that of benzene (125 mol-m ). The stable hydrophilic layer
generated on the surface of the catalyst is capable of steering the rapid
desorption of cyclohexene from the catalyst surface and forming a
stagnant layer barrier on the catalyst surface to prevent its re-adsorp-
tion, avoiding the deep hydrogenation of cyclohexene to cyclohex-
ane, thus improving the selectivity of cyclohexene [14,18,30-34]. In
addition, the yield of cyclohexene can also be markedly improved
by introduction of various inorganic additives, e.g., ZnSOj, is com-
monly used. Literatures have revealed that the role of ZnSO, in
the catalytic system is improving the hydrophilicity of the catalyst
by forming a layer of stagnant water on the surface of the catalyst,
thereby improving the selectivity of the target product cyclohex-
ene [32,35]. Furthermore, the Zn”* adsorbed on the catalyst surface
can also interact with the Ru active site, thus avoiding the deep
hydrogenation of cyclohexene to cyclohexane [36].

TiO, and its composite oxide with strong catalytic ability are
widely used in photocatalysis [37-39] and self-cleaning [40,41]. It is
indicated that adding a small amount of SiO, to TiO, could lead to
better performance compared with TiO, itself. In Yu's work, TiO,/
SiO, composite thin films with addition of 10-20 mol% SiO, have
better hydrophilicity than single TiO, [42]. Besides, it has been found
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Table 1. The amounts of the materials and the molar ratio of Ti/Si during the preparation

Catalysts TBOT (g) TEOS (g) Ethanol (mL) Ammonia solution (mL) Ti/Si
TS (6:1) 512 0.52 60 2.2 6/1
TS (7:1) 597 0.61 70 26 7/1
TS (8:1) 6.83 0.69 80 2.9 8/1
TS (9:1) 7.68 0.78 90 33 9/1
TiO, 5.12 0 60 1.2 -
Sio, 0 1.04 20 2.0 -

“mole ratios of TiO,/SiO,.

that TiO,-SiO, composite thin films exhibit better thermal stabil-
ity than TiO, [43,44]. Based on the superior properties of TiO,-SiO,
composite oxide mentioned above, it is a very promising candi-
date in selective hydrogenation of benzene to cyclohexene.
Herein, a series catalysts of ruthenium nanoparticles loaded on
TS composite oxides with different addition of SiO, was prepared
via sol-gel method and applied to the selective hydrogenation of
benzene to produce cyclohexene. The crystal form of TiO, under
different calcination temperature was investigated, the catalytic struc-
ture, composition, hydrophilicity and acidity over a series of Ru/
TS, Ru/TiO, and Ru/SiO, catalysts were characterized and the cat-
alytic performance was tested. It indicated that the introduction of
SiO, could significantly enhance the cyclohexene selectivity, which
was identified as the pivotal role of hydrophilicity of the Ru/TS
catalyst. Recycle stability of TS (7: 1) catalyst was also evaluated.

EXPERIMENTAL

1. Materials and Chemicals

RuCl;-3H,0 and benzene were purchased from Shanghai Mack-
lin Biochemical Co., Ltd. NaBH, and aqueous ammonia was sup-
plied from Xilong Chemical Co., Ltd. Tetraethyl orthosilicate (TEOS)
were obtained from DaMao chemical Reagent Factory, and tetra-
butyl titanate (TBOT) was from Sinopharm Chemical Reagent Co.,,
Ltd. Other chemicals, including Zn(NO;),-6H,0, ammonia solu-
tion (25-28 wt%), were bought from Tianjin kemio Reagent Fac-
tory. Ethanol was supplied from Tianjin Guangfu Fine Chemical
Research Institute. All used water is deionized water and all reagents
were of analytical grade. H, (99.99%) was provided by Zhuzhou
Diamond Gas Company.

2. Catalysts Preparation

The Ru/TS and Ru/TiO, catalysts were synthesized by two steps.
The first step of sol-gel for preparing TS and TiO, supportsand the
second step of wetness impregnation-chemical reduction method
to fabricate the Ru/TSand Ru/TiO, at room temperature were car-
ried out in sequence.

Taking preparation of TS (6: 1) support as an example. Typi-
cally, TBOT and TEOS were dissolved to ethanol with ultrasonic
dispersion for 5min and then stirred at room temperature for 10
min. Ammonia solution (25-28 wt%) was then slowly added drop
by drop to hydrolyzed TBOT and TEOS, followed by stirring for
2h. The fabricated white sol was filtered and washed twice with
ethanol and deionized water, respectively, and transferred to the
oven to dry at 353K overnight. Finally; the obtained solid as ground

to powder, calcined at 873 K for 2h to obtain TS (6: 1) support.
TS (7:1), TS (8:1), TS (9:1) supports were also prepared by the
same method above with different mole ratios of Ti/Si. The steps
for the preparation of TiO, are the same as that of TS (6: 1) but no
adding TEOS and preparation of SiO, without adding TBOT. The
amount of substances required is shown in Table 1. In addition, the
supports of TS (7: 1) at another calcination temperatures of 773,
973, 1,073, 1,273 K were also prepared for comparing the thermal
stability.

