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Vanadium-containing nickel phosphate molecular sieves (V-VSB-5) were applied as heterogeneous cata-
lysts for the liquid phase oxidation of a-pinene with molecular oxygen at 60 °C. It has been found that the
vanadium content in V-VSB-5 materials affects the conversion of a-pinene and product distribution. The
conversion of a-pinene increases with increasing of V content. The major products were a-pinene oxide,
verbenol and verbenone. Acid-base properties of V-VSB-5 affect the distribution of by-products formed
via the isomerization of a-pinene oxide over Lewis acid sites and Bronsted acid sites to campholenic
aldehyde and trans-carveol. The increase in V content in V-VSB-5 leads to the increase in isomerization
of a-pinene oxide to trans-carveol and decrease in that to campholenic aldehyde.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Metal phosphate molecular sieves (MPMS) are widely used in
the synthesis of speciality and fine chemicals due to their unique
physicochemical properties, such as high stability, microporosity
and large surface area [1,2]. Nickel phosphate molecular sieves,
such as VSB-1 and VSB-5, have particular interest among various
MPMS [3-6]. New discoveries and insights into the physicochemi-
cal and catalytic properties of these materials and their derivatives
have been reported [7-9]. For example, high activity of VSB-5
was demonstrated in oxidation processes, such as the oxidation of
alcohols to corresponding aldehydes or ketones under mild condi-
tions with molecular oxygen [4] and in epoxidation of cyclohexene,
cyclooctene [5] and cyclododecene [10] with H,0,. The isomor-
phous substitution of transition metal ions in the VSB framework
can strongly change physicochemical properties. Thus, according
to FT-IR spectroscopy using CDCl3 as a probe molecule the strength
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of the strong basic sites (proton affinity, PA) of VSB-5 increases
the insertion of iron ions into VSB-5 network from 843 k]/mol to
925 kJ/mol for 6.5% Fe-VSB-5 [7]. Note that the strength of the
strong basic sites for 6.5% Fe-VSB-5 is essentially higher than that
of Fe-containing silica materials. Moreover, iron ions into VSB-
5 framework can act as active sites for reversible multielectron
redox transformations in the course of catalytic reaction that was
demonstrated in the phenol hydroxylation and wet phenol oxi-
dation with H,0, [7]. Remarkably, the increase in iron content
in Fe-VSB-5 led to the increase in the reaction rates. In con-
trast to iron ions vanadium ions substitute phosphorus ions in
VSB network [11,12]. It can be assumed that insertion of vana-
dium ions mainly will lead to an increase in the surface acidity
that may be also useful for catalysis. Effect of surface acid sites
on activity of vanadium-containing materials, such as vanadium-
containing mesoporous silica, vanadium-containing zeolites and
VAPO/VSAPO, were demonstrated in oxidative dehydrogenation of
n-propane to propylene [13-15] and oxidation/ammoxidation of
toluene and benzyl alcohol over VAPO [16].

In this paper, we investigated physicochemical and catalytic
properties of the vanadium-containing VSB-5 materials (V-VSB-5).
Note that properties of V-VSB-5 materials are not investigated until
now. The main attention was focused on changes in the nature
of surface functional groups after the insertion of V ions in the
VSB framework. The catalytic properties of V-VSB-5 were assessed
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Table 1
Chemical composition of VSB-5 and V-VSB-5 samples.

Sample Preparation gel (atomic ratio) V-VSB-5 product
Weight content (wt.%) Atomic ratio
X P/Ni T \ Ni P P/Ni P/V T
VSB-5 0 0.63 0 0 485 16.8 0.62 0 0
1.1% V-VSB-5 0.042 0.63 2.5 1.1 444 145 0.59 21.4(25.6)° 1.7 (2.0)°
1.7% V-VSB-5 0.068 0.63 4.0 1.7 46.5 16.6 0.64 15.5(14.5) 2.5(3.2)b

3 Molar composition of reaction mixture is XV0S04:0.63H3P04:1.0NiCl,:3.0NH3:100H,0.

b XPS data.

