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Synthesis of vanadium oxides 5 wt.% VO,-M O, by sol-gel process
and application in cyclohexene epoxidation
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Abstract. A series of SiO;, Al;03 and TiO; mixed vanadium materials have been prepared from inorganic precur-
sors via the sol-gel process and subsequently dried, calcined and reduced at elevated temperatures. Structural cha-
racterization of these materials was carried out by X-ray diffraction (XRD), N, adsorption at 77 K, thermal analysis
(TGA/DTA), UV-vis diffused reflectance spectroscopy (DR UV-vis) and scanning electron microscopy (SEM) with
energy dispersive X-ray (EDX). Their catalytic activities in the epoxidation of cyclohexene with TBHP as oxidant
were also examined. Results of XRD and DR UV-visible diffused revealed that VO, species are predominant in
all samples and no formation of V,05 was detected. Experimental results indicated that the VO,-SiO, catalysts

performed excellently for the epoxidation of cyclohexene by tertiobutyl hydroperoxide.
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1. Introduction

The preparation of micro- and mesoporous solids with a
high effective surface area has attracted considerable atten-
tion because of the potential size-selective properties of
such porous materials as catalysts, catalyst supports and fil-
ters (Thomas and Thomas 1997; Farrusseng et al 2001).
The sol-gel technique is an attractive approach for prepar-
ing micro/mesoporous oxide materials as powders with
high purity and homogeneity due to its flexibility and
low temperature preparation of sols and gels (Brinker and
Schere 1990). Actually, the ability of sol-gel to form mixed
M-O-M’ bonds (where M and M’ denote two different metal
atoms) leads to high densities of acid sites, while provid-
ing high surface area and pore volume desired for catalytic
applications (Miller and Ko 1997). Vanadium is a very spe-
cial metal with unique mechanical properties. Besides, it
is the most important metal used in metal oxide cataly-
sis (Ertl et al 1997; Hagen 1999). The oxidation states
of the vanadium atoms vary from two to five, and this
fact is responsible for its use as a catalyst because of an
easy conversion between oxides of different stoichiome-
tries. The principal vanadium oxides are V,0s5, VO,, V,03,
VO, and the oxidation state of these oxides decreases from
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V+ to I, respectively. Due to the restrictions of ther-
mal stability, mechanical strength and surface area of vana-
dium oxides, they are generally not used directly as a cata-
lyst in industry (Weckhuysen and Keller 2003). Micro-
porous molecular sieves incorporated with vanadium were
found to be active catalysts for various oxidation reactions
(Whitting and Anderson 1993). However, activity and selec-
tivity of these materials are sensitive to the preparation
methods (Sen et al 1996).

Epoxidation reactions are indispensable for the chemical
industry because of the ease with which they can be used
to convert olefins to oxygenated molecules, so-called epoxi-
des, by oxygen transfer reaction. Epoxides are valuable and
versatile commercial intermediates used as key raw mate-
rials for a wide variety of products owing to the nume-
rous reactions they may undergo (Sreethawong et al 2005).
Cyclohexene epoxidation that yields the cyclohexene oxide
is one of the most difficult cases, in which the first two
problems, viz. allylic oxidation and epoxide ring-opening,
occur considerably. Cyclohexene oxide is an important
organic intermediate consumed in the production of phar-
maceuticals, plant-protection agents, pesticides and stabi-
lizers for chlorinated hydrocarbons (Technical Data Sheet
1997). Much effort has been dedicated to the development
of new active and selective cyclohexene epoxidation cata-
lysts that circumvent the side reactions and subsequent for-
mation of large amounts of by-products (Sreethawong et al
2005).
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The aim of the present study is to provide and to opti-
mize vanadium heterogenous catalyst suitable for cyclohe-
xene epoxidation. This includes the preparation of mixed
oxides with 5 wt.% vanadium loading by sol-gel method.
BET, XDR, SEM, ATG and UV-Vis DRS spectroscopic tech-
niques are used to study the change of solid structure and
vanadium oxidation state on various oxides and investigate
the catalytic performance of the prepared catalysts in the
selective epoxidation of cyclohexene, in liquid phase, with
TBHP as oxidant.