Ruthenium loaded catalysts (Ru/TS, Ru/TiO, and Ru/SiO,) were
synthesized by the wetness impregnation-chemical reduction method
at room temperature. Taking Ru/TS (6: 1) for example, specifically,
0.5g of TS (6: 1) support was dispersed in 10 mL of deionized water
with stirring for 5 min. Next, 3.0 mL of a 0.40 M aqueous solution
of RuCl;-3H,0 was dropwise added and stirred for 3.5h. Then
3.0mL of a 1.58 M aqueous solution of NaBH, was added dropwise
to the slurry under gentle stirring. The ruthenium loading was 8.0
wt% in the catalysts. The molar ratio between NaBH, and Ru (III)
was 4: 1 to ensure the complete reduction of ruthenium. The black
solids were washed thoroughly with deionized water until no chlo-
ride ions were detected by the AgNO; test. Surface analysis also did
not identify any residual chlorine on the catalyst. The as-prepared
catalysts were denoted as Ru/TS (6: 1). The other ruthenium sup-
ported catalysts prepared with different molar ratios of Ti/Si were
marked as Ru/TS (7:1), Rw/TS (8:1), Ru/TS (9: 1), Ru/TiO, and
Ru/SiO,, and all these catalysts were evaluated and characterized
without additional activation treatment.

3. Catalysts Characterizations

Powder X-ray diffraction (XRD) measurements were taken using
a Japan Rigaku D/Max 2550 VB'18 kw X-ray diffract meter with
Cu Ko radiation was operating at 40kV and 30 mA, with a scan-
ning speed of 10 min™" in the range of 26=10-90". Nitrogen adsorp-
tion-desorption was performed on an ASAP 2020M automated gas
sorption system to measure the specific surface area, pore size dis-
tribution and pore volume of the samples. Specific surface area was
determined by the method of Brunauer-Emmett-Teller (BET), pore
size distribution and pore volume were evaluated from the desorp-
tion isotherm branch using the Barrette-Joyner-Halenda (BJH)
method. Fourier transform infrared (FI-IR) spectra of the TS, TiO,
and SiO, supports were performed on a SHIMADZU FTIR-8400s
spectrometer in the range of 4,000-400 cm™ with 4 cm™ resolution
by signal-averaging 32 scans. Quantitative elemental analysis of active
metals Ru was determined by IRIS 1000 Inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) (Thermo Elemental, USA).
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X-ray photoelectron spectroscopy (XPS) was performed on a Kra-
tos Axis Ultra DLD spectrometer with a monochromatic Al-Ke
radiation operating at an invariable transmission energy pass (80
eV). Binding energy (BE) value of different elements in the refer-
ence sample was corrected corresponding the peak value of carbon
Is (284.6 eV, accuracy +0.05eV). Transmission electron micros-
copy (TEM), high-resolution TEM (HRTEM), high angle annular
dark field-scanning transmission electron microscopy (HAADEF-
STEM) was carried on a Jem2100 F electron microscope coupled
with EDX detector as recorder for elements mapping of the sam-
ple. Before characterization, the powder sample was treated by
ultrasonic in anhydrous ethanol and then dropped on the copper
grid covered with porous carbon film. Surface hydrophilicity of the
catalysts was quantified from measurements of the water contact
zngle performed on JY-82B equipment. Experiments were per-
formed at room temperature using a goniometer attached to a
camera. NH;-TPD was carried out to measure the amount and
strength of surface acid centers of all samples. The samples were
heated under Ar for 1h at 473K and cooled to 373 K. The mix-
ture gas NH;/He (10 vol%) at 373 K until the eluted gas chromato-
graphic peak did not change in intensity under thermal conductivity
detector (TCD) monitoring. The gaseous and physically adsorbed
NH; was removed by Ar purge until the signal returned to base-
line. The desorption curve of NH; was obtained by heating from
373 to 1,073K at 10K min"". The amount of NH;, adsorbed was
calculated according to the area under the desorption curve. CO
chemisorption was also performed on the AutoChem II 2920
chemisorption system to test the dispersion of ruthenium nanopar-
ticles. FTIR of adsorbed pyridine (Py-IR) was performed on a Nico-
let 470 spectrometer equipped with a temperature-control accessory
and a DTGS detector. The sample was pretreated at 473 K for 2h
in a helium atmosphere and then cooled to room temperature
and injected with CO pulses until the eluted areas of consecutive
pulses became constant. The stoichiometric adsorption of CO was
assumed to calculate the amount of ruthenium atoms, and ruthe-
nium surface area was calculated from the ruthenium atomic cross
section area.
4. Catalytic Test