for a-pinene oxidation with molecular oxygen under mild condi-
tions. The oxygenated derivatives of a-pinene, such as verbenol,
verbenone and a-pinene epoxide are an important renewable feed-
stock for flavor and fragrance industries [17]. Thus, verbenone is
used for the preparation of taxol, which is introduced as a thera-
peutic agent [18]. Therefore, the development of catalytic methods
for the selective oxidation of a-pinene over heterogeneous cata-
lysts is a challenging goal of fine chemistry. Recently, the oxidation
of a-pinene with molecular oxygen was demonstrated in the
present of various catalytic systems, such as cobalt-containing sys-
tems [19-21], gold catalysts [22], uranyl-containing MCM-41 [23],
manganese-containing systems [24-26], Ru- and Pd-containing
materials [18,27]. It is well-known that a-pinene oxidation with
molecular oxygen proceeds via a free radical chain mechanism with
formation of verbenol and verbenone (the allylic oxidation prod-
ucts). The addition of catalysts allows to improve selectivity toward
to products of epoxidation, essentially to a-pinene epoxide. Stabil-
ity of this product depends on the acid properties of catalyst. Thus,
rearrangement of a-pinene epoxide into a-campholenic aldehyde
over Lewis acid sites of Ti- and Co-containing materials was demon-
strated [28,29]. In the presence of Bronsted acids a-pinene epoxide
rearrange into trans-carveol [27,28]. Because of this reason, the
relationships between the nature of the surface functional groups,
the vanadium state and catalytic activity of V-VSB-5 materials were
investigated.

2. Experimental
2.1. Synthesis of V-VSB-5 materials

The VSB-5 and V-VSB-5 materials were hydrothermally
synthesized with microwave irradiation using NiCl,-6H,0
(Sigma-Aldrich), VOSO4-xH,0 (Sigma-Aldrich, x: 3-5), and
ortho-phosphoric acid (H3POy4, 85 wt%, OCI chemicals) as Ni, P, and
V sources [11]. The designation and chemical composition of the
samples are presented in Table 1.

2.2. Instrumental measurements

The porous structure of the materials was determined from the
N, adsorption isotherms obtained at —196 °C using a Micromeritics
ASAP 2400 equipment. The X-ray diffraction patterns were mea-
sured on a X-ray diffractometer XRD (ThermoARL) with Cu-Ky
(A =1.5418 A) radiation. The morphology of the V-VSB-5 samples
was examined using a field emission scanning electron microscope
(Hitachi, S-4300). The chemical analyses were done by means of
aninductively coupled plasma-atomic emission spectrometry (ICP-
AES).

Photoelectron spectra were recorded using SPECS spectrometer
with PHOIBOS-150-MCD-9 hemispherical energy analyzer and X-
ray monochromator FOCUS-500 (Al Kq, irradiation, hv=1486.74 eV,
200W). The samples were supported onto double-sided conduct-
ing copper scotch tape. Binding energy (BE) scale was preliminarily
calibrated by the position of the peaks of Au4f;, (BE=84.0eV)and

Cu2ps), (BE=932.67 eV) core levels. The binding energy of peaks
was calibrated by the position of the C1s peak (BE=284.8 eV) cor-
responding to the surface hydrocarbon-like deposits (C—C and C—H
bonds). The ratio of surface atomic concentrations of the elements
was calculated from the integral intensities of photoelectron peaks
corrected by corresponding atomic sensitivity factors [30]

DR-UV-vis spectra were obtained using a UV-2501 PC Shimadzu
spectrometer with an IRS-250A accessory in the 190-900 nm range
with a resolution of 2 nm. These spectra were recorded on BaSOy4
which was used as a standard. The sample (particle size 26-50
mesh) was packed in DR-UV-vis cell and treated at necessary con-
ditions.

