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Abstract. The ordered mesoporous V-m-Al2 O3 catalysts were successfully synthesized via a facile one-pot
evaporation-induced self-assembly (EISA) strategy and applied in the liquid-phase oxidation of naphthalene with
hydrogen peroxide in the presence of ascorbic acid as a reductant. The physicochemical properties of the catalysts
were investigated using various techniques, like XRD, N2 sorption, UV-Vis spectra, Raman spectroscopy, XPS,
XRF and TEM. Small-angle XRD, N2 sorption and TEM results show that mesoporous V-m-Al2 O3 catalysts
possess a highly ordered mesostructure with large surface areas and narrow pore-size distributions. Highangle XRD, UV-Vis spectra and Raman spectroscopy results indicate that VOx species were homogeneously
incorporated in the matrix of mesoporous Al2 O3 .The catalytic performance in the liquid oxidation of naphthalene
with H2 O2 over 8V-m-Al2 O3 catalyst (naphthalene conversion 45.4% and phthalic anhydride selectivity 61.0%)
was higher than other catalysts. The vanadium species incorporated in the 8V-m-Al2 O3 sample were stable, and
its catalytic stability was kept well even after repeated use for 5 times, which indicates a green and economical
pathway for naphthalene degradation.
Keywords. Ordered mesoporous Al2 O3 ; vanadium; EISA; naphthalene oxidation; phthalic anhydride.

1. Introduction
Naphthalene, a member of polycyclic aromatic hydrocarbons (PAHs), is an environmental pollutant. 1,2 In
the past decades, many techniques, such as biodegradation, photocatalysis and aerobic catalytic oxidation,
have been exploited for its elimination. 3–5 Owing to
lower efﬁciency and higher time consumption by the former two methods, the aerobic catalytic oxidation may be
the most promising approach. However, catalytic oxidation in gas-phase is usually adopted and carbon dioxide
is the ﬁnal product. This process not only aggravates the
greenhouse effect but also causes wastage of resource. 6,7
Therefore, it is essential to explore new approaches to
transform naphthalene to some ﬁne chemicals with high
values.
Since the discovery of mesoporous silica-based materials in the 1990s, it has attracted extensive attention. 8,9

However, its poor hydrothermal stability and lack
of catalytic active sites hinder its industrial application. 10 Liquid-phase oxidation of naphthalene for
the preparation of ﬁne chemicals has been exploited
over mesoporous silica-based materials, such as FeSBA-15, V-MCM-41, Fe-SiO2 , and Mn(TF5 PP)-MCM41. 11–14 But their catalytic activities were low and
time-consuming catalyst preparation procedure was
required. Compared to the mesoporous silica-based
materials, the non-siliceous mesoporous materials such
as mesoporous metal oxides and heteroatom zeolites
have recently been proposed as potential catalysts in
many catalytic industries. 15,16 As a typical metal oxide,
ordered mesoporous alumina has already been applied
in many industrial catalytic reactions, such as petroleum
reﬁnement, oxidation reaction and other ﬁne chemical industry. 17–19 Mesoporous alumina-supported metal
oxides prepared by the one-pot method can achieve
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high-quality mesostructures, which can retain homogeneous distribution of active sites. 20,21 Vanadium containing catalysts have proved to be the most promising
catalytic systems for oxidation reactions. 22 Therefore,
vanadium species incorporated into the matrix of mesoporous alumina prepared by one-pot method would
show high catalytic performance in the liquid-phase oxidation of naphthalene. Also, it is rarely reported so far.
In this work, the ordered mesoporous V-m-Al2 O3 catalysts were prepared by the facile EISA method and their
catalytic behavior in the liquid-phase catalytic oxidation
of naphthalene with hydrogen peroxide was investigated
in this paper. The textural structure and physical properties of different V-m-Al2 O3 catalysts were studied using
XRD, N2 sorption, UV-Vis spectra, Raman spectroscopy
and TEM technique. The reusability of catalyst was also
investigated.