The liquid phase hydrogenation of benzene was carried out in a
50 mL Teflon-lined stainless-steel autoclave reactor, which was
charged with 0.1 g catalyst, 5 mL benzene, 10 mL deionized water
and 1.0 g of ZnSO,-7H,O. After being purged by 0.8 MPa H, pres-
sure for five times to remove the air, the reaction was conducted at
423K and 4.5 MPa H, pressure under 1,000 rpm. After the reac-
tion, the autoclave was cooled to room temperature and the reac-
tion product was treated by centrifugation to separate catalyst and
collect supernatant for further analysis. The reactant and the product
were analyzed by gas chromatography-mass spectrometry (GC-
MS, Thermo Fisher Scientific-TXQ Quantum XLS, column-TG-
WAXMS, 30 mx0.25mmx0.25m), and were quantitatively ana-
lyzed by GC (Shimadzu, GC-2010 Plus) equipped with a flame ion-
ization detector FID and a (30 mx0.25 mmx0.25 m) KB-WAX
capillary column (Kromat Corporation, USA) using n-hexane as
an internal standard. The benzene conversion, products selectivity
and yield were calculated by the following equations. Additionally,
the catalysts were filtered from the reaction solution and used for
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the next run without any other treatment to test the reusability.

moles of benzene consumed
initial moles of benzene

Benzene conversion= x100% (1)

Cyclohexene selectivity

_ moles of cyclohexene generated «100% 2
moles of benzene consumed

moles of cyclohexene generated
initial moles of benzene

Cyclohexene yield= x100% (3)

To compare the intrinsic activity and selectivity of catalysts, the
turnover frequency (TOF) was calculated. The TOF calculation for-
mula is as follows [22]:

Mgy X1,

TOF @

TWx dispersion

Mg, and W are the molar mass of Ru and the loading of Ru on
the catalyst, and the Ru dispersion was determined by CO-chem-
isorption. And r,, representing the amount of benzene converted
per gram of catalyst per minute at zero reaction time was first cal-
culated by the method proposed by Hu et al. [45].

RESULTS AND DISCUSSION

1. Catalytic Structure and Surface Physicochemical Properties

N, physisorption isotherms of the samples and their BJH pore
size distribution are depicted in Fig. S1. It is indicated that all the
samples are mesoporous structure according to the BJH pore size
distribution results. It can be observed that the physisorption iso-
therms of each sample are almost similar, which suggests that the
microstructure of the TS sample is preserved after introduction of
SiO, into TiO,. The BET surface area, average pore diameter and
pore volume of the samples are summarized in Table 2. With the
introduction of SiO,, BET surface area increases with a negligible
change of the pore diameter and pore volume.

The XRD patterns of the different samples calcined at 873 K are
shown in Fig. 1(A). The diffraction peaks at 26=25.3°, 37.8", 48.0°,
53.9% 55.1° 62.7° and 68.8° are assigned to the crystal planes of
TiO, anatase, which indicates that TiO, of TS composite oxides exist
in the form of anatase. A broad peak around 25° in the Ru/SiO,
and no obvious diffraction peak of SiO, in the Ru/TS indicates
that SiO, is amorphous on the surface of the catalysts. The crystal-
linity of TS composite oxides increases with increased mole ratio
of SiO,. It also shows that there is no diffraction peak correspond-
ing to the rutile form of TiO, in Ru/TS catalysts compared with
that of Ru/Ti0,. It can be inferred that the introduction of SiO,
could inhibit the transformation of anatase to rutile phase of TiO,,
indicating that the SiO, introduction could improve the thermal
stability of titanium dioxide particles [43,44]. In addition, the XRD
patterns of Ru/TS (7: 1) calcined at different temperature from 773
to 1,273 K are shown in Fig. S2. With the increase of temperature,
the crystallinity increased gradually without the generation of rutile
phase, which also proved that the introduction of SiO, enhanced
the thermal stability of TiO,. Furthermore, there is a weak diffu-
sion peak at ~44°, belonging to the diffraction of hcp-Ru (JCPDS
06-0663) crystal plane, indicating the high dispersion and small