2. Experimental

2.1 Starting materials

The following chemicals were employed for the prepa-
ration and in catalytic test of 5 wt.%V0O,-Si0;, Al,0O3
and TiO;: tetraethylorthosilicate (CgHy0O4Si, Aldrich 98%),
aluminium tributoxide ((C4HyO)3Al, Aldrich 95%), titane
tetraisopropanolate (Ti(O(CH;); CHj)4, Aldrich 97%),
ammonium metavanadate (NH4VO;3; Strem chemicals,
99%), chloridic acid, ethanol, propanol (from Aldrich),
cyclohexene (Aldrich 99%), tertiobutyl hydroperoxide
(TBHP, Aldrich 70%) and heptane (Fluka 99%).

2.2 Synthesis

2.2a Synthesis of 5 wt.% VO,-Si0, and 5 wt.% VO,-TiO;:
The mixed oxide was prepared by an acid-catalyzed sol-gel
process (Klein et al 1996). A quantity of 0-46 g of ammo-
nium metavanadate (NH4VO3) was dissolved in a mixture of
14 mL of titane tetraisopropanolate or 16-22 mL of silicate
orthotetraethyl and 13 mL of ethanol or 11-2 mL of propanol.
The mixture was stirred for 24 h, and then 4-5 mL of HCI
was added to this solution. The resulting solution was stirred
for 24 h. This solution was first dried at 333 K for one night,
next at 393 K for another night and then calcined at 673 K for
4 h in air and finally reduced to 673 K for 4 h under hydro-
gen flow. The sample thus obtained was heated at 1073 K for
4 h under an argon flow (28 mL/min).

2.2b  Synthesis of 5 wt.% VO,-Al,O3: This sample was
obtained following the procedure described by Yoldas
(1975). The hydrolysis and peptization of 0-11 g of alu-
minium tributoxide Al (OC4Hg); was carried out by the sin-
gle addition of 66-6 mL of water at 333 K, under stirring, for
1 h. The addition of 0-11 mL of HCl and 0-57 g of NH4VO;
with a temperature increase to 353 K, while stirring for 2 h,
lead to gel formation. The gel was dried in an oven, under air
flow, at 393 K during one night and finally calcined at 673 K
for 4 h in air then reduced at 673 K for 4 h under hydrogen
flow. The sample thus obtained was heated at 1073 K for 4 h
under an argon flow (28 mL/min).
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2.3 Catalyst characterization

The VO,-Si0,, Al,03 and TiO; catalysts have been charac-
terized by X-ray powder diffraction (XRD) using a Bruker
D5005 diffractometer with Cu Ko radiation (A = 1-54060)
in the range of 260 = 10-80° with a step of 0-02° and an
acquisition time of 1s.

BET surface area was determined from N, adsorption
isotherms at 77 K using a Micromeritics Tristar instru-
ment. Prior to the absorption measurements, the sample was
degassed at 673 K for 4 h under a flow of 30% nitrogen
in helium. Nitrogen physisorption isotherms were analysed
using BJH and BET methods.

The prepared samples were analysed by thermal analysis
(TGA/DTA) using a device type SDT Q600 instrument. The
20-30 mg sample mass was then introduced into a platinum
crucible, which was supported by the beam of a balance in
the oven. The analysis was performed in air at a temperature
ramp of 5 °C/min in the range 298-1473 K.

These analyses were carried out in the Laboratory
of Catalysis in Organic Chemistry (LACCO, UMR6503)
Poitiers University, France.

The UV-visible spectra (200-800 nm) of these samples
were carried out on UV/Vis spectrometer Perkin Elmer
with a Cary 4/5 diffuse reflection sphere. The baseline was
recorded using MgO as reference.

Scanning electron microscopy (SEM) with energy disper-
sive X-ray (EDX) analysis was performed using a Hitachi-
TM.1000 at 150 kV acceleration voltage.

