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Abstract The multifunctional three-component
mesoporous Sn—Cu-Ti samples were successfully pre-
pared by a facile one-pot AcHE method and characterized
by XRD, N, sorption, ICP, FT-IR, UV-vis, SEM and TEM
techniques, and their catalytic performances were carried out
in the B—V oxidation of cyclohexanone by molecular oxy-
gen. The results show that both tin and copper species can
homogeneously incorporated in the crystalline framework
of mesoporous anatase TiO,, where tin species as the active
sites would increase the Lewis acidity and the oxidation of
benzaldehyde as pro-oxygenic agent would be promoted
by the introduction of little copper species resulting in the
improving catalytic performance. The prepared 15Sn-3Cu—
Ti catalyst shows higher yield of e-caprolactone than other
catalysts and exhibits excellent catalytic stability even after
repeated reaction for five times without any further treat-
ment. The outstanding catalytic performance for Sn—Cu-Ti
catalysts could offer a valuable reference for the industrial
development of B—V oxidation of cyclohexanone.
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1 Introduction

The e-caprolactone, as a kind of important organic chemical
intermediate, can be used for preparation of e-caprolactam,
polycaprolactone and polycaprolactone polyol etc [1-7]. It
was industrially prepared by B—V oxidation of cyclohex-
anone with peroxyacids, organic peroxide or hydrogen per-
oxide as oxidants. It has been demonstrated that some disad-
vantages regarding both safety issues and intrinsic instability
must be of great concern because these oxidants are corro-
sive or explosive [8—11]. Recently, molecular oxygen, which
is environmental friendly, cheaper and safer, would act as an
ideal substitute to avoid the above problems [12—17].
Ordered mesoporous materials attracted extensive atten-
tion because of their high specific surface area, interpen-
etrated and regular mesoporous system and large pore
size with narrow distributions [18-20]. However, since
some ordered non-siliceous mesoporous materials such as
mesoporous metal oxides and heteroatom mesoporous zeo-
lites have been exploited in the latest few years [21, 22],
they have been widely used as catalysts in many industrial
applications. Mesoporous TiO, is an excellent candidate
owing to its outstanding features such as being environmen-
tal friendly, excellent chemical thermal stability, as well as
excellent electronic and optical properties [23-25]. How-
ever, the heteroatom species would be difficult to be incorpo-
rated into the framework of mesoporous TiO, because there
was no active oxygen species resulting in lower interaction
between the heteroatom species and the mesoporous TiO,
[26, 27]. Therefore, the tetravalent tin (Sn4+) incorporated
into the mesoporous TiO, would be hardly realized. In our
previous study [28, 29], Sn—Ti catalysts can be successfully
prepared by EISA method, and the catalytic performance
can be promoted in the B—V oxidation of cyclohexanone by
molecular oxygen because of its increasing Lewis acid sites
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resulting in the activation for the carbonyl in the molecular
structure of the cyclohexanone compared to mesoporous
TiO, catalyst, which also further demonstrated that the
mesoporous composite metal oxides shows higher catalytic
performance.

Copper based materials [15, 30-33] have been proved
to act as highly active catalysts for many oxidation reac-
tions, especially in the oxidation of benzaldehyde, which
is the co-oxidant in the BV oxidation of cyclohexanone
by molecular oxygen. Thus, the introduction of copper
species in the tin based catalysts must show good catalytic
performance because it can accelerate the first step of the
B-V oxidation in terms of the proposed mechanism. The
Fe;0,-L-dopa-Cu"/Sn'Y @m, m-SiO, sample shows good
catalytic performance in the B—V oxidation of cyclohex-
anone by air in the presence of 1,2-dichloroethane as the sol-
vent, where conversion of cyclohexnanone more than 99.9%
as well as selectivity of e-caprolactone more than 99.9%
can be obtained [34]. However, the preparation procedure of
these catalysts was complicated resulting in the uncontrolled
properties of these samples as well as the solvent with high
toxicity. Therefore, it is essential to explore a simple and
controllable method for tin and copper species doped cata-
lysts with high catalytic performance for the B-V oxidation
of cyclohexanone. However, there was no literature about
the preparation for the mesoporous Sn—Cu—Ti materials for
the B—V oxidation of cyclohexanone by molecular oxygen.

In this paper, a series of ordered multifunctional three-
component mesoporous Sn—Cu-Ti samples with differ-
ent tin and copper species loadings were synthesized by a
facile one-pot AcHE method, and their chemical physical
properties were also investigated by different techniques.
Furthermore, the catalytic performance of these prepared
samples was studied in the B—V oxidation of cyclohexanone
by molecular oxygen.