2. Experimental
2.1 Synthesis of ordered mesoporous V-m-Al2 O3
catalysts
The ordered mesoporous V-m-Al2 O3 catalysts were prepared
by a modiﬁed EISA method according to the reference. 20
In a typical synthesis process, 1.0 g P123 and stoichiometric amounts of vanadyl acetylacetonate were dissolved in
20.0 mL anhydrous ethanol, followed by the addition of
2.04 g aluminum iso-propoxide under vigorous stirring. Then
1.6 mL nitric acid (67 wt.%) was dropped into the mixture and
stirred for 6 h at room temperature. The sol was subsequently
transferred to a petri dish and dried at 60◦ C for 48 h. The ﬁnal
samples were obtained after the gel was calcined at 600◦ C
for 5 h in air and designated as xV-m-Al2 O3 (x = 0, 2, 5, 8,
10 and 12), where x represents the molar ratio of vanadium
species to aluminum species. For comparison, the 8V-Al2 O3 c and 8V-Al2 O3 -i samples were prepared by co-precipitation
and impregnation methods, respectively.

2.2 Catalysts characterization
The XRD patterns were obtained on a Rigaku Smartlab instrument with Ni-ﬁltered Cu Kα radiation (λ = 0.154 nm) and
operated at 40 kV and 40 mA. The scanning step was 0.02◦ in
the range from 0.5◦ to 5◦ (small-angle range) and from 10◦ to
80◦ (wide-angle range). N2 sorption isotherms were measured
at −196◦ C using a BELSORP-MINI volumetric adsorption
analyzer. The samples were degassed at 200◦ C for 2 h under
vacuum before measurement. The surface area was calculated according to BET method, and the pore size distribution
was determined based on the BJH adsorption model from
the adsorption isotherm branch. TEM image was recorded on
the JEOL JEM-2010 EX transmission electron microscope
under 200 kV. Before TEM measurement, the samples were

dispersed in ethanol, assisted by an ultrasonic technique. UVVis diffuse reﬂectance spectra of the samples were measured
in a Lambda 950 spectra analysis instrument in the range
200–800 nm using BaSO4 as the reference. The absorbance
was deﬁned as log (1/T), where T is the transmittance. The
thickness of solid ﬁlm samples is 0.5 mm. The Raman measurements were performed on a LabRAM HR-800 with laser
excitations at 514.5 nm. The surface chemical composition
was analyzed by XPS conducted on the Thermo Scientiﬁc
Escalab 250Xi spectrometer with Al K α X-ray source (1486
eV). The weight percent of different component in the catalysts was performed using the Switzerland ARL9800 XRF
techniques.

2.3 Catalytic tests
The catalytic performance of the synthesized catalysts was
carried out in a three-neck ﬂat-bottom ﬂask equipped with a
reﬂux condenser at atmospheric pressure. In a typical process,
1 g of naphthalene, 0.1 g of catalyst and 0.05 g of ascorbic acid
were simultaneously added into 20 g of acetonitrile as solvent
and the mixture was kept stirring for 10 min. Then, 5 g of
H2 O2 (30 wt.%) was added into the reaction system through
a syringe, and the mixture was kept stirring for 6 h at 60◦ C.
At the completion of the reaction, the ﬂask was cooled down
to room temperature. The reaction mixture was analyzed on
an SP-6890 gas chromatograph equipped with OV-1701 column and a ﬂame ionization detector (FID). For the catalyst
recyclability tests, the catalyst was separated by centrifugation after 6 h reaction time and washed with acetonitrile and
ethanol, then dried at 110◦ C for 4 h before reusing.