2.4 Catalytic experiments

The catalytic epoxidation of cyclohexene with tertiobutylhy-
droperoxide (TBHP) (Aldrich, 70 wt.% in H,O) as an oxi-
dant, was carried out in a two neck glass round-bottom flask
equipped with a magnetic stirrer and a reflux condenser.
First, TBHP was stirred with heptanes as solvent in order to
perform a phase transfer from water to organic phase. Typi-
cally, 25 mL of heptane and 38-45 mmol (5-5 mL) of oxidant
(TBHP) were mixed in a closed Erlenmeyer flask and mag-
netically stirred for 24 h. The organic phase was then sepa-
rated from the aqueous phase. To control the phase transfer,
concentration of the remaining TBHP in the aqueous phase
was determined by iodometric titration. Less than 10 % of the
initial TBHP remained in the aqueous phase. Then, 29 mmol
(3 mL) of cyclohexene was added to the TBHP-heptane mix-
ture. The mixture was heated to 338 K under vigorous sti-
rring, and then the catalyst (100 mg) was added (time zero).
The reaction products were identified by comparison with
authentic products and the course of reactions was followed
by gas chromatography (GC), using a SCHIMADZU 14-B
gas chromatograph equipped with a Agile HP-FFAP capi-
llary column. A flame ionization detector (FID) was used
and 0-5uL of the sample was analysed. Before GC analy-
sis, remaining TBHP was decomposed by introducing an
excess of triphenylphosphine (Aldrich). On the other hand, to
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control the remaining TBHP, an iodometric titration was per-
formed at the end of the reaction (after 6 h) by analysing the
organic phase.

Conversion (%) = (moles of initial substrate
— moles of residual substrate/

moles of initial substrate) x 100,

Selectivity (%) = (moles of individual product/
moles of total products) x 100.

3. Results and discussion

3.1 Catalyst characterization

All diffractograms of the prepared catalysts are shown in
figure 1. XRD patterns of VO,—SiO, catalysts show a peak
at about 260 = 22°, which is broadened due to the par-
tially amorphous nature of silica. The same results have
been obtained by Yejun and Can (2007) and Aboelfetoh and
Pietschnig (2009). The diffractograms of VO,-Al,03 cal-
cined and reduced at 673 K show only the characteristic
peaks of the Al,O3 with boehmite phase (AIO(OH),H,0)
[ICDD pattern 21-307] (Nguefack et al 2003). For the sam-
ple heated at 1073 K, besides the typical peaks of 6-Al,O3
well-defined peaks at 260 = 35-2°, 21-5°, 25-5° and 43°
[ICDD pattern 46-1215] and corundum (26 = 36°, 44° and
58°) [ICDD pattern 46-1212] appeared, and 20 = 25°, 32°,
56° and 70° correspond to crystalline VO, [ICDD pattern
76-0676] (Nguefack er al 2003; Aboelfetoh and Pietschnig
2009). The presence of TiO, anatase at 260 = 25-3°, 37-8°,
48-1°, 55°, 62-8° and 68-9° [ICDD pattern 21-1272] was
detected as the only crystalline phase of VO,-TiO, (Jiang
and Chen 2004; Habel ef al 2006). XRD analysis does not
present any characteristic diffraction peak of VO, or other
vanadium oxide. Therefore, vanadium oxide will be either
amorphous or very well dispersed in the TiO, phase (Bellifa
et al 2006).
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Figure 1.
1073 K.
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The textural properties of catalysts measured by N
adsorption according to BET method are summarized in
table 1. BET surface areas of the VO,-SiO, was found to
decrease from 390 m?/g at 673 K to 5 m?/g at 1073 K just
like the BET surface area of VO,—Al,O3 which was found
to decrease from 368 m?/g at 673 K to 2 m?/g at 1073 K,
due to sintering of the sample at higher calcination tempera-
tures (Reddy et al 2006). A progressive decrease in the sur-
face area with increasing calcination temperatures is mainly
due to sintering of the sample at higher calcination temper-
atures, and this is a normal phenomenon (Bond and Tahir
1991; Deo et al 1994; Reddy et al 2002, 2003). For the same
vanadium loading, VO,-SiO; samples develop, in general,
in higher surface areas than VO,-Al,O3 samples. However,
the latter have larger average pore diameters, which is of
interest because of the easy diffusion of reactants into the
active sites (Moussa et al 2006). The surface of VO,-TiO,
(140 m?/g) is lower compared to that of silica and alumina
which are respectively, 390 and 368 m? /g due to the grafting
of vanadium species in the pores of titanium (Yejun and Can
2007). Nitrogen adsorption—desorption isotherms of samples
are shown in figure 2, respectively. The obtained isotherms
of VO,-Al,03 and VO,-TiO, (673 K) can be classified as
type-1V, according to the IUPAC (Gregg and Sing 1982; Sing
et al 1985), associated to the capillary condensation in the