2 Experimental
2.1 Sample preparation

Ordered multifunctional three-component mesoporous
Sn—Cu-Ti samples were prepared in the presence of F127
as soft template according to the literature [29, 35-37]. In
a typical synthesis process, 1.6 g of F127 was dissolved in
30 g anhydrous ethanol solution containing 1.4 g of hydro-
chloric acid and 0.6 g of acetic acid. After that, 3 g of tita-
nium isopropoxide, a required amount of tin tetrachloride
(0.09, 0.19, 0.29 and 0.38 g) and copper nitrate (0.03, 0.05,
0.07, 0.10, 0.12 g) were simultaneously added into the
above solution. After being vigorously stirred at 303 K for
24 h, the resultant mixture was transferred to a Petri dish
by solvent evaporation at 318 K for 48 h, and then the film
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was thermally treated at 373 K for another 24 h. The final
product was calcined at 623 K in air for 5 h and defined as
xSn—yCu-Ti, where x and y stand for the weight percent of
tin and copper species, respectively.

At the same time, the 15Sn—3Cu/Ti sample was pre-
pared by impregnation method for comparison. 0.29 g of
tin tetrachloride and 0.07 g copper nitrate was simultane-
ously added into the 30 g deionized water containing 0.85 g
pre-synthesized mesoporous TiO, by AcHE method. After
being stirred for 24 h, the mixture was heated to 393 K for
evaporating the solvent and then dried at 373 K for another
24 h followed by calcination at 623 K in air for 5 h.

2.2 Sample characterization

XRD patterns of the samples were obtained on a Bruker D8
instrument with Ni-filtered Cu Ka radiation (A=0.154 nm)
operated at 40 kV and 30 mA. The scanning rate was
0.05(°) s~! in the 26 range from 0.75° to 80°. N, sorption
isotherms were measured at 77 K using a Micromeritics
Tristar 3000 system. The surface area was calculated by
the BET method and the mesoporous size distribution was
obtained by using the BJH adsorption model. The weight
percent of tin and copper species was analyzed by ICP (Opti-
ma2100DV, PerkinElmer) after the sample was dissolved in
HF solution. UV-vis DRS measurement was conducted on
Lambda 950 spectro analysis instrument. The wavelength
range was from 200 to 800 nm in the presence of BaSO,
as reference compound. FT-IR spectra of pyridine-absorbed
were obtained on the Thermo Nicolet NEXUS spectrom-
eter in KBr pellets. The sample was pretreated in 1072 Pa at
573 K for 3 h and then cooled down to room temperature.
After that, pyridine was adsorbed for 2 h and the temperature
was raise to 473 K for 1 h in order to remove the physisorbed
pyridine. IR spectra were measured at room temperature.
The sample was dispersed in ethanol assisted by an ultra-
sonic technique and its morphology was visualized using a
TEM (JEOL JEM 2100) operated at 120 kV. The dispersion
of the semiquantitative elemental composition (Sn, Ti and
0O) was verified by EDX spectrometer analysis.

2.3 B-V oxidation of cyclohexanone

The B-V oxidation of cyclohexanone was performed in a
three-neck flat bottom flask, where one neck was equipped
with a reflux condenser and oxygen as oxidant was con-
tinuously introduced through another neck. In a typical
process, 0.14 g catalyst was added into 0.5 g cyclohex-
anone using acetonitrile as solvent and benzaldehyde as
pro-oxygenic agent, and the mixture was kept at 343 K for
5 h with continuous stirring. Then the reaction mixture was
cooled down to room temperature and the product after
centrifugation for removing the catalyst was analyzed on
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a SP-6890 gas chromatograph equipped with a SE-30 col-
umn (0.25 pm X 50 m). The conversion of cyclohexanone
and the selectivity of e-caprolactone were calculated by
internal standard method using dodecane. The reusability
for the catalyst was investigated by filtration without any
further treatment in the next run.