For IR transmission measurements, the samples were pressed
into self-supporting wafers (7-20 mg cm~2) and pre-treated within
the IR cell by heating at 250 °C under airflow for 1 h and under vac-
uum for 0.5h at 250°C before adsorption experiments. Then the
samples were exposed to saturated pyridine vapors at room tem-
perature for 10 min and under vacuum for 15 min at 150°C. Then
pyridine was desorbed until a pressure of 10~2 torr. The strength
of Bronsted acid sites of VSB-5 and V-VSB-5 samples was char-
acterized by the proton affinity values (PA) calculated using the
equation

10g(3400 - VNH)
PA = 0.0023 -1 1)
where PA (kJmol~1) is the energy of proton elimination from the
acid residue, 3400cm~! is the wavenumber of the band of the
undisturbed N—H bond of the pyridinium ion, and vyy (cm™1) is
the wavenumber of the center of gravity of the band of the stretch-
ing vibration of the pyridinium ion, which depends on the basicity
of the acid residue and determined from the contour of the vyy
band [31].

The amount of Bronsted and Lewis acid sites was estimated from
the intensity of the band of the stretching vibration of pyridinium
ions with a maximum at 1540 and 1450 cm~! using the equation

A=10"3.4y-Gs-p, (2)

where A is the integral intensity of the band (cm~1); Ay is the inte-
gral intensity of the band at 1 pwmol of pyridine adsorbed on 1g of
sample; C;s is the amount of pyridine adsorbed on sample; p is the
thickness of tablet (mg cm~2) (A]3451548 em™! _ 3¢m?2 pwmol ! and
A(1)45°C”“71 =3.26cm? wmol 1) [31].

For the analysis of the surface basicity the samples were exposed
to saturated CDCl3 vapors for 3 min at room temperature. The spec-
tra were obtained both before and after CDCl3 adsorption, and the
difference was calculated. The strength of the basic sites was esti-
mated from the shift of vc_p using the following equation [7]:

log ve—p = 0.0066PA — 4.36, (3)

where vc_p is the shift, in cm~!, of C-D vibration and PA is the
proton affinity.
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Fig. 1. SEM images of VSB-5 and V-VSB-5 samples.

2.3. Catalytic tests

a-Pinene oxidation was carried out at 60°C in a glass ther-
mostatted vessel equipped with a stirrer. The reactor was charged
with a mixture of 0.05-0.20mmol a-pinene in 2ml CH3CN,
10-20mg catalyst and then system was saturated by oxygen
(Vgas/Viig — 6/1vol vol~1). After running for 5h under magnetic
stirring at 60°C, the reactor was cooled down to room tempera-
ture. The products, after centrifugal separation from the catalyst,
were analyzed using a gas chromatograph (Agilent 7820) with a
flame ionization detector on capillary column HP-5 and GC-MASS
(mass-spectrometer Shimadzu GCMS QP-2010 Ultra).

3. Results
3.1. Physicochemical properties of V-VSB-5

Microporous nickel phosphates V-VSB-5 samples with different
vanadium content were synthesized using VOSO4 as a vanadium
source according to Ref. [11]. The chemical composition and tex-
tural data of V-VSB-5 are shown in Tables 1 and 2, respectively.
According to the scanning electron microscopy (SEM) images
(Fig. 1) and XRD data (Fig. 2), the crystallinity and morphol-
ogy of VSB-5 did not change substantially after phosphorus ions
substituted by vanadium ions. Note that chemical composition,
morphology and XRD spectra of samples are similar to those of V-
VSB-5 published in literature [11]. After insertion of vanadium ions
into VSB-5 network, XRD reflections in VSB-5 spectrum shift from
5.91°,9.95° and 11.51° to 5.78°, 9.85° and 11.37° (Fig. 2), respec-
tively. This phenomenon was observed formerly and was explained
by the substitution of phosphorus ions to vanadium ions [11].

The oxidation and coordination states of vanadium ions in
V-VSB-5 samples were studied by diffuse reflectance UV-visible
spectroscopy, and the results are shown in Fig. 3A. The bands at
24,600 and 14,500 cm~! can be assigned to the transitions of octa-
hedral Ni?* ions, 3Ayg — 3Tyg (F) and 3Ayg — 3Ty (P), respectively
[32]. It is well-known that the structures and oxidation states of
vanadium-containing materials have characteristic bands which
allow distinguishing V>* from V#*. According to Refs. [33-36] the
region 30,000-20,000cm~! can be assigned to the low-energy
ligand-to-metal charge-transfer (LMCT) from O to octahedral V°*