3. Results and Discussion
3.1 Catalyst characterization
Low-angle XRD (LXRD) and wide-angle XRD
(WXRD) patterns of different V-m-Al2 O3 samples are
shown in Figure 1. As can be seen from Figure 1 (A),
a strong diffraction peak centered at around 1.0◦ and
one weak peak centered at around 1.8◦ are observed
for the m-Al2 O3 sample, which can be attributed to
p6mm hexagonal symmetry, suggesting it is long-range
ordered and mesoporous. 15 The peak centered at 1.8◦
disappeared after the incorporation of the vanadium
species, and the intensity of the peak centered at 1.0◦
decreased with the vanadium species loading increasing, indicating that its long-range ordered mesostructure
is slightly collapsed. Figure 1 (B) displays the wideangle XRD patterns of different V-m-Al2 O3 samples. It
can be seen that the amorphous aluminum oxide can be
formed when the molar ratio of vanadium species to aluminum species is less than 8%. With the further increase
in vanadium species, three diffraction peaks centered at
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Figure 1. (A) Low-angle and (B) wide-angle XRD patterns of (a) m-Al2 O3 , (b)
2V-m-Al2 O3 , (c) 5V-m-Al2 O3 , (d) 8V-m-Al2 O3 , (e) 10V-m-Al2 O3 , (f) 12V-m-Al2 O3 .
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Figure 2. (A) N2 sorption isotherms and (B) pore size distribution curves of (a) m-Al2 O3 ,
(b) 2V-m-Al2 O3 , (c) 5V-m-Al2 O3 , (d) 8V-m-Al2 O3 , (e) 10V-m-Al2 O3 , (f) 12V-m-Al2 O3 .

2 θ = 37.6, 45.8 and 67.0◦ are observed, suggesting that
the crystal γ -Al2 O3 (JCPDS Card No. 10-0425) were
gained owing to the increasing presence of bulky acetylacetone ligand, probably. 17,23 However, no diffraction
peak of VOx crystalline phase is detected, indicating
that vanadium species is highly dispersed in the framework of mesoporous Al2 O3 . The 8V-Al2 O3 -c sample
prepared by co-precipitation method showed distinct
crystal γ -Al2 O3 phase. Three new peaks centered at 2θ =
25.7, 27.7 and 28.6◦ corresponding to diffraction peaks
of AlVO4 (JCPDS Card No. 39-0276) are observed in
8V-Al2 O3 -i sample (Figure S1, Supplementary information). The results further indicate that the EISA method
is superior to another method in controlling Al2 O3 crystal growth and the dispersion of vanadium species.
The N2 sorption isotherms as well as the corresponding pore size distributions for different V-m-Al2 O3
samples are shown in Figure 2 and the detailed textural
properties are listed in Table 1. As shown in Figure 2 (A), the isotherms for V-m-Al2 O3 samples, whose
molar ratio of vanadium species to aluminum species
was less than 8%, are type IV isotherms according

to IUPAC classiﬁcation and exhibit a H2 hysteresis loop, which is typical for mesoporous materials. 24
The hysteresis loop would be distorted and gradually
shifted to higher pressure with the increase in vanadium
species loading because of the formation of γ-Al2 O3
phase resulting in its partial destruction of ordered
Mesopores, probably, which agreed well with XRD patterns. 16 As seen in Table 1, the 8V-m-Al2 O3 sample,
with BET surface area of 176 m2 /g and pore volume of
0.28 cm3 /g, is optimal over other V-m-Al2 O3 samples,
indicating its potential for high catalytic performance.
Compared to 8V-m-Al2 O3 and 8V-Al2 O3 -i samples,
the 8V-Al2 O3 -c sample showed a hysteresis loop at
higher pressure and a wider pore diameter distribution owing to the stacking mesoporous structure, which
would result in its lower surface area and pore volume
(Figures S2, S3 and Table S1). In addition, the surface area, pore diameter and volume for the 8V-Al2 O3 -i
sample prepared by impregnation method are much
lower than that of 8V-m-Al2 O3 sample probably due
to the partial blocking of mesopores by vanadium
species.
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Table 1.