Table 1. BET surface area results for different samples.
Treatment Pore Pore
temperature SBET volume size
Material (K) (m?/g)  (cm’/g) A)
5% VO,-SiOy 673 390 0-19 20
5% VO,-Si0; 1073 5 0-0002 -
5% VO,-Al,03 673 368 0-37 40
5% VO-Al,03 1073 2 0-0068 196
5% VO,-TiO, 673 140 0-12 35

Vo, #

Corundum o

delta Al O, «

il reersmereen VO,-SI0,
10 20 30 40 50 60 70 80

2 Theta

(b)

Powder-XRD patterns of 5%VO,-M,O, materials; (a) calcined—reduced at 673 K and (b) heated at
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Figure 2. N; adsorption—desorption isotherms and pore size dis-

tribution of 5%V0,-M, Oy, samples: VO,-SiO; (a), VO,-Al;03
(b) and VO,-TiO3 (¢).

mesoporous structure. However, VO,—SiO, isotherm can be
classified as type-I with microporous structure.

The UV-Vis diffused reflectance spectra of VO,—Al,03,
VO,-Si0; and VO,-TiO, are shown in figure 3. The absorp-
tion of VO,-Al,03; (673 K) in the range 250-400 nm can
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Figure 3. DR-UV-vis spectra of 5%VO;-M,O0O,
V0,-Si0; (a), VO2-Al,03 (b) and VO,-TiO3 (c).

materials:

be considered negligible compared to that of VO,-Al,03
(1073 K) which displayed a wide and intense band at 350—
450 nm. The observed band suggests a higher degree of
condensation of vanadium oxide species (Aboelfetoh and
Pietschnig 2009). The treatment at 1073 K caused a struc-
tural change of the material, making the vanadium sites to
have better contact with common UV radiation (Bocuzzi
et al 1998; Centeno et al 2002). This actually increased
intensity of the spectrum and made appearance of the char-
acteristic bands of VO, species between 350 and 450 nm
(Li-Bin et al 2002). However, characteristic bands of alu-
mina, 262 nm (Ivanova 2004) are masked by VO, species.
Concerning the VO,-SiO, samples (673 K and 1073 K),
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UV-Vis spectra showed vanadium oxides adsorption bands in
the range 350-450 nm. For titania, we detected four bands
characteristic of anatase phase (Nur 2006); a band at 213 nm
which corresponds to Ti** cations in a tetrahedral environ-
ment due to the electronic transition between Ti** and oxy-
gen ligands (Zheng and Gao 2002; Cozzolino et al 2007),
and the bands at 273, 312 and 333 nm characteristic of Ti**
cations in an octahedral environment (Haskouri ef al 2001;
Cozzolino et al 2007). When vanadium was added to titania,
a reduction in the spectrum intensity was observed. This was
due to the deposition of vanadium oxides and was explained
by the wide band between 450 and 350 nm. However, cha-
racteristic bands of Ti** species still existed, which affirmed
the existence of two species TiO, and VO,. The results of
UV-Vis are confirmed by the results of XRD.