J n 1.7%V-VSB-5
J n 1.1%V-VSB-5

Two theta (degree)

Fig. 2. XRD patterns of VSB-5 and V-VSB-5 samples.

ions (V°*, Oy). At the same time the region 35,000-30,000 cm~!
ascribes to the low energy LMCT from O to lower coordination
tetrahedral V°* ions (V°*, T4), while the region 35,000-40,000 cm~!
assigns to the LMCT from O to V#*. The d-d transitions of VO2*
appear at about 13,000 cm~! (by(dxy) — (dxy,dyz)). As can be seen
from DR-UV-vis spectra of V-VSB-5 (Fig. 3A) the insertion of V
into VSB-5 network leads to appearance of a broad unresolved
band in the region of 46,000-42,000cm~! which can character-
ize V>* ions in tetrahedral coordination. Note that in DR-UV-vis
spectra of VAPO-11 and VAPO-31 the bands found in this region
(42,000 and 45,600cm~1) were attributed to V°* ions in tetra-
hedral coordination [37,38]. Moreover a broad unresolved band
was also observed in the region of 42,000-25,000cm~!. We
may suggest that in spectra of V-VSB-5 the broad band in the
regions of 40,000-27,000 cm~! point to the existence of the four-
coordinated V4* (42,000-35,000cm!), four- and six-coordinated
V>* (35,000-27,000 cm~!) and extra-framework V°* ions in di- or
oligomeric V4O, structures (31,200-25,000cm~1). The intensity
of this broad band increases with increasing vanadium content.
Therefore, DR-UV-vis spectra of V-VSB-5 (Fig. 3A) point to the exis-
tence mainly tetrahedral-like vanadium ions.

Table 2
Textural data of V-VSB-5 samples.
Sample Sger (m?g~") Sext (m*g™1) Vs (em?g1) Vi (cm®g")
VSB-5 284 36 0.242 0.128
1.1% V-VSB-5 270 35 0.212 0.131
1.7% V-VSB-5 206 24 0.149 0.093
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Fig. 3. (A) DR-UV-vis spectra of VSB-5 (1), 1.1% V-VSB-5 (2) and 1.7% V-VSB-5 (3) samples; (B) DR-UV-vis spectra of 1.7% V-VSB-5 (1), a-pinene adsorbed on 1.7% V-VSB-5
in N, atmosphere at 25°C (2), 1.7% V-VSB-5 heated with a-pinene in N, atmosphere at 70 °C for 30 min (3) and then in air at 70°C for 3 h (4) and for 17 h (5).

X-ray photoelectron spectroscopic (XPS) data of VSB-5 and V-
VSB-5 samples are shown in Fig. 4 and Table 1. Table 1 shows the
result of bulk and surface analyses on the V-VSB-5 samples by XPS
measurements. According to these data, the surface P/V, Ni/P and
V/(V + Ni + P) atomic ratios are similar to the bulk ratios, indicat-
ing that concentrations of Ni, P and V on the surface are close to
those in bulk of samples. The XPS spectra of V-VSB-5 samples in
V2ps3p, and V2p region are shown in Fig. 4. The peak of V2ps3, can
be described as the sum of two components centered at517.1 eV (A)
and 516.1 eV (B). The position of component (A) agrees well with
the V2p3), binding energy for V°* oxidation state [39,40], while
position of component of (B) can be attributed to V4* oxidation state
[39]. These results and DR-UV-vis data confirm our contention that
V-VSB-5 samples contain both V4* and V>* states, among them, V>*
content is more in 1.7% V-VSB-5 sample.

Based on scientific approach for description of V-sites in VAPO
[41] we can assume that at low vanadium content (less than
1wt% V) in V-VSB-5 V species are monomeric octahedral vana-
dium (V4*), which partially oxidized to V>* a tetrahedral vanadium
species in the course of synthesis of V-VSB-5. Note that V ions
can only substitute for P>* ions into VSB network. With higher

4+ 5+
516.1-V’ 517.1-v
V2p3/2

516.1

1.7%V-VSB-5

f ; E 1.1%V-VSB-5

513 514 515 516 517 518 519 520 521
Binding energy (eV)

AD /N

5171 V2p3/2 I

vanadium content V species might form dimeric and another vana-
dium (V—0—V) species due to the coupling. Like in mechanism
2 for Si** substitution in silico-aluminophosphates (SAPOs) these
vanadium (V—0—V) species may substitute for Ni—O—P fragments.