Selective hydrogenation of benzene over Ru supported on surface modified TiO,

Table 2. Physicochemical properties of Ru/TS and the Ru/TiO, catalysts

739

Catalvsts Ru loading’ Ru dispersion” BET surface area’ Mean pore diameter Pore volume"
! (wi%) (%) (m’g ') (nm) (cm’g )
Rw/TS (6:1) 7.9 21.6 17.9 18.7 0.04
RwWTS (7:1) 7.8 24.5 15.3 17.2 0.04
Ruw/TS (8:1) 7.9 19.6 17.3 17.7 0.03
Rw/TS (9:1) 7.2 209 14.8 16.9 0.04
Ruw/TiO, 7.5 13.8 11.0 174 0.04
Ru/SiO, 7.6 11.6 51.8 26.2 0.22
“Determined by ICP-AES.
*Dispersion of Ru determined by CO-chemisorption.
“The values were calculated by the BJH method from the adsorption isotherm.
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Fig. 1. (A) XRD patterns of Ru/TS (6:1) (a), Ru/TS (7:1) (b), Rw/TS (8:1) (c), Ru/TS (9:1) (d), Ru/TiO, (e) and Ru/SiO, (f); (B) Water con-
tact angles and (C) FT-IR spectra of TS (6:1) (a), TS (7:1) (b), TS (8:1) (c), TS (9:1) (d), TiO, (e) and SiO, (f); (D) NH,-TPD pro-
files of the Ru/TS (6:1) (a), Ru/TS (7:1) (b), Ru/TS (8:1) (c), Ru/TS (9:1) (d), Ru/TiO, (e) and Ru/SiO, (f).

size of Ru nanoparticles on the catalyst [46]. The CO chemisorp-
tion also proves that the dispersion of ruthenium on Ru/TS is bet-
ter than that of Ru/TiO, and Ru/SiO, (Table 2).

The hydrophilicity of the samples was investigated by the method
of water contact angles; the results are summarized in Fig. 1(B). TS
(7:1) with lowest water contact angle (9.4°) shows 22.0% higher
hydrophilicity than that of TiO,, while SiO, exhibits the highest
angle (31.4°). Besides, it is obvious that all TS samples have better
hydrophilicity compared with TiO,. It may be because TS samples
have larger number of surface hydroxyl groups after SiO, introduc-

tion, which makes them more hydrophilic. According to Wongkaew
[41], adding silica to titanium dioxide increases the acidity of tita-
nium dioxide, and the Ti-O-Si bond of TS interface will lead to more
hydroxyl groups on the surface of the film, thus making it more
hydrophilic. Another explanation is that the local charge produced
at the interface of TS particles is beneficial for the adsorption of
dissociated water, which makes the surface of TS support more
hydrophilic than TiO, [47-50].

The surface hydrophilicity properties of the samples were further
verified by FT-IR spectrum. FT-IR spectrum (Fig. 1(C)) shows three

Korean J. Chem. Eng.(Vol. 38, No. 4)



740 F. Hao et al.

characteristic bands observed at around 1,060 cm™', 950 cm ™', and
490 cm™ in all TS samples. The band at around 1,060 cm™' can be
assigned to the stretching of the Si-O-Si bond of the SiO, matrixes
[51,52]. The band at around 490 cm™" is the representative of TiO,
matrixes [53]. While the TS composites exhibit an additional band
at around 950 cm™, which can be assigned to the stretching of the
Si-O™ species of Si-O-Ti or Si-O defect sites formed by the inclu-
sion of Ti"" ions into the SiO, matrixes [54,55]. Thus, the appear-
ance of the band at around 950 cm™" indicates that the titanium
oxide species are embedded into SiO, matrixes of the TS compos-
ites oxide. Peaks at 798 cm™ and 470 cm ™ are attributed to the sym-
metric stretching vibration peaks of Si-O bond. Furthermore, an
obvious stretching vibration absorption peak of -OH group located
at 1,600cm™ and 3,400 cm™ can be assigned to the bending vibra-
tion mode and symmetric stretching vibration of -OH groups of
the adsorbed water, respectively, which indicates that the introduc-
tion of SiO, increases the -OH functional group significantly and
makes TS composites oxides much more hydrophilic.

NHS,-TPD curves of different samples are shown in Fig. 1(D).
The Ru/TS catalyst has weak, medium and strong acid sites at
572K, 723 K and 854 K, respectively, while the desorption peak of
Ru/TiO, does not have a strong acid center at 854 K. The desorp-
tion peak of Ru/T'S sample at 854 K may be due to the presence of
more -OH groups on the surface of SiO,. Although many litera-
tures have reported that pure silica itself has neither Bronsted acid
center nor Lewis acid center, the total amount of acid of Ru/TS
catalyst does increase with the introduction of SiO,, although Ru/
SiO, shows the lowest acid amount. The amount of NH; desorbed
by all catalysts presented in Fig. 2. The acidity of Ru/TS catalyst is
stronger than that of Ru/TiO, and Ru/SiO, catalyst. The order of
acid sites on the five catalysts is Ru/TS (6: 1)>Ru/TS (7:1)>Ru/
TS (8:1)~Ru/TS (9 : 1)>Ru/TiO,>Ru/SiO,.