Physical properties of mesoporous V-m-Al2 O3 catalysts.

Samples

Pore size (nm)a

SBET (m2 · g−1 )b

Pore volume (cm3 · g−1 )c

4.8
4.8
4.8
4.9
5.1
7.0

152
159
166
176
149
119

0.24
0.26
0.26
0.28
0.33
0.48

m-Al2 O3
2V-m-Al2 O3
5V-m-Al2 O3
8V-m-Al2 O3
10V-m-Al2 O3
12V-m-Al2 O3
a BJH

method; b BET speciﬁc areas; c P/P0 = 0.99.
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Figure 3. Diffuse reﬂection UV-Vis spectra of (a) m-Al2 O3 , (b) 2V-m-Al2 O3 ,
(c) 5V-m-Al2 O3 , (d) 8V-m-Al2 O3 , (e)
10V-m-Al2 O3 , (f) 12V-m-Al2 O3 .

Figure 4. Raman spectra of 8V-m-Al2 O3 samplewith laser
excitations at 514.5 nm.

Figure 3 presents the UV-Vis spectra of different
V-m-Al2 O3 samples. Two bands, one centered at 220
nm and another centered at 270 nm, were observed for
pure m-Al2 O3 sample, which is in good agreement with
literature. 25 However, compared to the pure m-Al2 O3
sample, the intensity of absorption band in the region
280–290 nm increases with the incorporation of vanadium species. This increase can be attributed to the
formation of isolated tetrahedral vanadium species. 26
At the same time, with the amount of the vanadium
species increasing, a red-shifted absorption band in the
region from 300 to 330 nm was observed owing to the
polymeric tetrahedral vanadium species. For the sample 10V-m-Al2 O3 , a weak absorption band in the region
400–450 nm was observed, which can be attributed to
octahedral V5+ species. 27 Similarly, the band increases
distinctly for 12V-m-Al2 O3 sample, which can also be
attributed to microcrystalline V2 O5 species. Compared
to 8V-m-Al2 O3 sample, the absorption band in the region
400–450 nm corresponding to octahedral V5+ species
for 8V-Al2 O3 -i and 8V-Al2 O3 -c samples can also be
observed (Figure S4), which indicate further formation
of extra-framework vanadium species. Furthermore, the
band increases distinctly for 8V-Al2 O3 -i sample, which

can be assigned to the microcrystalline V2 O5 species not
detected by XRD patterns.
Raman spectroscopy is a useful technique providing information about the various types of vanadium
species that are not detected by XRD patterns. The
Raman lines below 900 cm−1 would be assigned to
the vibration of polymeric V-O-V species, and the
Raman lines in the region from 900 to 1000 cm−1 can
be identiﬁed with the V=O stretch vibration of polymeric vanadium species. 28 Figure 4 shows the Raman
spectra of 8V-m-Al2 O3 sample. It can be seen in Figure 4 that a major Raman line at around 950 cm−1 is
observed accompanied by weak lines at ∼560, ∼345
and ∼220 cm−1 . This indicates that the polymeric tetrahedral vanadate, undetectable by the XRD patterns, is
the major component of vanadium species after its incorporation into the structure of m-Al2 O3 . 29,30
Figure 5 shows the TEM images for 8V-m-Al2 O3 catalyst. The typical long-range ordered mesostructure was
obviously observed, which is in good agreement with the
intense XRD peak shown in small-angle XRD patterns.
The high dispersion of VOx species in the matrix of
m-Al2 O3 is shown in the high-resolution TEM image.

Raman shift (cm )
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Figure 5.

TEM images of 8V-m-Al2 O3 sample.
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Figure 6. XPS spectra for (a) fresh and
(b) reduced 8V-m-Al2 O3 catalysts.