3 Results and discussion
3.1 Sample characterization
XRD patterns for Sn—Cu-Ti samples with different cop-

per species loadings are shown in Fig. 1. It can be seen
from Fig. la that a resolved diffraction peak centered

(a)

approximately at 1.2° assigned to the (100) reflection would
be observed for all the five samples, whose intensity would
be promoted and shifted to higher level when the weight
percent of copper species increases from 1 to 3, suggest-
ing their ordered mesoporous structure and the decreasing
interplanar spacing on the basis of the Bragg equation owing
to the smaller d-spacing of CuO (0.170 nm) than it of TiO,
(0.346 nm) probably [38, 39]. On the contrary, its intensity
would decrease and it would be shifted to the lower angle
with the further increase of the weight percent of copper
species from 4 to 5 because of the destruction and block-
age of partial pores by excessive copper species probably.
As seen from Fig. 1b, the typical anatase TiO, structure
was formed and its relative crystallinity increased when the
weight percent of copper species was less than 3. However,
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Fig. 1 Small-angle (a) and wide-angle (b) XRD patterns for Sn—Cu-Ti samples. (a) 10Sn—1Cu-Ti, (b) 10Sn—2Cu-Ti, (¢) 10Sn-3Cu-Ti, (d)

10Sn—4Cu-Ti, (e) 10Sn—5Cu-Ti
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Fig. 2 N, sorption isotherms (a) and pore size distributions (b) for Sn—Cu-Ti samples. (@) 10Sn—1Cu-Ti, (b) 10Sn—2Cu-Ti, (c¢) 10Sn-3Cu-Ti,

(d) 10Sn—4Cu-Ti, (¢) 10Sn—5Cu-Ti
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further increasing of copper species would be unfavorable.
There were no any peaks corresponding to tin and copper
species indicating their highly dispersion.

The N, sorption isotherms and pore size distributions for
Sn—Cu-Ti samples are presented in Fig. 2. All the samples
exhibited typical IV isotherms and sharp capillary conden-
sation steps at the P/P,, of 0.4-0.8, suggesting the cylindri-
cal mesopores. At the same time, the hysteresis loop was
slightly shifted to lower relative pressure and the adsorp-
tion capacity increased when the weight percent of copper
species increased from 1 to 3, showing the promoting pore
size from 4.7 to 5.2 nm and volume from 0.17 to 0.22 cm?/g
because of smaller atomic radius of copper (117 pm) than it
of titanium (132 pm) by the incorporation of some copper

species into the framework of mesoporous TiO, probably
even if the interplanar spacing became smaller [40, 41].
With the further increasing of copper species, the adsorp-
tion capacity decreased, which is coincident with the results
of the XRD patterns. The physical properties for different
Sn—Cu-Ti samples are shown in Table 1. It can be seen
that surface area 183.7 m?/g, pore size 5.2 nm and volume
0.22 cm®/g for 10Sn—3Cu-Ti sample was higher than other
samples.

The third component introduced into the EISA or AcHE
system would affect severely the tremendous diversities
of physical chemical properties for the prepared catalysts
because the AcHE procedure was complicated and diffi-
cultly controllable. Therefore, the Sn—3Cu—Ti samples with

Table 1 Physical properties for

) Samples Pore size (nm)* SgET (m% g)b Pore volume Cu loading Sn
different samples (cm’/g)° (wt%)4 loading
(wt%)"

10Sn—-1Cu-Ti 4.7 164.0 0.17 0.83 10.08
10Sn—2Cu-Ti 5.0 173.1 0.18 1.91 9.94
10Sn-3Cu-Ti 5.2 183.7 0.22 2.86 9.97
10Sn—4Cu-Ti 5.0 167.1 0.20 3.89 9.93
10Sn-5Cu-Ti 4.9 155.5 0.19 4.81 9.96
5Sn-3Cu-Ti 5.5 160.3 0.21 2.87 4.98
15Sn-3Cu-Ti 5.0 188.1 0.26 2.95 14.94
20Sn-3Cu-Ti 4.8 174.7 0.17 2.98 19.93
15Sn-3Cu/Ti 5.7 95.7 0.32 2.89 14.81
“BJH method
BET specific areas
‘P/P,=0.99
ICP-OES
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Fig. 3 Small-angle (a) and wide-angle (b) XRD patterns for different samples. (a) 15Sn—-3Cu/Ti, (b) 5Sn-3Cu-Ti, (¢) 10Sn-3Cu-Ti, (d) 15Sn—