We further investigated the property and concentration of acid
sites of Ru/TS (7:1) and Ru/TiO, by Py-IR. Various vibration bands
of pyridine at different adsorption sites appeared at 1,446cm™
(Lewis acid coordinated pyridine, L-Py), 1,491 cm™" (ring vibration
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Fig. 2. Total amount of acid sites of Rw/TS (6:1) (a), Rw/TS (7:1)
(b), Ru/TS (8:1) (c), Rw/TS (9:1) (d) , Ru/TiO, (e) and Ru/
SiO, (f) determined by NH,-TPD.
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Fig. 3. The Py-IR spectra of the Ru/TS (7:1) (a) and Ru/TiO, (b).

of adsorption pyridine), 1,540 cm™ (Brénsted acid coordinated pyri-
dine, L-py), 1,581cm™' (hydrogen-bonded pyridine, hb-Py) and
1,596 cm™ (strong L-Py) [56-59]. We recorded infrared spectra at
423 X to assess the concentration of the acid center of the samples
for the elimination of physically adsorbed pyridine [57]. The Py-
IR spectra of Ru/TS (7:1) and Ru/TiO, are shown in Fig. 3. For
RW/TiO,, the characterized peaks at 1,606 and 1,444 cm™ are assigned
to Lewis acid sites and no peaks appeared for Bronsted acid site,
while Ru/TS (7: 1) shows a characteristic peak at 1,543 cm™ related
to the Bronsted acid site, which indicates that the introduction of
SiO, could vary the acid sites by generating a large number of OH
groups on the catalyst. In addition, the introduction of SiO, also
increases the intensity of the Lewis acid site shown at 1,606 and
1444 cm™, indicating that the introduction of SiO, to TiO, do
increase the acidity of the catalysts, which is in consistent with the
results of NH,-TPD.
2. Microstructure and the Surface Composition of the Samples
The microstructure of supported metal Ru catalysts is further
addressed by TEM images shown in Fig. 4(A)-(E). For all Ru/TS
catalysts, the size of ruthenium nanoparticles became more uni-
formly dispersed with the increase of SiO, content, which is in
good consistence with the results of CO-chemisorption in Table 2.
The PSD histogram shows that the mean ruthenium nanoparticles
size of 5.1, 54, 5.6 and 5.9 nm for the Ru/TS catalysts, all smaller
than that of 6.2 nm in Ru/TiO,, which may result from the reason
that doping SiO, in TiO, can form Ti-O-Si bond and the existence
of amorphous SiO, around TiO, may delay the growth of nanoparti-
cles and reduce their particle size [60]. It has been reported that
the dispersion of Ni particles on SiO,-TiO, binary oxides is better
than that of TiO, due to the interconnection of silica and titanium
dioxide [61]. In case of the ruthenium nanoparticle in the present
work, it also shows higher dispersion on TS binary oxide supports
verified by the results of XRD and TEM. In addition, the HRTEM
pictures of Ru/TS (7:1) and Ru/TiO, samples in Fig. 4(G), (H)
exhibit that the ruthenium nanoparticles are approximately spheri-
cal and in close contact with the supports. 0.25 nm is attributed to
the crystal plane of TiO, anatase {101} lattice and 0.20 nm to the
main crystal plane attributed by ruthenium {101} lattice. No lat-
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Fig. 4. TEM images and the corresponding PSD histograms of the Ru NPs on the Ru/TS (6:1) (A), RwTS (7:1) (B), Rw/TS (8:1) (C), Rw/
TS (9:1) (D) and Ru/TiO, (E), EDX mapping and corresponding HAADF-STEM image of the Ru/TS (7:1) (F) and HRTEM images

of Ruw/TS (7:1) (G) and Ru/TiO, (H).

tice stripes related to silica particles were observed, indicating that
the silica phase exists in amorphous form in the catalysts. The dis-
tribution of Ru on Ru/TS (7:1) is observed by the EDX elemen-
tal mapping analysis with corresponding HAADF-STEM image
(shown in Fig. 4(F)). It is clear that the Ru NPs were uniformly
distributed in the entire region.

Electronic states of the Ru/TS (7: 1) and Ru/TiO, catalysts are
examined by XPS spectra and the results of the Ru3p and Ti2p spec-
tra of Ru/TiO, and Ru/TS (7: 1) are presented in Fig. 5. Since the
Ti2p peaks partially overlap with the Ru 3p;, peaks, the spectra
were deconvoluted to distinguish the respective contributions. The
fitting results as for Ru are presented in Table 3. For two catalysts,

Ru 3p+Ti 2p L Ti2py,
Ti2p,,
-
=: Ru3pin , Ti satellites
2
2 ]
= 1
wn
= 1
S
=
= I
b
]
500 460 450 4’I70 4&0 450
Binding Energy (eV)
Fig. 5. The Ru3p and Ti2p spectra of the Ru/TS (7:1) (a) and Ru/
TiO, (b).