Figure 6 shows XPS spectra for 8V-m-Al2 O3 catalysts in its two states, fresh sample (Figure 6a) and
reduced by ascorbic acid (Figure 6b). A major peak
centered at 517.3 eV corresponding to V5+ species and
another small peak centered at 516.3 eV corresponding to V4+ species for fresh 8V-m-Al2 O3 catalyst are
observed, suggesting that the V5+ species was predominantly formed. 31,32 However, the peak area of V4+
species distinctly increased for the reduced catalyst by
ascorbic acid. This indicated that the high valence vanadium species are reduced to low valence by ascorbic
acid, which are the active sites for the oxidation of naphthalene.
3.2 Catalytic performance
Table 2 summarizes the catalyst performance of different V-m-Al2 O3 catalysts in the liquid-phase oxidation
of naphthalene with hydrogen peroxide in the presence
of ascorbic acid as the reductant and acetonitrile as

the solvent. The major products are phthalic anhydride
and 1,4-napthaquinone. No naphthalene conversion was
observed over pure m-Al2 O3 catalyst. Compared to the
pure m-Al2 O3 catalyst, the conversion of naphthalene
could be detected, and it increased with the loading
of vanadium species, increasing from the molar ratio
2 to 8, where the naphthalene conversion is as high as
45.4% and the selectivity of phthalic anhydride is maximum 61.1%; probably, owing to its long-range ordered
mesostructure, high surface area, and appropriate pore
volume and size. With further increase in vanadium
species loading, both the naphthalene conversion and
the selectivity of phthalic anhydride decreased, suggesting that the isolated tetrahedral vanadium species
are the main active sites. 12 In addition, the catalytic
performance in the absence of ascorbic acid was also
investigated, and the naphthalene conversion was 0.3%,
which indicated that the ascorbic acid is essential to
reduce the vanadium species with high valent to lower
valent for the oxidation of naphthalene by hydrogen
peroxide. 33 At the same time, naphthalene conversion
for 8V-m-Al2 O3 catalyst is much higher than other
two samples, owing to its higher surface area and
appropriate pore size and volume. The results further
indicated that the EISA process is a promising method
to prepare complicated metal oxides with ordered mesopores.
To test the heterogeneity of V-m-Al2 O3 catalysts,
leaching experiments were carried out according to previous reports. 13,34 The catalyst was removed at 0.5 h
under the optimal reaction condition by centrifugation.
Then, the ﬁltrate was applied for further reaction under
the same reaction condition. The results of leaching
experiment are shown in Figure 7. It can be seen that
the conversion of naphthalene at 0.5 h (before catalyst
removal) was 18.2%. With the increasing of reaction
time, a slight enhancement in naphthalene conversion
was observed, which maybe owing to the little leached
vanadium species dispersed on the support surface
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Table 2.
Entry

1
2
3
4
5
6
7
8
9
10

Catalytic performance of different V-m-Al2 O3 catalysts in the liquid-phase oxidation of naphthalene.
Catalysts

Naphthalene conversion (%)

m-Al2 O3
2V-m-Al2 O3
5V-m-Al2 O3
8V-m-Al2 O3
10V-m-Al2 O3
12V-m-Al2 O3
Non Catalyst, Non Reductant
8V-m-Al2 O3 , Non Reductant
8V-Al2 O3 -c
8V-Al2 O3 -i

–
8.0
19.4
45.4
41.1
37.1
–
0.3
18.0
21.2

Selectivity (%)
Phthalic anhydride 1,4-naphthoquinone
–
48.7
51.9
61.0
57.6
54.2
–
11.5
42.3
35.4

–
33.3
30.2
27.6
28.3
30.3
–
8.9
45.2
49.5

Others
–
18.0
17.9
11.4
14.1
15.5
–
79.6
12.5
15.1

Reaction conditions: w(catalyst)/w(naphthalene) = 0.1; w(acetonitrile)/w(naphthalene) = 20; w(ascorbic acid)/w(catalyst)
= 0.5;w(H2 O2 )/w(naphthalene) = 1.5; reaction time: 6 h; reaction temperature: 60◦ C.