3.2. The nature of the surface functional groups of V-VSB-5

It is well-known that catalytic activity and selectivity depend on
the nature and strength of active sites in structure of the molecular
sieve. Both base and acid sites can contribute to the adjustment of
catalytic properties. Because of this reason we have investigated
the nature of V-VSB-5 materials by FT-IR spectroscopy using CDCl3
and pyridine as probe molecules.

Basicity of V-VSB-5 materials was studied by FT-IR spectroscopy
using CDCl3 as a probe molecule. Previously, this method allows
us to reveal and estimate the strength of basic sites in Fe-VSB-5
and VSB-5 materials [7]. It was demonstrated that VSB-5 possesses
weak basic sites formed by the Ni ions in the skeleton. The inser-
tion of iron ions into VSB-5 network led to the formation of strong
basic sites. At the same time according to our investigation of V-
VSB-5 the insertion of vanadium ions into VSB-5 network does not

=)

524.4
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Fig. 4. The V2ps), and V2p XPS spectra of V-VSB-5 samples.
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Table 3
Spectral characteristics (vc_p) of CDCl3 adsorbed on VSB-5 and V-VSB-5 samples.
Sample vep (em™1) Avc_p (cm™1) PA (kJmol~1)
CDCl3 2268 - -
VSB-5 2262 6 767
2252 16 843
1.7% V-VSB-5 2262 6 767
2252 16 843
6.5% Fe-VSB-5 [7] 2254 14 834
2212 56 925

change the nature of basic sites. The values for the proton affin-
ity (PA) for VSB-5, Fe-VSB-5 and V-VSB-5 are presented in Table 3.
These data show that the insertion of vanadium ions in VSB-5 net-
work is not accompanied by an increase of the strength of the basic
sites. The strength of the basic sites of 1.7% V-VSB-5 (843 k] mol~1)
is close to that of the strong basic sites of VSB-5 (843 k] mol-1).
This result is not surprising, because incorporated vanadium ions
possess acidic properties in contrast to iron ions, whose insertion
into VSB-5 network leads to an increase in the strength of basicity
(Table 3).

The effect of vanadium content in V-VSB-5 on surface acidity
was investigated by adsorption of pyridine and the organic indica-
tor of phenolic red. The organic indicator of phenolic red is widely
used in acid-base titrations due to the ability to change the color
with pH. Phenolic red has red and yellow colors in alkaline solutions
(pH > 8.4) and weak acid solutions (pH < 6.8), respectively. Accord-
ing to experimental evidence the color of phenolic red adsorbed
onto V-VSB-5 samples from aqueous solution depends on vana-
dium content (Fig.5). The colors of indicator adsorbed onto V-VSB-5
changes from red to yellow with increase in vanadium content.
Based on this change in colors we can assume that the strength of
acid sites decreases in the order:

1.7% V-VSB-5 > 1.1% V-VSB-5 > VSB-5.

This result is an agreement with the result obtained by FT-IR spec-
troscopy using pyridine as probe molecules (Table 4). The values
for the proton affinity (PA) allude to the fact that the insertion of V
ions into VSB network leads to the increase in surface acidity. The

Phenolic red
Transition pH range 6.8 - 8.4

1.7%V-VSB-5 1.1%V-VSB-5 | VSB-5

Fig. 5. The color of phenolic red adsorbed onto VSB-5 and V-VSB-5 materials. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

Table 4
Bronsted and Lewis acidity of V-VSB-5 materials determined by FTIR spectroscopy
using pyridine as probe molecules.