the binding energy of Ru 3p,,, and the 3p;,-3p,,, doublet separa-
tion is in the range of ca. 483.4-484.2 ¢V and ~22.0 eV, respectively.
It indicates that ruthenium elements in Ru/TS (7:1) and Ru/TiO,
exist as metallic Ru [62]. Obviously, binding energy of Ru 3p,,, in
the two samples is all higher than metal Ru, and a shift for the Ru
3py» peak from 484.2 eV on the Ru/TiO, catalyst to 483.4eV on
the Ru/TS (7:1) appeared, signifying that the Ru species on the
catalysts are electron-deficient and the electron deficient degree of
Ru/TS (7:1) is larger than that of Ru/TiO,, which proved that the
introduction of SiO, enhances the interaction between metal Ru
and the support. Fig. S3 shows the Si2p spectra of Ru/TS (7:1)
and Ru/TiO,. With the introduction of SiO, appeared the Si-O-Si
[63] bond at 102.8 €V, and the peak at 101.9 eV is attributed to the
formation of Ti-O-Si bond [63,64], which is consistent with the
results of FT-IR (Fig. 1(C)).
3. Selective Hydrogenation of Benzene to Cyclohexene

To compare the intrinsic activity and selectivity of catalysts, the
turnover frequency (TOF), weight-specific activity (r,), and initial

Table 3. The deconvolution results of the Ru3p spectra of the Ru/
TS (7:1) and the Ru/TiO, catalysts

Catalyst Peak Peak position/eV ~ FWHM/eV*

RWTS (7:1)  Ru’3p,, 484.2 448
Ru’ 3p,, 462.3 443

Ruw/TiO, Ru’ 3p,, 4834 451
Ru’ 3ps,, 462.2 4.54

“The full width at half maximum of the peak.

Korean J. Chem. Eng.(Vol. 38, No. 4)
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Table 4. Results of the selective hydrogenation of benzene over the Ru/TS and Ru/TiO, catalysts®

Catalyst t* (min) Conv.’ (%) S’ (%) Scra” (%) Yo (%) Sy (%) 1y’ TOF (s ')
Ru/TS (6:1) 15 61.6 44.5 55.5 28.7 76.4 319 3.14
Ru/TS (7:1) 12 52.4 72.9 27.1 38.2 87.3 349 3.07
Ru/TS (8:1) 15 624 53.5 46.5 333 84.1 28.3 3.07
Ru/TS (9:1) 15 58.4 51.3 48.7 29.9 76.6 26.8 3.01
Ru/TiO, 15 60.5 43.5 56.5 26.3 69.8 18.1 2.95
Ru/SiO, 16 494 39.7 60.3 19.6 59.6 12.7 243

“Reaction conditions: 0.1 g of catalyst, 5 ml of benzene, 10 ml of H,0, 1.0 g of ZnSO,-7H,0O, temperature of 423 K, H, pressure of 4.5 MPa,
and stirring rate of 1,000 rpm.

*Values recorded at the maximum yield of cyclohexene.

‘byproduct cyclohexane selectivity at the maximum yield of cyclohexene.

“Initial selectivity towards cyclohexene.

“Initial weight specific activity, unit in mmol C¢H, g cat ' min .
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Fig. 6. The benzene hydrogenation over the Ru/TS (6:1) (a), Ru/TS (7:1) (b), Rw/TS (8:1) (c), Ru/TS (9:1) (d), Ru/TiO, (e) and Ru/SiO;, (f)
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selectivity of cyclohexene (S,) were calculated. The correlation curve
between the content of benzene and time t was fitted to a polyno-
mial, which was then differentiated over reaction time t, and the
intercept obtained by replacing zero with t was r,. Since r, failed to
represent intrinsic hydrogenation activity, the TOFs calculated of
benzene for all catalysts were used to analyze. In addition, the lin-
ear relationship between selectivity of cyclohexene and reaction
time t was fitted, and the curve was extrapolated to zero reaction
time (t=0), with the resulting intercept being initial cyclohexene
selectivity S,.