TGA curves of the thermally treated VO,-SiO, (a) and
VO,-TiO; (b) in figure 4 show one weight loss step (~5 %)
up to 423 K, which can be attributed to the removal of
water trapped in the pores of the xerogel composite. TGA
analysis also shows a continuous weight loss (~4-5%) up
to 1273 K. According to earlier studies (Aboelfetoh and
Pietschnig 2009), the weight loss between 573 and 1273 K
can be attributed only to the loss of hydroxyl groups. In the
case of VO,-Al;,03 (c) in figure 4, an important continu-
ous weight loss was observed up to 873 K which continues
slowly up to 1273 K (~24 %) corresponding to the removal
of water, surface hydroxyl groups and consequent transfor-
mation of boemithe to y, § and #-alumina (Cruz and Eon
1998; Nguefack et al 2003).

AIO(OH) - nH,O — y-Al,05(653-873 K)
—> §-Al,05(873-1073 K)

— 0-AL05(1073-1373 K)
— a-ALO;(> 1373 K).

105
100 |
95 4 (b)
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z ——
5 o | (@
=
80 - (c)
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70 : : : :
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Temperature (°C)

Figure 4. Thermogravimetric analysis of VO,-SiO; (a), VO,—
TiO7 (b) and VO,—-Al>03 (¢) samples before thermal treatment at
673 K.
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Table 2. Amount of OH surface groups.

Weight loss OH groups
Material (%) (mmol/g material)
VO,-Al,03 8:16 4-80
VO,-Si0; 4.87 2-86
VO,-TiOy 3-40 2-00

Moreover, the amount of OH groups was estimated from
TGA analysis. For this, the weight loss between 573 and
1273 K was determined (Aboelfetoh and Pietschnig 2009).
The results are summarized in table 2. They show that OH
surface groups on VO,—Al,O; are more than two times
higher than those of silica and titania, even after thermal
treatment.

SEM picture of the 5% VO,-M, O, materials after ther-
mal treatment is shown in figure 5. For VO,-SiO; (673 K),
well-crystallized faceted grains are seen, with sizes of about
0-6 nm. They coexist with other larger grains. After treat-
ment at 1073 K, a larger magnification with the same mor-
phology can be obtained. Concerning VO,-Al,03 (673 K),
small boehmite clusters of about 1-4 wm were bonded to each
other. For VO,—Al,05 (1073 K), an agglomeration of small
piles of grains, in the form of sponge (~9 pum), was seen.
XRD showed that these are §-Al,O3, corundum and VO,.
The presence of crystallized particles of ~20 um geometric
shapes was observed in the case of VO,-TiO, (673 K). This
corresponds to the anatase.

The values of the surface atomic V, Ti, Si and Al concen-
trations from EDX analysis of the solids studied are shown
in table 3. The surface V/Ti, V/Al and V/Si atomic ratios
were very similar to the theoretical ones in the samples with
a5wt% V.

3.2 Catalytic activity results

The oxidation of cyclohexene with TBHP in the presence of
vanadium mixed oxides resulted in the formation of seve-
ral products as shown in table 4. Generally, cyclohe-
xene oxidation yielded mainly cyclohexene oxide (epoxide)
and cyclohexane diols, besides cyclohexenol (enol), cyclo-
hexenone (enone), cyclohexanol (ol) and cyclohexanone
(one). Through GC analysis, 1,2-cyclohexanediol was not
detected in the reaction product (Jiang et al 2009). Cyclohe-
xene conversion and epoxide selectivity varied significantly
with catalyst composition. High cyclohexene conversion
(21%) and epoxide selectivity (~84%) were observed in
the case of VO,-SiO, at 643 K. It is apparent that VO,—
Si0O, at 643 K exhibits highest conversion. This may suggest
that BET surface areas of the catalysts would play a more
important role because BET surface areas of VO,-SiO, at
643 K (390 m?/g) is much bigger than those of VO,-Al,0;3
(368 m?/g) and VO,-TiO, (140 m?/g) at 643 K (Mi et al
2009). As shown in table 4, VO,-SiO, at 643 K exhibited
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Figure 5. SEM photographs of 5%V0,-M, O, samples: VO,-SiO, (673 K) (a), VO,-SiO, (1073 K) (b), VO,—
Al,03 (673 K) (¢), VO2-Al,03 (1073 K) (d) and VO,-TiO; (673 K) (e).