3Cu-Tij, (e) 20Sn-3Cu-Ti
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different weight percent of tin species from 5 to 20 were
prepared when the optimal weight percent of copper spe-
cies was as high as 3%, and the XRD patterns are shown in
Fig. 3. All the samples prepared by AcHE method exhibited
an intensive diffraction peak centered at around 1.2°, indi-
cating their ordered mesoporous structure. In addition, the
peak was slightly shifted to higher level with the weight
percent increasing of tin species from 5 to 20, suggesting
the decreasing interplanar spacing on the basis of the Bragg
equation owing to the smaller d-spacing of SnO, (0.211 nm)
probably [42]. On the contrary, no any peak can be observed
for 15Sn-3Cu/Ti sample prepared by impregnation method
because of the destruction of the mesoporous framework of
TiO,. It can be seen from Fig. 3b that the Sn—Cu-Ti sam-
ples show atypical anatase tetragonal crystal structure and its
grainsize is about 12.4 nm calculated by the Scherrer equa-
tion, which is much smaller than that of commercial TiO,.
Any peaks corresponding to tin species and copper species
would not be observed, suggesting their highly dispersion.
Their N, sorption isotherms and corresponding pore size
distributions for different samples are presented in Fig. 4. It
can be seen that the isotherms of the samples are typical IV
curves, which is the character for mesoporous solid materials
with cylindrical channels. As seen from Fig. 4b, the nar-
row pore size distribution in the range of 4-5 nm for all the
samples can be obtained regardless of the weight percent of
tin species. Their physical chemical properties are listed in
Table 1. It can be seen that the pore size would be dropped
with the tin species loading increasing from 5 to 20 owing
to the bigger atomic radius of tin (140 pm) as well as partial
blockage of pores even when the weight percent of tin spe-
cies is as high as 5%, which is excessive for its incorporation
into the mesoporous framework of anatase TiO, probably.
The specific surface area and pore volume for 15Sn—3Cu-Ti
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Fig. 5 UV-vis spectra for Sn—Cu-Ti samples. (a) M-TiO,, (b) 5Sn—
3Cu-Ti, (¢) 10Sn—-3Cu-Ti, (d) 15Sn-3Cu-Ti, (¢) 20Sn-3Cu-Ti

sample was higher than other samples. In addition, all the tin
and copper species can be incorporated into the framework
of TiO, because the actual loading of tin and copper species
was found to be agreed with the theoretical value based on
the ICP results.

Figure 5 shows the UV—-vis spectra for different Sn—Cu-Ti
samples. All the samples exhibited intensive absorption
band centered at around 210 nm, suggesting ligand-to-metal
charge transfer between oxygen ligand and isolated divalent
tin ion (LMCT) [43]. Furthermore, compared to M-TiO,
sample, a red shift of absorption bands can be observed
owing to the reduced crystallinity [28]. A new weak and
broad absorption band between 600 and 800 nm can be
observed, which was generally assigned to the d—d transition
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Fig. 4 N, sorption isotherms (a) and pore size distributions (b) for different samples. (a) 15Sn-3Cu/Ti, (b) 5Sn-3Cu-Ti, (¢) 10Sn-3Cu-Ti, (d)

15Sn-3Cu-Ti, (e) 20Sn-3Cu-Ti
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Fig. 6 FT-IR spectra of pyridine-adsorbed for Sn—Cu-Ti samples.
(a) 5Sn-3Cu-Ti, (b) 10Sn-3Cu-Ti, (¢) 15Sn-3Cu-Ti, (d) 20Sn—
3Cu-Ti

of divalent copper ion in pseudo-octahedral coordination
suggesting the formation of segregated copper oxide par-
ticles [44], which is too small to detect by XRD patterns.

Fig. 7 TEM images for dif-
ferent Sn—Cu-Ti samples. a
5Sn-3Cu-Ti, b 10Sn-3Cu-Ti,
¢ 15Sn-3Cu-Ti, d HR-TEM for
15Sn-3Cu-Ti sample
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FT-IR spectra of pyridine-adsorbed for different
Sn—Cu-Ti samples are shown in Fig. 6. The bands at 1455
and 1545 cm™! could be assigned to the effects between pyri-
dine and Lewis and Brgnsted acid sites, respectively [45].
From Fig. 6, it can be seen that the samples mainly have
Lewis acid sites and it would be promoted with the tin spe-
cies increasing, which would be beneficial to their catalytic
performances in the B—V oxidation of cyclohexanone by
molecular oxygen.