Table 4 displays the catalytic results of Ru/TS, Ru/TiO, and Ru/
SiO, catalysts in selective hydrogenation of benzene. During the
reaction, only two products of cyclohexane and cyclohexene were
detected under the reaction conditions of 423 K, 4.5 MPa, 1,000
rpm and 1.0 g of ZnSO,-7H,0 as additive. As shown in Fig. 6, for
all Ru supported samples, the conversion of benzene and the selec-
tivity of cyclohexene exhibit similar variation pattern as reaction
proceeding. In the aspect of the curve of cyclohexene yield, there
is a semblable volcanic variation tendency for all Ru supported sam-
ples. In the whole reaction process, benzene content decreased gradu-
ally and cyclohexane content increased monotonically. For cyclo-
hexene, there is a maximum content at a certain period, which is
consistent with the known characteristics of continuous hydroge-
nation. It can be seen in Fig. 6(a)-(e) that among those different
TS supported Ru catalysts, the Ru/TS (7:1) gives the-maximum
yield of cyclohexene obtained by Ru/TS (7:1) catalyst in 12 minutes,
which is 38.2%, among which the benzene conversion is 52.4%
with the highest selectivity to cyclohexene (87.3% of initial cyclo-
hexene selectivity), whereas Ru/SiO, possesses the worst catalytic
performance with 19.6% of cyclohexene yield illustrated in Fig.
6(f). It turns out that adding a small amount of SiO, into TiO, can
indeed improve catalytic performance than Ru/TiO,. In addition,
TOFs results showed the same variation tendency as 1,. It can been
seen that the TOFs increased with the acid amounts of the sup-
ports, on account of the additional hydrogenation of benzene on
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Fig. 7. The correlation of the Ru particle size and the cyclohexene
yield on the Ru/TS (6:1) (a), Rw/TS (7:1) (b), Rw/TS (8:1)
(c), Rw/TS (9:1) (d) and Rw/TiO, (e).

the acid sites of the support with overflow hydrogen (H,,) [22,65].
In the case of high hydrogen coverage, Ru/TS catalyst is more likely
to spill the dissociated hydrogen onto the support than Ru/TiO,,
thus more conducive to the hydrogenation of benzene, which ratio-
nalizes the tendency of TOFs.

Fig. 7 shows the variation trend of particle size of Ru and the
yield of cyclohexene with the increase of mole ratios of Ti/Si. Note
that the yield of cyclohexene exhibited a volcanic-type trend when
particle size of Ru increasing from 5.1 nm to 6.2 nm with the increase
of Ti/Si, proving that the size of Ru has certain effect on the selec-
tive hydrogenation, which can be explained as the variation of hy-
drophilicity of Ru based catalyst proved by Haijie Sun [66]. It can
be also confirmed that the yield of cyclohexene is correlated with
the surface hydrophilicity of the support (Fig. 1(B)), on account of
more OH groups introduction into TS with the increase of SiO,
depicted in the FT-IR spectra (Fig. 1(C)). Among these catalysts,
Ru/TS (7:1) has the most amount of OH groups, leading to bet-
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Fig. 8. (A) Plots between the natural logarithm of benzene concentration and reaction time. (B) plots of the cyclohexane concentration with
respect to the reaction time and (C) the correlation of k,/k, with S, to cyclohexene on Ru/TS (6:1) (a), Rw/TS (7:1) (b), Ru/TS (8:1)

(c), RWTS (9:1) (d) and Ru/TiO, (e).
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ter hydrophilicity and the best catalytic performance was obtained,
which is because high hydrophilicity of the catalyst can generate a
stable water layer during the reaction process. Furthermore, the
solubility of cyclohexene in water is far less than benzene, which
led to the timely desorption of generated cyclohexene from the
catalyst surface, avoiding the cyclohexene depth hydrogenation to
form cyclohexane [14].

From the dynamics point of view;, previous studies have shown
that the relative hydrogenation rate of benzene to cyclohexene (step
1) is determined to be a first-order reaction, and the relative hydroge-
nation rate of cyclohexene to cyclohexane (step 2) is determined to
be zero-order reaction [13]. By fitting the data obtained from the
reaction, steps 1 and 2 are identified as first-order and zero-order
reactions, respectively (Fig. 8(A), (B)). According to the slope of the
relative dynamics value, two rate constants kj, k, and k/k, were
calculated and listed in Table 5. It can be seen in Fig. 8(C) that the
ratio of k,/k, is in accord with the initial selectivity (S,) to cyclo-
hexene.

4. Optimization of Reaction Parameters

The effect of different H, pressure on the catalytic performance
of selective hydrogenation of benzene on Ru/TS (7: 1) was studied
(Fig. 9(a)). The selectivity of cyclohexene increased first and then
decreased with the increment of H, pressure from 3 to 5 MPa. The
results show that the selectivity and yield of cyclohexene reached
the highest value at 4.5 MPa. It is well known that hydrogenation
of benzene is a continuous reaction, and hydrogen pressure has
different effects on different steps of benzene hydrogenation. When
the hydrogen pressure was lower than 4.5 MPa, different reactants
competed for adsorption at the same active site of the catalyst, and
the rate of cyclohexene hydrogenation to cyclohexane was lower

Table 5. Catalytic dynamics research on Ru/TS and Ru/TiO, catalysts

than that of benzene hydrogenation to cyclohexene, which justi-
fies that the selectivity of cyclohexene gradually increases with the
increase of H, pressure [67]. When H, pressure was higher than
4.5 MPa, the selectivity of cyclohexene began to decline. This is
due to the excess hydrogen covering on the catalyst, which easily
accelerates the hydrogenation of cyclohexene to cyclohexane.