Table 3. EDX results of different materials.

highest selectivity to epoxide and VO,—Al,0O3 showed high-

Weight Weight of V. est selectivity to cyclohex-2-en-1-ol. This may be due to the
Material (%) (%) pore size of the catalysts. However, VO,-SiO, at 643 K has a
microporous structure (20 A) but VO,-Al,05 and VO,-TiO,

ng—ls%%% z‘éi ((‘g‘l)) 1(5) ; has a mesoporous structure (40 and 35 A).
H—Si10y . 1 . Q
V0,-TiO, 927 (Ti) 73 The thermal treatment of VO,-SiO, from 643 K to

1043 K, under argon, affected the conversion of cyclohexene,
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Table 4. Oxidation of cyclohexene using different catalysts.

Conversion (%) Selectivity (%)
Catalysts TBHP Cyclohexene Epoxide Enone One Enol Ol Diol
VO0,-Si0; (643 K) 24 21 8351 - 12.72 3.78 - -
VO0,-SiO; (1073 K) 20 13-49 68-14 183 8:56 - - -
VO,-Al,03 (643 K) 17 17-75 - - - 8792 12-08 -
VO,-Al, 03 (1073 K) 99 18-43 - 6-95 84.78 - 8-27 -
VO,-TiO; (643 K) 57 13 21-45 159 20-49 42-16 - -

(29 mmol Ce¢Hj2; 38-45 mmol TBHP; 25 mL Heptane; 0-1 g catalyst; 6 h; 338 K)

where it decreased from 21% to 13-5%. That was due to
a decrease of the surface area. However, it is still selective
towards epoxide. In the case of VO,—-Al,03, thermal treat-
ment does not affect the conversion of cyclohexene due to
the increase in pore size that reaches 196 A despite the strong
decrease in surface area. In this case, heat treatment promotes
the formation of cyclohexanone.

4. Conclusions

5 wt.%Vanadia-silica, alumina or titania systems were pre-
pared by inorganic precursors via the sol-gel process. The
materials were calcined and reduced at 673 K and thermally
treated under argon at 1073 K.

(D Results of XRD and DR UV-visible diffused revealed
that VO, species were predominant in all samples and for-
mation of V,05 was not detected.

(II)  All samples showed a decrease of BET surface area
with the increase of calcination temperatures due to sintering
of the sample at higher calcination temperatures. VO,—SiO,
presented the highest surface area (390 m?/g at 673 K).

(III) XRD patterns showed amorphous phase for VO,—
Si0, samples; however, VO,—Al,03 (673 K) presented only
the characteristic peaks of the Al,O3 with boehmite phase
(AIO(OH),H,0) and typical peaks of -Al,0O3 and corun-
dum and VO, crystalline at 1073 K. Concerning VO,—
TiO,, the presence of TiO, anatase was detected as the only
crystalline phase.

(IV) UV-Vis spectra of the considered solids confirmed the
presence of VO,.

(V) TGA analysis showed a weight loss step for all sam-
ples, attributed to the removal of water trapped in the pores
of the xerogel composite (up to 423 K) and to the loss of
hydroxyl groups (up to 1473 K).

(VI) EDX results verified the percentage weight of vana-
dium in the catalysts.

(VII) The catalytic test of the epoxidation reaction of cyclo-
hexene with hydroperoxide tert-butyl as oxidant, in the pres-
ence of different catalysts, showed that VO,—SiO, directs the
reaction towards epoxidation; however, VO,—Al,03 directs
it towards the allylic oxidation.
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