Figure 7 is the TEM images for different Sn—Cu-Ti
samples. It can be seen from Fig. 7 that the typical ordered
mesostructure was obviously observed, and with the weight
percent of tin species increasing, the fringe of the crystal lat-
tice becomes more and more obscure owing to the blockage
of tin species in the pores probably [29], which is coincident
with the XRD pattern results. The HR-TEM images seen
from Fig. 7d show that the framework of TiO, is crystallized
with lattices in the d-spacing of 0.346 nm, which is well-
matched to the 101 reflection [46]. In addition, the (111)
planes for SnO, can be identified by the typical interfringe
distance of 0.211 nm [42, 47, 48]. Meanwhile, the (020)
planes for CuO can be identified by the typical interfringe
distance of 0.170 nm [39, 49, 50], indicating the tin species
and copper species would be homogeneously incorporated in
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Fig. 8 SEM photo (a) and elec-
tron mapping of particles (b—d)
for 15Sn—-3Cu-Ti sample

the framework of anatase TiO,. Figure 8 was the SEM photo
and electron mapping of particles for 15Sn-3Cu-Ti sam-
ple. It can be seen that the EDX element mapping showed
uniform X-ray intensities of the Ti, Sn and Cu signals, sug-
gesting their homogeneous distribution, which agrees with
the XRD analysis.

3.2 Catalyst performance

The catalytic behaviors of different catalysts in the BV oxi-
dation of cyclohexanone by molecular oxygen are investi-
gated and the results are listed in Table 2. From Table 2, with
the tin species loading increasing from 5 to 15, cyclohex-
anone conversion, eg-caprolactone selectivity and TON
value increased, and then dropped at higher tin species
loading. The most active catalyst was 15Sn—3Cu-Ti, giving
a cyclohexanone conversion of 96.3%, e-caprolactone selec-
tivity of 95.2% and TON value of 3.5 owing to its appropri-
ate BET surface area and acidity, especially Lewis acid sites,
which is much higher than the results of the literature [34].
However, the 15Sn—-3Cu/Ti catalyst prepared by impreg-
nation method shows only a cyclohexanone conversion of
73.1%, e-caprolactone selectivity of 81.2% and TON value
of 2.3, which is much lower than 15Sn-3Cu-Ti catalyst pre-
pared by AcHE method although the tin species and copper
species are the same.

Table 2 Catalytic performances for different catalysts in the B-V
oxidation of cyclohexanone by molecular oxygen

Catalysts Cyclohexanone Caprolactone TON*
conversion (%) selectivity (%)

15Sn-3Cuw/Ti 73.1 81.2 2.3
5Sn-3Cu-Ti 88.1 89.2 2.8
10Sn-3Cu-Ti 91.4 92.6 3.1
15Sn-3Cu-Ti 96.3 95.2 3.5
20Sn-3Cu-Ti 92.4 91.6 34
Reaction conditions: w(catalyst)/w(cyclohexanone) =0.24;

w(acetonitrile)/w(cyclohexanone) =30; w(benzaldehyde)/
w(cyclohexanone)=2.4; reaction time: 5 h; O,: 10 ml/min; reaction
temperature: 343 K

#Turnover number (TON): moles of product per mol of catalyst

Table 3 lists the results of the catalytic stability for
15Sn-3Cu-Ti catalyst. The conversion of cyclohex-
anone, selectivity of e-caprolactone and TON value
decreased slightly with the increase of reaction number,
and cyclohexanone conversion of 88.9%, e-caprolactone
selectivity of 89.1% and TON value of 3.0 can be obtained
after repeated reaction for 5 times, suggesting its good
catalytic stability.
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Table 3 Catalytic reusability for 15Sn—3Cu-Ti catalyst

Reaction Cyclohexanone con-  Caprolactone selec- TON
number version (%) tivity (%)

1 96.3 95.2 35

2 93.5 93.2 34

3 90.7 91.8 32

4 89.6 90.6 3.1

5 88.9 89.1 3.0
Reaction  conditions: ~ w(15Sn—3Cu-Ti)/w(cyclohexanone)=0.24;

w(acetonitrile)/w(cyclohexanone) =30; w(benzaldehyde)/
w(cyclohexanone) =2.4; reaction time: 5 h; O,: 10 ml/min; reaction
temperature: 343 K

4 Conclusions

The multifunctional three-component ordered mesoporous
Sn—Cu-Ti samples with different tin and copper species
loading were successfully prepared by AcHE method in this
paper. The tin and copper species can be almost incorpo-
rated into the mesoporous framework of anatase TiO, and
the physical chemical properties would be promoted, espe-
cially the Lewis acidity. The prepared 15Sn—3Cu-Ti catalyst
shows higher catalytic performances than other samples in
the B—V oxidation of cyclohexanone by molecular oxygen,
and cyclohexanone conversion of 96.3%, e-caprolactone
selectivity of 95.2% and TON value of 3.5 can be obtained.
The 15Sn—-3Cu-Ti catalyst has good catalytic stability, and
cyclohexanone conversion of 88.9%, e-caprolactone selec-
tivity of 89.1% and TON value of 3.0 can be obtained even
after repeated reaction for 5 times.
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