Fig. 9(b) exhibits the effect of reaction temperature on the selec-
tivity of cyclohexene over Ru/TS (7:1). The yield of cyclohexene
increased with the increase of temperature from 403 to 423 K, but
further decreased as the temperature continued to rise. The maxi-
mum yield of cyclohexene occurred at 423 K. At temperature below
423 K, the surface coverage of hydrogen on the catalyst decreased
with the increase of temperature, which is not conducive to the
deep hydrogenation of benzene, thus promoting the desorption of
cyclohexene from the catalyst surface to obtain higher cyclohex-
ene yield [45]. Above 423 K, the mass transfer rate of cyclohexene
from water to the catalyst surface increased and the surface cover-
age rate of cyclohexene increased continuously, which endows the
over-hydrogenation of cyclohexene, thus more likely to reduce the
yield of cyclohexene.

In addition, the effect of stirring rate on the selectivity of cyclo-
hexene over Ru/TS (7:1) was also investigated (Fig. 9(c)). Cyclo-
hexene selectivity improved gradually with the stirring rate increasing
from 600 to 1,000 rpm. This is because the four phases in the reac-
tion system can fully contact and increase the reaction rate under
intense stirring rate, which is more conducive to the rapid desorp-
tion of cyclohexene from the catalyst surface. As the stirring rate
continued to rise to 1,200 rpm, the selectivity of cyclohexene began
to decrease significantly. This may be due to the excessive reac-
tion rate, which increases the possibility of contact between cyclo-

Catalysts k, (10 *min ") k, (10 °L "min ") k,/k, (10 *L mol ')
Ru/TS (6:1) 494 180.8 2.73
Ruw/TS (7:1) 5.68 114.3 497
Ru/TS (8: 1) 627 136.1 461
Ru/TS (9: 1) 543 158.1 343
Ru/TiO, 4.67 210.5 222
80 80 80
[C] Conversion to benzene [] Conversion to benzene [C] Conversion to benzene
[ Selectivity to cyclohexene o (a) [ Selectivity to cyclohexene (b) [ Selectivity ((: cyclohexene (c)

=4~ Yield to cyclohexene

=4~ Yield to cyclohexene
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Fig. 9. Effects of reaction conditions over Ru/TS (7:1) of (a) H, pressure, (b) reaction temperature, (¢) Stirring rate. Different reaction condi-
tions: (a) Reaction time: 12 min, Reaction temperature: 423 K, Stirring rate: 1,000 rpm; (b) Reaction time: 12 min, H, pressure:
4.5 MPa, Stirring rate: 1,000 rpm; (c) Reaction time: 12 min, H, pressure: 4.5 MPa, Reaction temperature: 423 K.
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Fig. 10. Reusability of Ru/TS (7:1) Reaction conditions: 0.1g of
catalyst, 5ml of benzene, 10 ml of H,0, 1.0g of ZnSO,.
7H,0, temperature of 423 K, H, pressure of 4.5 MPa, and
stirring rate of 1,000 rpm.

hexene and activated hydrogen, thus causing over-hydrogenation
of cyclohexene.
5. Reusability Performance

The recycle stability of the Ru/TS (7:1) was investigated under
the same reaction conditions and the recycled catalyst did not
undergo any additional treatment; the results are shown in Fig. 10.
After five catalytic experiments, the conversion of benzene was main-
tained at 50% and the selectivity of cyclohexene was about 60%.
ICP-AES result proves that there is a small amount of leaching of
the active component Ru, which was reduced from the original
7.8% to 7.1% after five cycles (Table S1). In addition, as illustrated
in Fig. S4, TEM images show that the Ru metal particles on the
catalyst were partially agglomerated after five cycles, which also led
to the deactivation of the Ru/TS (7:1).

CONCLUSIONS

A series of TS supported Ru-based catalysts with different Ti/Si
molar ratios were synthesized by sol-gel method. The characteri-
zation results show that the dispersion of ruthenium nanoparticles
was improved on binary oxide support compared with that on sin-
gle oxide TiO,, and there was an obvious size effect of ruthenium
with the increase of the molar ratio of Ti/Si. Besides, the introduc-
tion of SiO, enhanced the interaction between Ru and the sup-
port and could also increase the acidity of the support. Especially,
the introduction of SiO, played a significant role in enhancing the
hydrophilicity of TS support by formation of more -OH groups
on the catalysts surface than the single TiO,, thus improving the
cyclohexene selectivity by promoting its faster desorption. It also
indicated that the rate constant k; of the benzene hydrogenation to
cyclohexene was increased and the k, of the cyclohexene hydroge-
nation rate to cyclohexane was decreased when the reaction was
catalyzed by the Ru/TS. In terms of catalytic performance, the Ru/
TS (7:1) catalyst shows 38.2% yield to cyclohexene with the larg-

est initial cyclohexene selectivity S, of 87.3%, and it exhibited good
recycle stability in 5 cycles.
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