Sample Bronsted acid sites? Nias/Ngas
(molmol-1)
Npas (pmolg™) PA (kJmol~1)
VSB-5 1.0 1213 1.8
1.1% V-VSB-5 2.7 1196 13
1.7% V-VSB-5 49 1158 0.9

2 Amounts of Bronsted and Lewis sites were estimated based on a.b. at 1545 and
1450 cm™', respectively.

strength of Bronsted acid sites (PA) decreases in the order (Table 4):

1.7% V-VSB-5 > 1.1% V-VSB-5 > VSB-5

In this order an amount of Bronsted acid sites decreases, while the
amount of Lewis acid sites increases.

3.3. Catalytic properties of V-VSB-5

The V-VSB-5 materials were tested in oxidation of a-pinene
(1) with molecular oxygen at atmospheric pressure in order to
understand relationships between chemical composition, physico-
chemical properties and catalytic performance. As shownin Table 5,
the main reaction products are products of epoxidation and allylic
oxidation, such as a-pinene epoxide (2), a-campholene alde-
hyde (3), trans-carveol (4), verbenol (5), verbenone (6) and others
(Scheme 1). The molar ratio of allylic oxidation/epoxidation prod-
ucts is about 2/1 that can be account for the domination of the
radical-mediated reaction over direct epoxidation due to the dif-
ferent reactivity of the allylic hydrogen toward the abstraction.
Selectivities for corresponding products obtained with V-VSB-5
catalysts are comparable with those reported for Co—SiO, systems
[29] and Pd/C [27]. It is well-known that in autoxidation of alkenes
a free radical chain mechanism involves the formation of allylic
hydroperoxides, which facilitate the initiation of the free radical
[42]. Moreover, Centi and Trifiro [14] suggested that radicals can
form due to the oxygen interaction with Bronsted acid sites. At the
same time the role of catalyst is generally related to the decompo-
sition of allylic hydroperoxide intermediates.

The obtained results indicate conclusively that conversion of
a-pinene and distribution of products depend on the vanadium
content in V-VSB-5 materials (Table 5). The increase in vanadium
content leads to an increase in the conversion of a-pinene (1). The
vanadium content in V-VSB-5 also affects the isomerization of -
pinene oxide (2) to a-campholenic aldehyde (3) and trans-carveol
(4)(Scheme 1). The more vanadium content, the more amount of «-
pinene oxide transforms to (3) and (4). It is well-known that in the
isomerization of a-pinene oxide the distribution of products largely
depends on the nature of surface sites [43,44]. It is well-known [28]
that the isomerization of a-pinene oxide over Lewis acid sites leads
to the formation of campholenic aldehyde (3), while Bronsted acid
sites will result in the formation of trans-carveol (4). Data reported
in the present work have confirmed this assertion. The increase in
the strength of Bronsted sites and molar ratio of Bronsted/Lewis
acid sites (Table 4) favors the increase in isomerization rate of a-
pinene oxide to trans-carveol and decrease in that to campholenic
aldehyde (Table 5).

We have studied catalytic properties and reaction mechanism
in the presence of 1.7% V-VSB-5. It was found that the selectivity of
allylic oxidation products strongly depended on the consumption
of a-pinene in the course of reaction (Fig. 6A). The maximal total
selectivity toward Z(verbenol +verbenone) reached value of 52%
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Table 5
o-Pinene oxidation with molecular oxygen over V-VSB-5 materials catalysts.?
Sample Conversion of (1) (%) Selectivity (mol.%) Other
Epoxidation Allylic products
(2) (3) (4) (5) (6)
VSB-5 3 25 8 5 32 16 14
1.1% V-VSB-5 12 21 8 9 32 13 17
1.7% V-VSB-5 18 16 6 13 31 17 17
12b 21 9 11 28 21 10
Co—Si0,/900°C* [21] 40 n.d. 5 - 34 26 9

2 0.1 mmol a-pinene (1), 1atm O, 20 mg catalyst in 2 ml CH3CN, 60°C, 5h.
b 15mg 1.7% V-VSB-5 in reaction mixture.
¢ 5wt.% Co—SiOy, 1atm Oy, 60°C, 24 h.