through the hydrogen bonding rather than incorporated
species in the matrix of mesoporous Al2 O3 . The chemical composition of the fresh and ﬁltered catalysts were
analyzed by XRF techniques. Compared to a fresh catalyst, the vanadium content slightly decreased from 7.42
to 7.34 wt.%, which indicated that the vanadium species
incorporated in the 8V-m-Al2 O3 sample was stable and
thereby resistant to leaching.
Table 3 shows the data on the reusability for 8V-mAl2 O3 catalyst in the liquid-phase oxidation of naphthalene. It was observed that the naphthalene conversion
slightly decreased after the reuse for ﬁve times. Conversion of naphthalene 39.1% and selectivity of phthalic
anhydride 57.6% was obtained, which suggested that
the 8V-m-Al2 O3 catalyst has good reusability implying
its potential industrial application.
Therefore, based on the characterization and catalytic
performance of V-m-Al2 O3 catalyst above, a possible mechanism is proposed and shown in Scheme 1.
Accordingly, it is suggested that ascorbic acid will help
to reduce the high valent V5+ species in V-m-Al2 O3 catalyst to V4+ species. This in turn will activate hydrogen

25
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Figure 7. Leaching experiment of 8V−m−
Al2 O3 catalyst in the liquid-phase oxidation
of naphthalene. Reaction conditions: w(cat
alyst)/w(naphthalene) = 0.1; w(acetonitrile)/w(nap
hthalene) = 20; w(ascorbic acid)/w(catalyst) = 0.5;
w(H2 O2 )/w(naphthalene) = 1.5; reaction time:
6 h; reaction temperature: 60◦ C.

Table 3. Catalytic reusability of 8V-m-Al2 O3 catalyst in the liquid-phase oxidation of naphthalene.
Entry

1
2
3
4
5

Naphthalene
Conversion (%)

45.4
44.2
41.0
42.1
39.1

Selectivity (%)
Phthalic anhydride

1,4-naphthoquinone

Others

61.0
58.7
54.9
58.0
57.6

27.6
26.8
27.0
30.9
29.2

11.4
14.5
18.1
11.1
13.2

Reaction conditions: w(catalyst)/w(naphthalene) = 0.1; w(acetonitrile)/
w(naphthalene) = 20; w(H2 O2 )/w(naphthalene) = 1.5; w(ascorbic acid)/
w(catalyst) = 0.5; reaction time: 6 h; reaction temperature: 60◦ C.
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Scheme 1. Possible reaction mechanism for mesoporous
V-m-Al2 O3 catalyst in liquid-phase oxidation of naphthalene
with hydrogen peroxide.

peroxide to produce active oxygen species to oxidize naphthalene to phthalic anhydride, while V4+ gets
retransformed to V5+ species at the end of the catalytic
cycle.

4. Conclusions
This paper reports the successful synthesis of V-m-Al2 O3
by a modiﬁed one-pot EISA method. It was applied in
the liquid-phase oxidation of naphthalene with hydrogen peroxide in the presence of ascorbic acid as
reductant. Polymeric tetrahedral vanadate was formed
and homogenously incorporated into the framework
of m-Al2 O3 , which were the main active sites. The
8V-m-Al2 O3 catalyst shows higher catalytic performance than other samples owing to its highest surface
area, appropriate pore volume and size, whose naphthalene conversion and phthalic anhydride selectivity
are 45.4% and 61.0%, respectively, and it has good
reusability. At the same time, ascorbic acid is essential to
reduce the vanadium species from high valent to lower
valent for the oxidation of naphthalene by hydrogen
peroxide.
Supplementary Information (SI)
The XRD, N2 sorption, UV-vis spectra characterization for the
8V-Al2 O3 -c and 8V-Al2 O3 -i (Figures S1 to S4, Table S1) are
given in the Supplementary Information, which is available
at www.ias.ac.in/chemsci.
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