— =5 | — éﬁ : %1
. OH 0}
5) (6)

0, Lewis acidsites  #~| CHO
V-VSB-5 ‘ ~ T
Q)] (0] 3)
| SR . e
) . OH

Bronster acid sites
—_—

)

Scheme 1. Reaction pathway of a-pinene oxidation.
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Fig.6. (A) Correlations between (a) consumption of a-pinene and Z(verbenol +verbenone) selectivity and (b) consumption of a-pinene and amount of a-pinene in reaction
mixture (Reaction conditions: 20 mg of 1.7% V-VSB-5 in 2 ml CH3CN, 60°C, 5 h); (B) correlation between conversion of a-pinene and V°>*/V4* atomic ratio determined by XPS

analysis.
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at 18% conversion of a-pinene for 5 h. The conversion of a-pinene
reduces with decrease in catalyst amount (Table 5).

The catalytic behavior of V-VSB-5 may be related to the presence
of tetrahedral V°* species and their one-electron transfer processes,
i.e. V>*[V4* valence changes. To obtain information on the oxida-
tion state of vanadium in situ UV-vis spectra of 1.7% V-VSB-5 in the
presence of a-pinene were obtained (Fig. 3B). As can be seen from
Fig. 3B (curves 1 and 2) spectrum of a-pinene adsorbed on 1.7% V-
VSB-5 in N, atmosphere at 25 °C is similar to the spectrum of 1.7%
V-VSB-5. After heating at 70°C for 30 min and then adsorption of
a-pinene on 1.7% V-VSB-5 in N, atmosphere, two strong bands at
31,450 and ~40,000 cm~! are observed in spectrum (Fig. 3B, curve
3), which can be evidently attributed to the LMCT of Tq-coordinated
V>* and V#* ions [45]. The intensities of these bands decrease after
heating in air at 70 °C (Fig. 3B, curve 4). Note that intensity of band
at ~40,000 cm~! changes largely in comparison with that of band at
31,450 cm~!. The obtained results can indicate that vanadium ions
are active sites for adsorption of a-pinene molecules and following
its catalytic oxidation. These data are in agreement with a cor-
relation between conversion of a-pinene and V>*/V4* molar ratio
(Fig. 6B). Of note that similar correlation between V>*/V4*molar
ratio and catalytic activity, i.e. the importance of V>* centers, was
demonstrated in the selective oxidation of butane to maleic anhy-
dride over vanadium phosphorus catalysts [46,47].

4. Conclusion

In this study physicochemical properties of vanadium-
containing nickel phosphate molecular sieves (V-VSB-5) were
investigated by XRD, SEM, XPS, Nj-adsorption/desorption anal-
ysis DR-UV-vis and FT-IR spectroscopy. According to XPS and
DR-UV-vis spectroscopy both V4* and V°* states are observed in
V-VSB-5 samples. The increase in vanadium content leads to the
increase V°*/V4* molar ratio. It was shown by FT-IR spectroscopy
using CDCl3 as a probe molecule that the strength of basic sites for
V-VSB-5 (843 k] mol~1) s close to that for VSB-5 (843 k] mol~1). The
Bronsted acidity was investigated by adsorption of two indicators,
such as pyridine and phenolic red. It was found that the strength
of Bronsted acid sites increased with increasing of vanadium con-
tent in V-VSB. The increase in vanadium content leads to increase
in molar ratio of Bronsted/Lewis acid sites.

The catalytic activity of V-VSB-5 was tested for the oxidation
of a-pinene with molecular oxygen. The main reaction products
are a-pinene epoxide, a-campholene aldehyde, trans-carveol, ver-
benol and verbenone. It was shown that conversion of a-pinene
and distribution of products depends on the vanadium content
in V-VSB-5 materials. As the vanadium content in VSB-5 network
increased, the conversion of a-pinene increased. Acid-base proper-
ties of V-VSB-5 affect the distribution of by-products formed via the
isomerization of a-pinene oxide over Lewis acid sites and Brénsted
acid sites to campholenic aldehyde and trans-carveol, respectively.
The increase in vanadium content in V-VSB-5 leads to the increase
in isomerization of a-pinene oxide to trans-carveol and decrease
in that to campholenic aldehyde. From DR-UV-vis studies we con-
clude that the active center for a-pinene constitute a V>* ions that
is in agreement with a correlation between conversion of a-pinene
and V5*/V4*molar ratio.
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